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Introduction
Wastewater treatment is an essential process of removing any biological, physical, or chemical contaminants from water sources or sewage before it is discharged to be reused or returned into the environment. The importance of effective treatment is crucial to ensure to protect public health by removing pathogens, preventing environmental disruption / maintaining ecological balance, and ensuring compliance with environmental regulations for industry, public, and agricultural sectors (Tchobanoglous et al., 2014). As the demand for clean water increases, water systems must operate with increasing consistency, reliability, and efficiency. 
Instrumentation, Control, and Automation (ICA) plays a fundamental role in achieving these core objectives. ICA refers to the integration of sensors, actuators, and controllers in order to monitor real time, feedback control, and process optimisation within industrial systems. Wastewater treatment plants utilise ICA systems to continuously monitor various variables such as flow rate, dissolved oxygen, turbidity, and importantly PH levels to ensure maximum performance and regulatory compliance (Olsson, 2005). 
The history of wastewater treatment date back to the years BC. The traditional process of purifying water was to boil or expose the water to ultraviolet (UV) light (sunlight) to kill bacteria, pathogens, and viruses admin-seo (2024). Then filtering it through activated charcoal to absorb chemical impurities, odors, and volatile organic compounds. Modern wastewater treatment plants rely heavily on automation to minimise human intervention while maintaining high operational accuracy. The introduction of supervisory control and data acquisition (SCADA)  and programmable logic controllers (PLCs) systems facilitated plants to operate at an efficient and autonomous manner (Boyle, 2013). This report examines the application of ICA in wastewater treatment plants and the focuses on the process stages, control systems, regulatory frameworks, historical development, and modern technology. 
Overview of wastewater treatment process
The process of wastewater treat typically consists of several sequential steps designed to progressively remove contaminants. The process starts with preliminary treatment, this step consists of large debris such as grit or plastic are removed using mechanical screen and grit chambers. This is part of the preventative control phase as this prevents damage to downstream equipment and ensures plant operation to remain uninterrupted (Metcalf & Eddy, 2014). 
The second step of the process is primary treatment, this step is where wastewater enters sedimentation tanks where heavier solids settle to the bottom of as sludge, while the lighter materials are skimmed of the surface due to floating. This process further reduces suspended solids and organic load. 
The third treatment stage is secondary treatment is a biological step and represents the core of the treatment process. Microorganisms break down the organic material in accretion tanks, this is where oxygen is applied to sustain bacterial activity. Keeping dissolved oxygen at the correct level is essential for efficient treatment and is controlled through automated systems (Tchobanoglous et al., 2014). 
The final step in the process is tertiary treatment that provides advanced purification, chemical dosing, including filtration, and disinfection processes such as ultraviolet light. This stage ensures that treated water meets the strict discharge standards.
Figure 1
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Figure 1: Wastewater treatment process. This figure illustrates the sequential steps of water treatment, highlighting where the monitoring and control systems are throughout the process. The complexity of these steps require continuous monitoring real time with precise control to maintain efficiency, making ICA systems essential to maintain clean water. 
Industrial sensors in wastewater treatment
Industrial sensors are critical components of instrumentation, control, and automation (ICA) systems in wastewater treatment plants, as they provide the real‑time data required for effective feedback control and process optimisation. By continuously measuring key process variables, sensors enable treatment systems to respond rapidly to changing influent conditions and operational disturbances, thereby maintaining stable and efficient plant operation (Olsson, 2005). Reliable sensor data is fundamental to automated control strategies, alarm systems, and performance monitoring.
The performance of sensors is essential to overall system reliability and depends on factors such as measurement accuracy, response time, durability, and resistance to fouling or signal interference. In the harsh environments typical of wastewater treatment processes, sensors must also withstand variations in temperature, pressure, and chemical composition while maintaining consistent performance over long operating periods.
Flow sensors are used extensively throughout wastewater treatment plants to measure the rate of wastewater movement at various stages of the process. Accurate flow measurement ensures that treatment units operate within their design capacity, supports effective hydraulic control, and helps prevent overloading conditions that could compromise treatment efficiency or cause environmental non‑compliance.
pH sensors play a crucial role in monitoring the acidity or alkalinity of wastewater. Maintaining stable pH conditions is particularly important during biological treatment processes, as extreme pH values can inhibit microbial activity and reduce treatment performance. Continuous pH monitoring allows timely corrective actions, such as chemical dosing, to maintain optimal conditions for biological reactions (Yuan et al., 2019).
