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Introduction
Figure 1: Hamshire water transfer facility








Instrumentation, Control and Automation (ICA) has become a fundamental element in modern day wastewater treatment plants. It has enhanced the ability of the facilities to operate safely and efficiently whilst complying with strict environmental regulations. These facilities must continuously monitor key process variables, such as, dissolved oxygen, pH, turbidity and ammonia. Monitoring these levels and maintaining their process stability levels allow the facilities to comply with the regulations. Historically, treatment facilities relied heavily on manual sampling and operator judgement, but with advancements in sensor technology, digital communication and control engineering have driven a shift towards highly automated, data driven operation (Water UK, 2023). Modern wastewater treatment facility uses high accuracy sensors, programmable logic controllers (PLC’s), actuators and Supervisory Control and Data Acquisition (SCADA) platforms. These modern adaptions allow these facilities to make real time adjustments of aeration, pumping, sludge handling and chemical dosing. The introduction to these modern advancements is essential for water treatment plants to comply with UK regulatory requirements, including the Environmental Agency’s MCERTS monitoring standards and the Urban Wastewater Treatment Regulations, which emphasis the requirement for accurate, traceable and reliable data for compliance reporting (Environmental Agency, 2024) (Defra, 2024). Recent advancements in ICA technology, such as optical dissolved oxygen sensors, nanomaterial enhanced electrochemical sensing and fibre optic monitoring, have further enhanced measurement accuracy and reduced maintenance demands for the facilities (Wang, X., Li, Y. and Chen, J, 2017) (O’Mahony, C. et al, 2023). At the supervisory level, SCADA systems provide the facilities with a centralised oversight, alarm management and historical data analysis, enabling facilities to operate with minimal manual intervention. With constant economic change, such as, population growth, climate change and energy costs, it shows how vital autonomous wastewater treatment facilities are for the imminent future. 
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The development of instrumentation, Control and Automation (ICA) in wastewater treatment has advanced through several distinct phases, each driven by technology innovation, regulatory pressure and the need for more reliable and efficient plant operation. The early phases of wastewater treatment had very minimal ICA components and relied almost entirely on manual operations to comply with the regulatory standards. These manual operations relied on trained operators visually inspecting, sample grabbing and mechanical adjustments to control aeration, sludge removal and chemical dosing. These processes were inconsistent, relied on operator training and was heavily subjected to human error. 
During the 1970’s to the 1990’s, facilities began switching to using electronic sensors and programmable logic controllers (PLC’s), this marking a major movement to automation. Early introduction of these sensors, such as, dissolved oxygen, pH and flow sensors, enabled continuous measurement and reduced some manual operations. This creating stability in the biological and mechanical processes as accurate data was supplied to the operators. PLC systems replaced relay-based systems, enabling faster logic execution, improved reliability and the ability to automate complex sequences (Siemens, 2022). These adaption from the 1970’s to 1990’s laid a solid foundation for modern ICA systems, which enables consistent and repeatable control of pumps, blowers and valves which significantly improved facility performance. 
In the 2000’s there was a rapid expansion into Supervisory Control and Data Acquisition (SCADA) systems. SCADA enabled real time visualisation, alarm management and historical data trending which allowed operators to oversee the entire facility from a central control room. During this time, advancements in online sensors for ammonia, nitrate and dissolved oxygen meant more accuracy and robustness in the systems. These advancements supported higher levels of automation within the industry. With the introduction to SCADA systems and advancements in sensor technology allowed regulated bodies to regulate the facilities and accelerated the adoption of these new advancements in technology within the industry. The UK Environment Agency’s MCERTS requires a high quality, traceable monitoring data for compliance reporting (Environment Agency, 2024). The introduction of Urban Wastewater Treatment Regulations also increased pressure on utilities to improve monitoring accuracy and operational reliability (Defra, 2024). 
From 2010 to present, ICA has entered a phase of rapid digitalisation. Advances in optical sensing, nanomaterial enhanced electrochemical sensors and fibre optic technologies have improved measurement accuracy and reduced maintenance demands. During the same period, the advancements in soft sensing, cloud connectivity and machine learning based optimisation has enabled more predictive and intelligent control strategies. The rise of artificial intelligence (AI) has transformed automation within the industry. National reviews emphasise that AI enabled automation is now essential improving resilience and reducing operational risk (Academy of Medical Sciences, 2024). 
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Sensors form the foundations of ICA in wastewater treatment; these provide real time data required for stable biological processes and regulatory compliance. Modern treatment facilities rely on a diverse selection of sensors to monitor chemical, physical and biological conditions. These sensors allow the automation of aeration, pumping, chemical dosing and sludge handling. There are critical sensors within the ICA system which are, dissolved oxygen (DO), pH, turbidity, flow, ammonia and nitrate sensors. Figure 2: Dissolved Oxygen Sensor:


