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[bookmark: _Toc227763172]Introduction 

Wastewater treatment is essential for protecting the environment and public health by removing contaminants from domestic and industrial wastewater before discharging back into environment. To ensure these processes operate safely, efficiently and in compliance with environmental regulations modern treatment facilities rely heavily on instrumentation, control and automation. The wastewater treatment processes used to depend largely on manual intervention meaning risk of human error and inefficiencies. However, modern-day wastewater systems are now using ICA systems utilising sensors, controllers and actuators to monitor and regulate key process variables such as flow, PH and dissolved oxygen in real time. Technologies such as Programmable logic controllers (PLCs) and Supervisory Control and Data Acquisition (SCADA) systems enable continuous monitoring and automated control, improving operational efficiency and reducing reliance on manual intervention. (Gulati, 2024)  



[bookmark: _Toc227763173]Historical development of Automation in wastewater treatment 

Wastewater treatment has evolved from simple manual processes into highly automated systems. Early treatment methods relied on natural and physical processes, such as land treatment, sedimentation and basic filtration where wastewater was left to settle or be biologically treated with minimal control. These systems depended heavily on operator judgement with equipment such as pumps and valves controlled manually often resulting in inconsistent performance and limited treatment efficiency (Gulati, 2024).
As Industrialisation and population growth increased, wastewater become more complex requiring improved treatment methods. This led to the development of more advanced biological processes which include activated sludge systems as well as improved sludge handling and nutrient removal techniques to enhance treatment performance and meet environmental standards (Bui et al., 2022). Although there was improvement it was still largely manually controlled limiting consistency and responsiveness to changing conditions. 
From the 1970s onward the introduction of programmable logic controllers (PLCs) marked a significant shift towards automation. The first PLC, known as the Modicon 084 was developed in 1968 by Dick Morley and his team shown in figure 1. This was to replace complex and inflexible relay based control systems used in industrial processes. It became widely adopted across industries and  enabled treatment processing to be controlled automatically based on predefined logic. This was further enhanced by Supervisory Control and Data Acquisition (SCADA) systems which allowed centralised monitoring, data collection and remote controls across the entire treatment facilities (Ashraf Said AlMadhoun, 2025). 
More recently wastewater treatment has advanced with the integration of smart sensors and data driven technologies. These developments have enabled more enabled more efficient and reliable operation while also allowing treatment facilities to operate with increasing levels of autonomy. This resulted in modern wastewater systems now relying heavily on ICA to maintain process stability and optimise performance along with ensuring they are complying to regulatory standards (Chavhan et al., 2025). 





[image: Original Modicon PLC][bookmark: _Toc227763187]Figure 1 - Original Modicon PLC (Peterson, 2022)








[bookmark: _Toc227763174]Wastewater treatment process overview 

Wastewater treatment is a multi stage process which is highlighted in figure 2. Its designed to remove physical, chemical and biological contaminants from wastewater before it is discharged into the environment. The process is typically divided into preliminary, primary, secondary and tertiary treatment stages with each contributing to the overall improvement in water quality. Preliminary and primary treatment focus on the removal of large solids and suspended particles. Figure 2 shows the screening systems which are used to remove debris such as plastics and organic matter, followed by sedimentation tanks where heavier solids settle to form sludge. This stage reduces the load on downstream processes and improves overall system efficiency. Secondary treatment involves the biological breakdown of dissolved organic matter most commonly through the activated sludge process. In this stage microorganisms degrade pollutants in aeration tanks where oxygen is supplied to support microbial activity. Having and maintaining appropriate oxygen levels is critical to ensure effective treatment and stable process performance. Tertiary treatment provides a final level of purification removing remaining contaminants such as nutrients, pathogens and fine particles. This may involve filtration, chemical dosing and disinfection processes before the treated water is discharged or reused. (Ahmad et al., 2022)
Due to the complexity and interdependence of these stages, effective monitoring and control is essential. However relying solely on manual monitoring can lead to inconsistent performance and delayed response times, highlighting the need for automated ICA systems to ensure stable and efficient operation. 
[image: ][bookmark: _Toc227763188]Figure 2 - Wastewater treatment process overview (Unistar, 2026)









