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1 Abstract
Wastewater treatment is essential for protecting public health and the environment by removing contaminants from domestic and industrial effluent before discharge into natural water systems. Modern treatment facilities require continuous monitoring and precise control to ensure efficient operation and compliance with environmental regulations. As a result, Instrumentation, Control and Automation (ICA) systems have become fundamental to wastewater treatment, enabling reliable monitoring, optimisation and increasingly autonomous operation.
This report investigates the application of ICA technologies in wastewater treatment facilities, including the transition from manual processes to automated systems. It examines the role of key components such as sensors for measuring flow, level and water quality, control systems including programmable logic circuits (PLCs) and PID strategies, and actuators such as pumps and valves. Supervisory systems, including SCADA, are also discussed alongside regulatory requirements and emerging technologies that are improving efficiency and operational performance.
1.1 Introduction
Wastewater treatment plays a critical role in protecting both public health and the natural environment by removing contaminants from domestic, industrial and commercial wastewater before it is discharged into natural water systems. Without effective treatment, wastewater can cause significant environmental pollution, including contamination of rivers, lakes and coastal waters. As urban populations grow and industrial activity increases, wastewater treatment facilities must manage larger volumes while consistently meeting strict environmental quality standards.
Traditionally, treatment plants relied on manual monitoring and operator intervention to regulate processes. Operators collected samples, observed tank conditions and manually adjusted equipment such as pumps, valves and aeration systems. While functional, this approach often resulted in delayed responses to changing process conditions and increased operational inefficiencies. As treatment processes became more complex and regulatory requirements more stringent, the limitations of manual operation highlighted the need for improved monitoring and automated control systems.
Instrumentation, Control and Automation (ICA) systems are now essential in modern wastewater treatment facilities. Instrumentation provides continuous measurement of key process variables such as flow rate, liquid level, pH and dissolved oxygen. These measurements are used by control systems, typically through programmable logic circuits (PLCs) and proportional, integral and derivative (PID) strategies, to regulate plant operations automatically. Actuators, including pumps, valves and aeration blowers, respond to control signals to maintain optimal conditions. Supervisory systems such as SCADA enable real time monitoring, data analysis and remote operation. Advances in automation are essential for maintaining consistent performance under varying influent conditions (Sweeney and Kabouris, 2020).
This report investigates the application of ICA technologies in wastewater treatment, including their historical development, key components and the role of emerging technologies in improving efficiency and autonomy.



2 Overview of Wastewater Treatment Processes
The treatment process is typically divided into several key stages as shown in Figure 1, each responsible for removing different types of pollutants. The first stage, known as preliminary treatment, involves the removal of large debris and solid materials that may damage equipment or obstruct the treatment process. This is commonly achieved through mechanical screening systems and grit chambers that remove items such as plastics, rags, sand and gravel from the incoming wastewater. Following this, primary treatment focuses on the removal of suspended solids through sedimentation. Wastewater is directed into large settling tanks, where heavier particles sink to the bottom forming sludge, while lighter materials such as oils and grease float to the surface and are removed. Wastewater treatment processes are designed to remove contaminants through a combination of physical, chemical and biological methods (Metcalf & Eddy, 2014).
The next stage is secondary treatment, which is primarily a biological process that removes dissolved organic matter from the wastewater. One of the most common methods used is the activated sludge process, where micro-organisms break down organic pollutants in aeration tanks supplied with oxygen through mechanical or diffused aeration systems. The micro-organisms consume organic material as a food source, converting it into biomass and other by-products that can be separated from the treated water in secondary settling tanks. In many facilities, tertiary treatment is then applied to further improve water quality. This stage may include advanced filtration, nutrient removal processes and disinfection methods such as chlorination or ultraviolet treatment to eliminate harmful pathogens. Together, these stages ensure that the treated effluent meets environmental discharge standards and minimises the impact on surrounding ecosystems.