Dissolved Oxygen (DO) Sensors
DO measurement is central to activating the sludge treatment, where maintaining the appropriate levels of oxygen levels to ensure effective microbial degradation of organic matter and stable nitrification. There are two commonly used DO sensors used in modern facilities, these are, galvanic or polarographic electrochemical sensors and optical (luminescent). Electrochemical sensors produce a current proportional to oxygen diffusion across a membrane. These sensors require a regular maintenance plan to replace the membrane, electrolyte refilling and frequent calibration. In contrast, optical (luminescent) sensors use luminescence quenching, where oxygen reduces the intensity or phase shift of emitted light. Optical sensors offer superior stability, faster response times and significantly lower maintenance requirements (Wang, X., Li, Y. and Chen, J, 2017). Figure 3: Table Comparison for Optical Sensors & Electrochemical Sensors










Advancements in DO sensors include nanomaterial enhanced electrochemical electrodes, improving the sensitivity and reduces fouling. This making them more suitable for harsh wastewater environments (Liu, S., Zhang, T., Chu, Z. and Wang, A., 2024). There have also been advancements in fibre optic DO sensors which is coating free with a surface activated design that resists biofouling and maintains long term accuracy (O’Mahony, C. et al, 2023).
Regular calibration is essential for DO accuracy. Most sensors use one point (air) or two-point (air and zero oxygen) calibration. Optical sensors offer a factory calibrated caps with embedded calibration coefficients incorporated which reduces operator error. Maintenance typically requires cleaning the tip of the sensor, verifying calibration drift and replacing optical caps or membranes depending on the sensor being used. The operational impact of DO sensors accounts for roughly 60% of a facility's total energy usage. Having an accurate DO measurement system enables precise blower control, reducing over aeration and improving energy efficiency. Advanced ICA strategies, including ammonia-based aeration control and machine learning driven optimisation relies heavily on the quality of DO data to maintain suitable nitrification and energy minimise energy consumption. 

pH Sensors
Most pH sensors use glass electrodes, where hydrogen ion activity generates a measurable potential difference. These sensors require regular maintenance for re-calibration, as they are known for drifting due to fouling and ageing of the glass. pH sensors are suitable for biological stability, chemical dosing and corrosion control. 

Turbidity Sensors
Turbidity sensors are used to monitor clarifier performance, sludge blanket stability and final outflow quality. Modern designs incorporate automatic wipers and optical compensation to reduce fouling. These sensors use nephelometric optical scattering to measure suspended solids.

Flow Sensors
Flow measurement devices must comply with MCERTS to ensure accuracy and traceability (Environment Agency, 2024). Flow measurement is crucial for hydraulic modelling, chemical dosing, storm management and regulatory reporting. Electromagnetic flowmeters are used widely in the industry in closed pipes whilst ultrasonic level/velocity sensors are used in open channels. 

Ammonia and Nitrate Sensors
Nutrient sensors are becoming increasingly important in modern ICA systems as they are used to optimise nitrification and denitrification. The sensors technology includes ion-selective electrodes (ISE) and UV absorption sensors. These technologies allow direct measurements of ammonia and nitrate in mixed liquid. 

Sensor Failure
DO sensers often drift due to membrane fouling or ageing electrolyte. pH probes typically fail when the glass electrode becomes coated with bio film which requires replacement or cleaning. Turbidity sensors give false readings when the optical window becomes dirty which also requires replacing or cleaning. Sensor drift results in incorrect aeration control and higher energy use. environmental fouling causes optical sensor to lose signal clarity. 
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Figure 4: PLCs in Wastewater Treatment Facilities







Process controllers and actuators form the operational core of Instrumentation Control and Automation (ICA) in wastewater treatment, taking sensor data and translating it into real time data physical actions which maintain stability, efficiency and complying with plant performance regulation requirements. Programmable logic controllers (PLC’s) are computers which is designed to execute control logic, manage interlocks and coordinate the operation of pumps, blowers, valves and chemical dosing system. During storm events, the PLCs will automatically divert flow to storm tanks. PLCs were introduced to replace relay-based systems due to them being far more reliable, faster processing speeds and ability to handle complex multi-stage control sequence. Modern facilities use PLC’s which supports advanced communication protocols such as Modbus, Profibus and Ethernet/IP, enabling sensor, actuator and supervisory systems integration (Siemens, 2022). 
Figure 5: PLCs Wastewater Treatment Facility Image








