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[bookmark: _Toc309220211]2.0 Introduction
The evolution of Instrumentation, Control, and Automation (ICA) in wastewater treatment has risen in conjunction with the growing demands for safer, more efficient, and more environmentally responsible water management. Wastewater plants first relied solely on manual means and irregular laboratory analyses, limiting the ability to make real-time decisions or optimise treatment according to the conditions. However, the complexity and volume of wastewater rose significantly due to urbanisation and industrial activities, forcing an improved system. As early as the mid-20th century, very basic sensors were implemented to monitor essential process variables such as pH, turbidity, and biochemical oxygen demand (BOD), laying the foundation for later, more advanced automation.
The late 20th century saw the transition into more complex systems with the development and implementation of more advanced control systems equipment such as programmable logic controllers (PLCs) and Supervisory Control and Data Acquisition (SCADA). Unlike the early sensors used, these allowed for continuous data monitoring in real time and remote operation. This began the start of feedback-based control systems with actuators being used to adjust the physical parameters. This was the start of the shift from reactive to proactive process control. 
ICA systems serve as fundamental elements of wastewater infrastructure today and continue to develop as they adopt Industry 4.0 innovations such as IoT devices, cloud computing platforms, and model predictive control technology. These technologies enable predictive maintenance capabilities along with autonomous decision-making functions and improved energy efficiency. The development of ICA for wastewater treatment demonstrates continual progress toward improved process durability while meeting regulatory standards and achieving sustainable outcomes as environmental and public health challenges become more pressing globally.
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Wastewater treatment operations have historically relied on manual supervision and traditional control techniques, which provided little opportunity for process optimisation. The BP Oil Refinery in Marcus Hook, Pennsylvania, was one of the first to incorporate automated control systems into its treatment processes in the mid-1980s (Shantz & Erickson, 1989). This deployment showed how automation might lower labour costs while improving safety and dependability. Later, without requiring significant structural changes, advanced Instrumentation, Control, and Automation (ICA) systems had been developed due to advancements in computers (Brockmann et al., 2011). Adaptive process management was made possible by the development of simulation tools as an affordable way to develop and assess control techniques. Submerged anaerobic membrane bioreactors were later the site of ICA integration, where PID and on-off controllers were effectively implemented (Robles et al., 2015). The move from labour-based methods to digitally optimised systems that prioritise efficiency and environmental performance is denoted by these historical feats. Wastewater management as an industry has evolved as a result of ICA’s development, further improving energy efficiency and operating costs. Early implementations laid the foundation for later and more modern advancements in adaptive control, data logging, and real-time monitoring, slowly leading to a more sustainable industry. ICA’s development over time demonstrates a dedication to improving wastewater management technologically. R&D within the sector continues and is still rapidly bettering all aspects of the process.
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[bookmark: _Toc60362634]4a. Sensors and Measurement Devices. 

To monitor the water quality within treatment plants, sensors and measurement devices were vital, providing feedback on the quality of the water pre-treatment and how effective differing treatments were. The conductivity of water is directly correlated to its quality, making conductivity sensors crucial to monitoring. These were used to measure saline levels and total dissolved solids (TDS) in plants (BOQU, 2023). BOQU further states that oxygen is diffused into water to promote the growth of aerobic bacteria that aid in breaking down organic matter within the wastewater. This process is called aeration and utilises the use of dissolved oxygen (DO) sensors, which monitor the amount of dissolved oxygen in the water. Additionally, wastewater must adhere to environmental standards regarding its alkalinity and acidity. This was accomplished using pH sensors, ensuring that the wastewater was safe towards aquatic life and wildlife in general. 
The monitoring of contaminants was accomplished through the use of turbidity sensors. These essentially measured the clarity of wastewater. They detected the amount of bacteria, organic matter, suspended solids, and other contaminants (BOQU, 2023). During the biological treatment process, the temperature must be within a desired range to correctly cultivate the bacteria and for them to effectively break down organic matter. For the plant to survey the temperature, temperature sensors were used. This ensured that the desired temperature range was maintained through the process. 
Measuring the flow rate of wastewater in and out of the plant is quintessential to managing wastewater. It aids operators in controlling the treatment process to be as effective as possible. Flow meters are responsible for this task and are available in different forms: electromagnetic, ultrasonic, doppler, and differential. Each of which has its advantages and disadvantages, but the usage of each is entirely dependent on the plant and the conditions in which their application requires (Waste and Water, 2025). 
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The treatment of wastewater requires process control systems to effectively manage and improve the intricate physical, chemical, and biological operations involved. Treatment plants use real-time sensor data and automated controller responses to maintain efficient operations while meeting safety standards and environmental regulations.
Wastewater treatment has been revolutionised with the use of programmable logic controllers (PLCs), improving the reliability and efficiency of processes in treatment. A PLC is an industrial computer designed to carry out logic functions, which are then executed by the hardware (Tuser, 2022). In the water treatment sector, PLCs are responsible for intricately managing the vast network of actuators, sensors, and other components of the control system with preprogrammed commands. The dynamic conditions of water treatment plants require the need for rapid alterations along with real-time monitoring of data. This can now be easily achieved with PLCs with minimal human intervention (PLC Programming, 2024). PLC control strategies include managing filtration cycles, chlorination, optimising pH levels, and turbidity control. 
A SCADA system is a collation of communications and computer equipment that work in unison to control large-scale industrial processes. SCADAs aid in gathering data, record events for compliance purposes, and increasing efficiency 
[image: ]
Figure 1: Generalised SCADA System Architecture (EEP-Electrical Engineering, 2017). 