Level sensors are used to monitor liquid levels in tanks, channels, and reservoirs throughout the plant. These sensors help prevent operational issues such as pump dry‑running, tank overflow, and flooding, thereby supporting safe and reliable plant operation. Level measurements are also essential for automated pump control and flow regulation, making them central to stable system operation (Olsson, 2005).
Turbidity sensors measure water clarity and provide an indication of suspended solids concentration in the wastewater. These sensors are particularly important for assessing treatment performance, as increased turbidity can indicate inadequate solids removal, filter malfunction, or process inefficiencies. As such, turbidity monitoring is widely used to support process optimisation and compliance with discharge standards (Metcalf & Eddy, 2014).
Dissolved oxygen (DO) sensors are used to monitor oxygen availability for microorganisms responsible for breaking down organic matter during aerobic treatment processes. DO concentration is a critical control variable in aeration tanks, as insufficient oxygen levels can reduce treatment efficiency, while excessive aeration leads to unnecessary energy consumption. Continuous DO measurement supports efficient aeration control and improves both treatment performance and energy efficiency.
Temperature sensors are used to monitor and regulate process temperatures, as temperature has a significant influence on biological activity, reaction rates, and overall treatment performance. Temperature measurement is also important for equipment protection and safety monitoring, particularly in processes involving biological reactors and mechanical equipment.
Collectively, these sensors enable continuous real‑time monitoring of wastewater treatment processes, allowing automated control systems to maintain stable operating conditions and respond dynamically to process variations. As a result, industrial sensors form the foundation of effective ICA systems and are essential for achieving reliable, efficient, and compliant wastewater treatment operations.

Control systems and feedback control
Process controllers like programmable logic controllers (PLCs), use real time sensor data to regulate and maintain desired operating conditions. This is achieved through a closed loop feedback system (Kumar and singh, 2024). A widely adopted control method is PID control, which adjusts outputs dependant on the proportional, integral, and derivative actions which can adjust the control outputs by using instantaneous error signals, rate of change of that error, and the cumulative error over duration of time. If deviations occur, corrective actions are automatically implemented. 
Figure 2
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Figure 2: Control loop diagram. This figure illustrates an open and closed loop control system. The closed loop control system allows feedback to loop that enables continuous process adjustment and regulation through the actuator outputs. The use of this feedback system allows wastewater treatment plants to maintain consistent performance despite variations in influent conditions. 
Advanced control strategies enable wastewater treatment plants to maintain consistent performance despite variations in influenced conditions. Techniques such as cascade control employ multiple control loops improve response time, while feedforward control anticipates disturbances, for example changes in flow rate. In addition, adaptive unpredictive control methods optimised performance in real time using both current measurements and historical data. Controllers must account for system dynamics, including time delays non linearity, and inertia, to achieve a fast response, minimal overshoot, and long term stability (Parsa et al., 2024). Together, these approaches support effective process optimisation and enable wastewater treatment plants to operate more autonomously and efficiently as self-regulating systems. The effectiveness of process control is largely dependent on the quality of feedback signals on the tuning of the parameters.
Actuators in wastewater treatment
Actuators convert control signals into physical actions under essential for implementing control strategies within wastewater treatment systems. Common actuators include pumps, valves, blowers, and electric motors, All of which play critical role in regulating flow, aeration and mechanical processes (Tchobanoglous et al., 2014). Actuator performance is determined by factors such as response time, reliability, precision, and energy efficiency. Advanced systems utilise variable speed drives (VSDs) , which allow four continuous control of motor speed. Blower speed can be adjusted dynamically to maintain optimal dissolved oxygen levels, significantly improving both treatment efficiency and energy consumption (Hughes and Dury, 2019).
Along with actuators electric motors drive key mechanical components such as pumps, mixers, and conveyors. The integration with VSDs enables precise speed control, this amplifies their responsiveness and energy efficiency within the operating conditions. Actually the performance can be influenced by system dynamics, particularly mechanical inertia. Equipment such as pumps and blowers possesses rotational inertia, which affects how quickly the system can respond to control signals. Troll systems must be carefully tuned to maintain stability and avoid oscillations or overshoot (Nise, 2020). In addition, actuators operate as part of a closed loop control system, receiving signals from controllers adjusting process variables in real time. This effectiveness depends on the responsiveness an accuracy of the actuator, as well as the control strategy being implemented (Olsson, 2005).
Supervisory control and SCADA systems
Supervisory control and data acquisition (SCADA) systems provide a centralised platform for margin and controlling wastewater treatment processes. SCADA systems collect data from sensors and PLCs over the wastewater treatment process, presenting it through graphical user interfaces. Operators can observe system performance, respond to alerts and take control and override adjustments when necessary (Boyle, 2013).