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Figure 1 – Wastewater Treatment Diagram Overview







3 Historical Development of Automation in Wastewater Treatment
Early wastewater treatment facilities were largely operated using manual processes and relied heavily on operator observation and experience. Plant operators were responsible for monitoring tank levels, checking flow conditions and periodically collecting water samples for laboratory analysis. Equipment such as pumps, valves and aeration systems were often adjusted manually in response to observed changes in treatment performance. While this approach allowed treatment plants to function, it was labour intensive and often resulted in delays when responding to variations in influent flow or pollutant concentrations.
As wastewater treatment systems expanded in size and complexity during the mid 20th century, the limitations of manual operation became increasingly apparent. Growing urban populations and industrial development resulted in higher volumes of wastewater requiring treatment, while environmental regulations became more stringent in order to protect natural water bodies. These factors led to the gradual introduction of basic instrumentation to assist operators in monitoring plant performance. Early instrumentation to assist operators in monitoring plant performance and included simple flow meters, level indicators and mechanical control systems that provided improved visibility of process conditions. 
The development of digital control techniques significantly advanced the automation of wastewater treatment plants. Programmable Logic Controllers (PLCs) began to replace many traditional relay based control systems, allowing for more reliable and flexible automation of pumps, valves and aeration systems. In addition, Supervisory Control and Data Acquisition (SCADA) systems were introduced to provide centralised monitoring and control of entire treatment facilities. These systems enabled operators to view real-time process data, respond to alarms and analyse historical performance data. 
Today, modern wastewater treatment plants utilise advanced instrumentation, automated control systems and networked monitoring platforms that allow facilities to operate with a high degree of autonomy. Automation not only improves operational efficiency and energy management but also ensures that treatment processes consistently meet environmental discharge standards. The development of instrumentation, control and automation systems has evolved significantly alongside advances in sensor technology and digital control systems (Olsson and Newell, 1999).
4 Instrumentation in Wastewater Treatment
Instrumentation plays a vital role in modern wastewater treatment facilities by providing continuous measurement of key process variables. Accurate monitoring enables treatment processes to be controlled effectively, ensuring that wastewater is treated efficiently while meeting environmental discharge regulations. Sensors installed throughout the plant collect real time data, which is transmitted to control systems such as programmable logic controllers (PLCs) and supervisory control systems. These measurements allow automated systems to adjust operational parameters in response to variations in flow conditions, pollutant concentrations and treatment performance. Real time monitoring using advanced sensor technologies has been shown to significantly improve process control and treatment efficiency in wastewater facilities (Zhang et al, 2020).
One of the most important parameters measured is flow rate. Flow measurement is essential for monitoring influent and effluent volumes, as well as controlling chemical dosing and ensuring treatment units operate within design capacity. Electromagnetic flow meters are widely used due to their ability to measure conductive liquids accurately without obstructing flow. Ultrasonic flow meters are also commonly applied in open channels and large pipelines. Continuous flow monitoring is critical for maintaining process stability and ensuring efficient plant operation (Vanrolleghem and Lee, 2023).
Liquid level measurement is another key variable, ensuring tanks operate within safe limits and preventing overflow conditions. Sensors are commonly installed in clarifiers, aeration tanks and sludge storage units. Ultrasonic level sensors are widely used due to their non-contact operation and reliability, while radar sensors provide improved accuracy in conditions involving vapour or foam. Accurate level measurement is essential for safe and efficient plant operation (Tchobanoglous et al, 2003).
In addition to physical measurements, wastewater treatment plants monitor water quality parameters to assess performance. Dissolved Oxygen (DO) is particularly critical in biological processes, as it directly affects microbial activity and energy consumption. DO sensors are used to maintain optimal oxygen levels in aeration tanks, ensuring efficient treatment while minimising energy use (Sweeney and Kabouris, 2020). Other sensors, including pH and turbidity probes, are used to monitor water quality and ensure compliance with discharge standards.
However, sensor performance in wastewater environments can be affected by fouling and calibration drift, requiring regular maintenance to ensure measurement accuracy. Overall, instrumentation provides essential data for effective automation and reliable wastewater treatment.