Pumps, blowers, valves and chemical dosing units are all forms of actuators within the system. They are the physical devices that carry out the commands issued from the PLCs. Pumps control the inflow, sludge transfer and recirculation. Blowers are used to supply oxygen to biological reactors due to the microorganisms require oxygen to be alive, these microorganisms are used to remove organic pollutants. Valves are used to regulate hydraulic pathways, mainly used to divert fluid through complex pipe networks. The dosing system is used to add chemicals for the pH correction, coagulation or disinfection. These actuators are essential and it is vital that the reliability of these actuators is good. If the reliability of these actuators is poor, it can result in permit breaches and environmental harm. Modern facilities use a variable speed drive (VSDs), allowing fine-tuned control that improves energy efficiency and reduces mechanical wear. A major advantage of modern ICA is the way PLCs work together with Supervisory Control and Data Acquisition (SCADA) systems. SCADA allows the operators to visually view the systems performance, showing real time data, alarms, trends and system status. This enhanced level of control allows the operator to act decisively, carry out scheduled maintenance and operate the site with less manual intervention. 
With the consistent development in artificial intelligence (AI), advanced automation strategies have begun incorporating AI driven optimisation where machine learning analysis the real time data and acts in real time to recommend or automatically adjust the controls. AI development enhances the performance of the PLCs by enabling predictive aeration control, anomaly detection and energy optimisation. This will be a significant move towards highly autonomous wastewater treatment facilities (Zhang, Y., Li, X. and Chen, G., 2025). 
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Figure 6:PLCs & SCADA System Architecture







The Supervisory Control and Data Acquisition (SCADA) system which orchestrates of the ICA system in wastewater treatment. The SCADA system provides the oversight of the system, coordination and decision support functions required for safe and efficient plant operation. Whilst the PLCs carry out localised control, the SCADA system integrates all process areas into a supervisory platform, thus allowing operators to monitor, analyse and manage the entire treatment operations from a central interface. Modern SCADA systems in facilities display real time process data, equipment status, alarms, trends and historical records. This advancement allows rapid identification of abnormal conditions and supporting informed operational decisions.  Recent studies show that SCADA has become essential for managing increasingly complex biological and hydraulic processes, especially as utilities face tighter out flow limits greater expectations for resilience (Gulshin, I. and Kuzina, O., 2025). The introduction of IoT enabled SCADA has further expanded capability by allowing continuous data transfer from distributed sensors, improving early detection of equipment faults and process disturbances (IEEE Xplore, 2023). Cloud storage for the SCADA system is emerging and can allow for multisite operations. Figure 7: SCADA Architecture
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Wastewater facilities within the UK work under strict regulatory framework designed to ensure environmental safety, public health safety and consistent performances. Environmental Permitting Regulations (EPR) is one of the most important regulations influencing ICA. EPR requires wastewater facilities to monitor discharge accurately and maintain reliable records. A Monitoring Certification Scheme (MCERTS) regulation was introduced to support EPR by regulating performance standards for flow monitoring, water quality measurement and the use of certified instruments. MCERTS ensures that monitoring equipment, such as, flowmeters, event duration monitors (EDMs) and online analysers, meets a defined accuracy and quality management required. This is crucial for wastewater facilities which work under the Urban Wastewater Treatment Directive, where accurate flow and quality data are essential for demonstrating compliance. MCERTS standards were updated in 2024/2025 which emphasises traceability, robust calibration procedures and use of accredited laboratories for chemical and microbiological testing. EDMs are now required to have a storm overflow reporting and must comply with MCERTS to ensure reliable detection and recording of overflow events. 

[bookmark: _Toc228170679]Advanced Technologies in Wastewater Treatment
One of the most significant developments is the rise of digital twins. Digital twins allow operators to have visually models which can be used to simulate process changes, test optimisation strategies and predict system behaviour before adjusting on site. A technical review highlighted the digital twin can integrate mechanistic models, data driven analytics and IoT connectivity to support aeration control, sludge management and energy optimisation (Wang, A., 2024). With the development of cloud-based SCADA platforms, AI, smart automation and IoT enabled monitoring with digital twins, it represents a significant movement to autonomous wastewater treatment. Although digital twins will be a major advancement, there is a failure which may be introduced called model drift. This is where the digital models have slowly un synced and is displaying incorrect readings on the simulations. 

[bookmark: _Toc228170680]Conclusion
ICA systems have become essential in wastewater facility operations to remain safe, efficient and compliant to modern regulations. The progression from manual operation to electronic sensing using PLC controls, fully integrated SCADA systems reflect the increasing complexity of treatment processes and the tightening of environmental regulations. Modern sensors and actuators provide real time data feedback, which is required to maintain biological stability, optimise aeration and ensure consistent out flow quality. PLCs and actuators translate this data into precise operational adjustments, while SCADA systems offer centralised oversight and remote control allowing for facilities to operate with reduced manual intervention. Regulatory frameworks such as, MCERTS and Urban Wastewater Treatment Regulations, have driven the adoption of reliable, traceable monitoring systems and reinforced the need for robust automation in the industry. With the advancements in technology, including digital twins and ai driven optimisation, it demonstrates another step towards autonomous wastewater facilities. Together, these developments demonstrate that ICA is not simply an operational tool but a critical enabler of modern wastewater management, supporting environmental protection and long-term infrastructure performances.  I believe that we are moving in a direction of fully autonomous wastewater treatment facilities with the regulatory parties tightening their regulations to ensure public health and environmental safety. 
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