[bookmark: _Toc227763175]Instrumentation, control and automation 
Instrumentation plays a critical role in wastewater treatment by enabling the continuous monitoring of key processes variables required for effective control and optimisation. Sensors are used throughout the treatment process to provide real time data which allows for operators and automated systems to maintain stable operating conditions and ensure consistent treatment performance. 
[bookmark: _Toc227763176]Instrumentation - Sensors 
One of the most important parameters measured is flow rate, which is typically monitored using ultrasonic or electromagnetic flow meter. Accurate flow measurement is essential for balancing systems capacity which prevents overflow and ensures correct dosing of chemicals within the treatment process(Fang et al., 2022).  In addition to that pH sensors are widely used to monitor the acidity or alkalinity of wastewater as maintaining appropriate pH levels is critical to for effective biological treatment and chemical processes(Rando et al., 2024).
Dissolved oxygen (DO) sensors are particularly important in secondary treatment, where oxygen levels must be carefully controlled to support microbial activity in aeration tanks. Insufficient oxygen can reduce treatment efficiency while excessive aeration can lead to increased energy consumption, making accurate DO measurement essential for both performance and efficiency (Ching, So and Morck, 2021).
Other commonly used sensors include turbidity sensors which measure the clarity of water and indicate the presence of suspended particles along with level sensors which monitor tank volumes to prevent overflow and maintain process stability. Together theses sensors provide the data required for effective process control and the integration withing the ICA system allow for real time monitoring and automated decision making. This enables wastewater treatment plants to operate more efficiently, reliably and with reduce reliance on manual intervention (Weerasinghe, Jayathilaka and Vithanage, 2025). 
. 

[bookmark: _Toc227763177]Control systems (PLC and DCS) 

Control systems are a essential part of modern wastewater treatment as they process data from the sensors and make decisions to maintain stable and efficient operation. These systems ensure that key process variables such as flow rate, pH and dissolved oxygen are kept within optimal ranges through automatic adjustment of equipment. 
Programmable Logic Controllers (PLCs) are widely used in wastewater treatment plants to provide localised control of individual processes. PLCs operate by receiving input signals from sensors then processing this data using programmed logic and sending output signals to actuators such as pumps, valves and blowers. This allows processes to respond quickly to changing conditions without the need for manual intervention(Bai and Zou, 2025). 
In Large or more complex facilities Distributed Control Systems (DCS) may be used to provide a higher level of integration across multiple processes. Unlike PLCs which typically control specific units the DCS platforms allow for coordinated control of entire treatment systems(Tkáčik et al., 2023). 
A key feature of modern control systems is the use of feedback control loops, where sensor data is continuously monitored and used to adjust system output in real time. For example dissolved oxygen levels in a aeration tank can be automatically controlled by adjusting rates, ensuring optimal conditions for microbial activity while minimising energy consumption(Nașcu and Nașcu, 2024) . However the effectiveness of these systems relies heavily on the accuracy and integrity of sensor data as incorrect inputs can lead to inappropriate control actions. 
Overall control system forms the core ICA in wastewater treatment enabling automated decision making and improving the reliability as well as reducing the dependence on manual operations.

[bookmark: _Toc227763178]Actuators  
Actuators are responsible for carrying out the physical actions required to control wastewater treatment processes. They receive output signals from control systems such as PLCs or DCS and adjust equipment accordingly to maintain desired operating conditions. Without actuators, control systems would be unable to influence the treatment process making them a critical component of ICA . 
Common actuators used in wastewater treatment include pumps, valves and blowers. Pumps are used to transfer wastewater between different stages of the treatment process ensuring that there is a continuous flow through the system. Valves regulate the movement of fluids by controlling flow rates and directing wastewater to specific parts of the plant. Blowers are particularly important in the secondary treatment, where they supply air to aeration tanks to maintain appropriate dissolved oxygen levels for microbial activity (Tchobanoglous and Eddy, 2014). 
Actuators operate in response to signals from control systems, allowing processes to adjust dynamically to changing conditions. For example if a dissolved oxygen sensors detects low oxygen levels in a aeration tank, the control system can increase blower output to restore optimal conditions. This interaction between sensors, control systems and actuators enables efficient and automated process control. Actuators provide the link between digital control decisions and physical process changes improving the systems operation efficiency and reduction in manual intervention. 



[bookmark: _Toc227763179]Supervisory control and data acquisition  - SCADA 

SCADA systems provide centralised monitoring and control of wastewater treatment processes, integrating data from sensors, controls systems and actuators across the entire facility. SCADA systems allow operators to view real time process data and identify abnormalities; this then allows it to make informed decisions to ensure efficient and safe plant operation. 
In wastewater treatment plants, SCADA systems collect data from the PLCs and field devices displaying this information through human machine interfaces (HMIs). This interfaces provide visual representations of the process including tank levels, flow rates and system status allowing operators to monitor performance levels and respond quickly to changing conditions. In addition to monitoring, SCADA systems enable real time supervision and can support control actions through integration with PLC (B. Dwarakanath et al., 2023). 
The implementation of the SCADA systems has significant improved operational efficiency , reliability and response times within treatment facilities. However with the increasing connectivity of these systems, particularly through networked and internet based technologies introduces potential cybersecurity risks. Unauthorised access, data manipulation or system failure could disrupt plant operations and compromise treatment performance. This could leave to environmental or public health risks. To address these challenges modern SCADA systems incorporate cybersecurity measures such as network segmentation, firewalls and secure communication protocols(Premanand Jothilingam, 2024). 
[image: ][bookmark: _Toc227763189]Figure 3  - SCADA system for wastewater (Boughton, 2013)