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Figure 2 – Key Instrumentation/Sensors
5 Process Controllers in Wastewater Treatment
Process controllers are responsible for analysing data provided by plant instrumentation and automatically adjusting system operation to maintain stable and efficient treatment conditions. In wastewater treatment plants, controllers receive signals from sensors measuring variables such as flow rate, liquid level, pH and dissolved oxygen. These measurements are processes to determine whether adjustments are required to maintain desired operation conditions.
The most commonly used control devices in modern wastewater treatment facilities are Programmable Logic Controllers (PLCs). PLCs are industrial computers designed to operate reliably in harsh environments while managing automated processes in real time. PLC based systems are widely used due to their reliability and flexibility in controlling complex industrial operations (Kaittan and Mohammed, 2024). Within a treatment plant, PLCs receive continuous input from sensors and, based on programmed logic, send output signals to actuators such as pumps, valves and aeration blowers to regulate plant performance as shown in Figure 3.
A key control strategy used in waster automation is Proportional, Integral and Derivative (PID) control. PID controllers compare a measured process variable with a desired setpoint and calculate the corrective action required. The proportional term responds to current error, the integral term accounts for accumulated past error, and the derivative term predicts future trends. This combination allows stable and responsive control of dynamic processes, and PID remains one of the most widely used strategies in industrial automation (Blevins, 2015).
A common example is dissolved oxygen control in aeration tanks. A sensor continuously measures oxygen levels and sends this data to the controller, which adjusts blower speed to maintain optimal conditions for biological treatment while minimising energy consumption.
While PLC and PID systems are highly effective, their implementation and maintenance can be costly. More advanced approaches, such as model predictive control, are also being explored to further optimise wastewater treatment processes (Qin and Badgwell, 2003).
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Figure 3 – Feedback Control Loop in Wastewater Treatment
6 Actuators & Final Control Element
Actuators and final control elements are responsible for physically implementing the control actions  determined by process controllers. In wastewater treatment plants, actuators receive output signlas from controllers such as programmable logic controllers (PLCs) and convert these signals into mechanical movement or operational changes in equipment. These components are essential for regulating flow, maintaining treatment conditions and ensuring the overall process operates efficiently and reliably.
One of the most commonly used in wastewater treatment facilities is the pump. Pumps transport wastewater, sludge and treated effluent between different stages of the treatment process. Their operation can be controlled automatically to adjust flow rates based on system demand or tank levels. In many cases, pumps are fitted with Variable Speed Drives (VSDs), which allow motor speed to be adjusted. This enables more precise flow control and improves energy efficiency compared to fixed speed operation.
Control valves are anther key type of actuator used to regulate the flow of liquids and gases within the plant. These valves can be automatically adjusted to control wastewater entering or leaving different treatment units. For example, valves may regulate influent flow into sedimentation tanks or control distribution of return activated sludge.
In secondary treatment, aeration systems act as important final control elements. Aeration blowers supply oxygen to microorganisms in aeration tanks, supporting the biological breakdown of organic matter. Their operation is typically controlled based on dissolved oxygen measurements, ensuring sufficient oxygen is provided without excessive energy use.
By integrating pumps, valves, blowers and motor control systems, actuators enable wastewater treatment plants to respond dynamically to changing conditions. Together sensors and controllers, they form a complete automated control loop that ensures stable sufficient and compliant operation (Tchobanoglous et al, 2003).
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Figure 4 – Actuators & Final Control Elements
7 Supervisory Control & Plant Automation
Supervisory control systems play a crucial role in modern wastewater facilities by enabling centralised monitoring and control of the entire treatment process. While local controllers such as programmable logic controllers (PLCs) manage individual process units, supervisory systems provide a higher level of oversight, allowing operators to monitor plant performance, analyse data and make informed decisions. The most widely used supervisory system in wastewater treatment is the Supervisory Control and Data Acquisition (SCADA) system.