Figure 3
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Figure 3: SCADA architecture. This figure illustrates an Wastewater treatment plant architecture. These systems enable alarm management, data login and analysis, real time monitoring, and remote access. These capabilities support autonomous operation while maintaining operator intervention.

Historical development of ICA
The development of Instrumentation, control, and automation (ICA) and wastewater treatment have progressed from fully manual operations to highly advanced, data-driven systems. Early operations relied on manual work, with operators relying on visual inspection and taking periodic sample measurements. This method was labour intensive, less precise, suspectable to human error due to difficult real time monitoring, and process adjustments were made based on experience rather than continuous data feedback. 
The adoption of electronic instrumentation and computer based control started between the 1960s and 1980s. This intern improved the reliability and accuracy of the system (Olsson et al., 2014). This signalled the start of automation in wastewater treatment systems. Advancement and development of PLCs enabled faster a more reliable control, while SCADA systems provided centralised monitoring capabilities (Luccarini, 2010). Advancements in digital technology have transformed wastewater treatment plants into a highly automated and data-driven process. These systems utilise real time data, advanced control algorithms and remote monitoring to optimise performance. 
Regulations and standards
Wastewater treatment is governed by stringent environmental regulations designed to safeguard ecosystems and protect public health. These regulations establish permissible limits for key parameters, including PH, chemical oxygen demand (COD), biological oxygen demand (BOD), and suspended solids (Tchobanoglous et al., 2014), Compliance is compulsory for all treatment facilities. 
Instrumentation control and automation systems are essential in maintaining compliance as they enable continuous monitoring and automatic adjustment of processed conditions. When parameters move outside acceptable ranges corrective actions are triggered in real time. Non-compliance can lead to environmental harm legal sanctions and repercussion all damage highlighting the important of effective control of monitoring systems
In the UK, systems is operate in accordance with standards such as BS EN 12566-3 on the general binding rules (British standards insituation, 2016; DEFRA, 2015). Discharges to surface water are typically required to meet quality limits of around 20 mg/L BOD and 30 mg/L Suspended solids, with larger facilities requiring environmental permits (Environment Agency, 2015;2023). 
These requirements directly influence the design and operation of ICA systems. Sensors enable continuous real time monitoring, while controllers apply feedback control to maintain process variables within acceptable limits. When deviations occur, corrective actions are triggered automatically, ensure it consistent compliance under varying conditions. Failure to meet these standards can result in environmental damage and legal penalties, highlighting the importance of effective monitoring, control and process optimisation within modern wastewater treatment systems. 
Advancements and Developments
Technological advancements are enhancing the capabilities of ICA systems in wastewater treatment. Artificial intelligence (AI) is a leading development around the world and can be applied to processes to improve its efficiency. Artificial intelligence and machine learning algorithms can analyse large datasets to predict system behaviour and optimise control strategies. Predictive models could just variation rates based on expected oxygen demand, improving energy efficiency (Zhang et al., 2022). Innovations like a I are driving further process optimization, reducing costs and improving sustainability in wastewater treatment systems. 
Membrane bioreactors (MBRs) combine conventional activated sludge treatment with membrane filtration to produce high quality wastewater suitable for reuse. This technology improves solid liquid separation an overall treatment efficiency compared to traditional methods. Recent developments have focused on reducing membrane contamination, Enhancing the removal of emerging contaminants, and lowering energy consumption through hybrid systems and improved membrane materials (Meng et al.,2017). As a result, MBRs increasingly use in space constrained and high performance wastewater treatment applications (Judd, 2011)
Conclusion
Instrumentation, control, and automation (ICA) are essential for the efficient and reliable operation of modern wastewater treatment plants. By integrating sensors, controllers, actuators, and SCADA systems, ICA allows continuous real‑time monitoring and effective feedback control of key treatment processes. This enables operators to maintain stable process conditions, respond quickly to changes in influent quality, and ensure consistent compliance with environmental standards.
The transition from manual operation to automated control systems has significantly improved plant efficiency, operational safety, and reliability while reducing human error and operator workload. Automation also supports better use of energy and resources, contributing to more sustainable treatment processes. Furthermore, the increasing use of advanced technologies, such as data analytics and artificial intelligence, offers opportunities to further improve process optimisation and decision‑making. As wastewater treatment plants face stricter regulations and more variable operating conditions, the continued development and application of ICA will be critical in meeting future environmental and operational challenges.
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