[bookmark: _Toc227763180]Advanced technologies 

Recent advancements in wastewater treatment have focused on the integration of smart technologies to further improve efficiency, reliability and automation. Developments in areas such as artificial intelligence (AI), the Internet of Things ( LoT) and data analytics have enabled more advanced monitoring and control of treatment processes. 
One of the key applications of AI is predictive control, where algorithms analyse historical and real-time data to optimise process performance. For example, AI systems can predict variations in influent flow or contaminant levels and adjust control strategies accordingly, improving treatment efficiency while reducing energy consumption. AI can also offer predicted maintenance techniques that can be used to identify potential equipment failures before they occur meaning reduced downtime and maintenance costs. 
LoT technologies also play an important role by connecting sensors, control systems and SCADA platforms through networked communication. This allows for continuous data collection and remote monitoring enabling more responsive and flexible systems operation. As a result wastewater treatment plants can operate with increasing levels of autonomy which means there is a reduced reliance on manual intervention(Alprol et al., 2024). 
Despite these benefits the use of advanced technology’s introduces additional challenges particularly in relation to data security, system complexity and implementation costs. However with further development they could play a key role in future of wastewater treatment, supporting a more sustainable and efficient operation. 
. 



[bookmark: _Toc227763181]Safety, reliability and system improvements 
Ensuring the safety and reliability of wastewater treatment systems is critical as failure can lead to environmental damage, regulatory non compliance and risks to public health. Modern Wastewater treatment plants rely on ICA systems not only for process control but also to improve system resilience and minimise the likelihood of failure. 
[bookmark: _Toc227763182]System reliability and redundancy 
One of the key approaches to improving reliability is the use of redundancy and backup systems. Critical components such as pumps, control units and power supplies are often duplicated to ensure continue operation in the even of failure. For example backup systems including diesel generators are commonly implemented to maintain plant operation during power outages, preventing untreated wastewater from being discharged into the environment(Kotulla et al., 2022). 
[bookmark: _Toc227763183]Cybersecurity and Data Integrity 
In addition to physical reliability, system security has become increasingly important due to integration of digital technologies. As SCADA and LoT systems become more connected treatment facilities are more exposed to cybersecurity threats. Waste and wastewater systems are considered critical infrastructure, meaning that cyber attacks can have significant impacts on public health and environmental safety. These systems are particularly vulnerable due to their reliance on interconnect control networks and legacy technologies which may lack modern security features. Unauthorised access, data manipulation or system disruption could lead to incorrect control actions or plant shutdowns, potentially causing significant operational and environmental consequences. To mitigate these risks modern systems incorporate protective measures such as secure communication protocols, network segmentation and access control systems. Furthermore, ongoing system monitoring and data validation are used to ensure the integrity of sensor data reducing the risk of incorrect control decisions (Tuptuk et al., 2021). 
Overall improvements in safety, reliability and security are essential to ensure that wastewater treatment plants operate continuously and effectively, particularly under varying conditions and potential system disturbances. 
[bookmark: _Toc227763184]Regulations  and compliance 
Wastewater treatment plants in the UK must operate in accordance with strict environmental regulations to ensure the protection of public health and the environment. The Water Industry Act 1991 (legislation.gov.uk, 2011) and the Environmental Permitting ( England and Wales) Regulations 2016(Gov.uk, 2016) Require operators to obtain permits and comply with discharge limits set by the environment agency. These permits define allowable concentrations for key parameter such as biochemical oxygen demand , ammonia and suspended solids which must achieve before treated wastewater is discharged into receiving water bodies. 





[bookmark: _Toc227763185] Conclusion 
In conclusion, Wastewater treatment has evolved significantly from simple manual processes to highly advanced and automated systems. The integration of instrumentation, control and automation (ICA) has enabled continuous monitoring and control of key process variables, improving treatment efficiency, reliability and consistency. Technologies such as sensors, PLCs actuators and SCADA systems work together to ensure stable operation across all stages of the treatment process. Furthermore the adoption of advanced technologies, including artificial intelligence and smart monitoring systems has enhanced process optimisation and reduced reliance on manual intervention. However the increased use of digital systems also introduces challenges particularly in relation to cybersecurity and system reliability, which must be carefully manage. Overall ICA plays a critical role in modern wastewater treatment ensuring compliance with environmental regulations while supporting safe, efficient and sustainable operations. 
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