SCADA systems collect real time data from sensors and PLCs distributed throughout the plant and present this information through a centralised interface. This enables operators to monitor key process parameters, including flow rates, tank levels, pump status and water quality measurements. Real time monitoring allows rapid identification of abnormal conditions, enabling prompt response to potential issues before they affect treatment performance. SCADA systems also generate alarms when process variables exceed predefined limits, ensuring critical situations are not overlooked (Kaittan and Mohammed, 2024).
A key component of SCADA is the Human Machine Interface (HMI), which provides a visual representation of the treatment process. HMIs display process diagrams, equipment status and trend data, allowing operators to quickly assess plant conditions. They also enable manual override of automated systems, providing additional operational flexibility and safety.
In addition to real time monitoring, SCADA systems support data logging and historical analysis, enabling performance optimisation and maintenance planning. However, increased  connectivity introduced potential cybersecurity risks, requiring appropriate protection measures. Overall, supervisory systems enhance automation, improve reliability and ensure consistent and efficient plant operation.
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Figure 5 – Example of SCADA Interface
8 Regulations & Standards
Wastewater treatment facilities must operate in accordance with strict environmental regulations and industry standards to protect health and natural water systems. In the UK, wastewater discharge is regulated by the Environmental Agency, which enforces effluent quality standards for discharges into rivers, lakes and coastal waters (Environment Agency, 2023). These regulations specify acceptable limits for key parameters such as biochemical oxygen demand (BOD), suspended solids, ammonia and pH. Compliance is further supported by wider legislation, including the Urban Waste Water Treatment Directive (European Commission, 2010).
In addition to environmental requirements, treatment plants must adhere to operational and safety standards to ensure reliable performance. Monitoring and reporting obligations require continuous or frequent measurement of process variables, with failure to comply potentially resulting in financial penalties, legal action and environmental harm.
Instrumentation, control and automation (ICA) systems are essential for maintaining compliance. Sensors provide real time monitoring of process conditions, while automated control systems enable rapid adjustments to maintain stability. Supervisory systems such as SCADA support data logging and reporting, ensuring accurate record keeping and demonstrating regulatory compliance.

9 Emerging & Advanced Automation Technologies
Recent advancements in instrumentation, control and automation technologies are enhancing the efficiency and reliability of wastewater treatment facilities. One key development is the use of smart sensors, which offer improved measurement accuracy, self calibration and fault detection. These features reduce maintenance requirements and provide more reliable data for process control.
The integration of the Internet of Things (IoT) has further improved system connectivity, enabling real time monitoring and remote control of treatment processes. IoT enabled devices allow sensors and equipment to communicate across networks, supporting more flexible and responsive plant operation. This is particularly beneficial for large or distributed facilities (Science Direct, 2026).
Artificial intelligence (AI) and machine learning are also being applied to optimise wastewater treatment processes. These technologies analyse large volumes of operational data to identify patterns and improve decision making. AI based systems can predict changes in influent conditions and adjust control strategies proactively, improving efficiency and reducing operational costs (Journal of Environmental Management, 2026). However, their implementation can be complex and required high-quality data.
In addition, digital twin technology is emerging as a valuable tool for simulating plant performance in real time. This enables operators to test control strategies and optimise processes without affecting physical operations. Overall, these technologies are driving the transition towards more autonomous and efficient wastewater treatment systems.
10 Conclusion
Instrumentation, Control and Automation (ICA) systems are fundamental to modern wastewater treatment, enabling continuous monitoring, efficient control and reliable plant operation. The integration of sensors, controllers and actuators allows treatment processes to respond dynamically to changing conditions, ensuring consistent performance and compliance with environmental regulations. Supervisory systems such as SCADA further enhance operational efficiency through real time monitoring and data analysis. While automation improves reliability and reduces energy consumption, challenges such as system complexity and maintenance remain. Emerging technologies, including smart sensors, IoT and artificial intelligence, are expected to further enhance the efficiency and autonomy of wastewater treatment systems.
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Figure 5. Example of SCADA / HMI Interface
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Figure 6. IoT / Digital Integration Architecture (Example)
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