Figure 1 highlights the general workflow of a typical SCADA system, from the sensors to the process areas such as sensors. The use of SCADA systems allows for a much more automated process within plants, negating the need for staff to perform simple and repetitive tasks such as measuring parameters such as pH levels, temperature, etc. These were once done with a more occasional and manual sampling method. Along with the utilisation of sensors, SCADA systems can track data live and can identify inconsistencies, preventing failure modes before they become too significant. Within wastewater management, SCADA system applications typically include filtration plants, pumping stations, distribution networks, plant security, and data maintenance (O’Donnell, 2022). 
A distributed control system (DCS) is another form of process control. It consists of an abundance of control loops where the automatic controllers are distributed along the system and there is no central supervisory control. The control functions are localised near the plant, therefore decreasing installation costs and increasing reliability. Their application is within systems that require high reliability and security. (Plant-Automation Technology, 2024). 
The main difference between PLCs and DCSs is that PLCs have a centralised system for supervisory control, whereas DCSs’ control functions are distributed across local controllers closer to the process units and are used for process control. Integration-wise, DCSs are much more complex, and all components within the system come from a single manufacturer in order to maximise coordination. On the other hand, SCADAs are much more modular and allow for numerous third-party manufacturer components to be used. Their use cases and applications are also massively different. DCSs are used in large water treatment plants. On the other hand, SCADAs are used in sewer monitoring, irrigation systems, and pumping stations. SCADAs have a slower speed of control, with it being event-based, whereas DCSs are fast and continuous. 
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Actuators and control equipment are pivotal in ICA within wastewater treatment as they perform physical tasks within different phases of the workflow. This equipment is in control of fluid flow, energy efficiency, and precise chemical dosing. Among these technologies, motorised valves allow for the precision for regulating the flow of fluids such as chemicals and wastewater throughout the plants. Since these are automated with the aid of process control systems such as DCAs, PIDs, and SCADAs, it allows for immediate adjustments based on the demands and feedback provided by the sensors within the closed-loop systems. In return is the more reliable and efficient treatment of wastewater within plants (Luccarini et al., 2010).
Pumps used within wastewater systems are optimised using variable frequency drivers (VFDs), which allow for adjustable motor speeds. In turn, VFDs can operate pumps within their most energy-efficient range according to the fluid type and demand. Studies determined that energy usage can be decreased by approximately 30-88% through the use of VFDs. In turn, this decreases the operational cost, minimises emissions, and can even prolong equipment lifetime. (Patrialova et al., 2021; Maghfiroh et al., 2022). Figure 2 below depicts the potential cost savings VFDs can return.
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Figure 2: VFD system maximises cost savings and minimises power consumption (Control Soft 2017).
Automated chemical dosing systems are integral to maintaining ideal pH levels and effective disinfection. The automation of this process allows for precise dosing appropriate to the feedback provided by the sensors within the system and the conditions within the plant. Not only does it increase efficiency but also improves chemical wastage, further decreasing operational cost (Lin & Line, 2019). In the recent trend of ever-increasing sustainability goals and pressures from regulations, chemical dosing will prove imperative for future-proofing wastewater management. Especially in the fact that chemicals used within industrial settings are incredibly hazardous to wildlife and the environment. 
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Characteristics such as enhanced predictive maintenance, improved real-time monitoring, and efficient plant optimisation are being further optimised in the field of wastewater management. These capabilities are being rapidly implemented and are now possible through advanced automation technologies such as artificial intelligence (AI) and machine learning (MI). These serve a pivotal role in predictive maintenance as algorithms analyse previous and current real-time data from sensors to forecast potential failure modes before failure can take place. This proactive system allows plants and facilities to plan scheduled and regular maintenance during the most financially and logistically opportune times. For example, if maintenance were to be carried out during non-peak hours, losses due to the plants being halted would be minimised, and in return, asset lifespans would increase (Kashpruk et al., 2023.)
The deployment of Internet of Things (IoT)-enabled sensors has significantly advanced real-time monitoring. These sensors collate operational data from multiple components within the wastewater treatment process, such as temperature, chemical concentrations, and flow rates. This form of data acquisition allows for instantaneous adjustments to operational parameters, ensuring enhanced safety and efficiency. Operators are now granted immediate insight into system performance from remote locations as the sensors facilitate centralised monitoring of the plant through cloud computing means. This transformation is in line with the growing trend in the automation of complex hydraulic systems (Yaroshenko & Hasiuk, 2024).
Wastewater management is further empowered by cloud computing as it aggregates large sets of data from sensors system-wide and processes them using robust analytical tools. This thorough degree of insight optimises efficiency by identifying inefficiencies, predicting maintenance needs, and guiding strategic decision-making processes. In addition, robotic automation is further developing in sludge management and detecting leaks. These robots can navigate environments and perform tasks that would otherwise be impossible or overly hazardous to humans. 
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Historically, the lack of regulatory standards and compliance mechanisms has proved detrimental to the environment and human life, bringing about plagues and other diseases. Therefore, it is quintessential that regulations are constantly considered and brutally enforced. The U.S. Environmental Protection Agency (EPA), as with the EU Water Framework Directive, requires wastewater treatment plants to maintain strict quality standards. Global standards from organisations such as the International Organisation for Standardisation (ISO) and the American National Standards Institute/International Society of Automation (ANSI/ISA) dictate the required guidelines that systems must follow to meet compliance. Modern automation advancements have allowed for continuous real-time data logging equipped with alarm systems to rapidly identify when the plant is out of compliance (Singh, 2025). These monitoring systems aid in reducing violations to the environment whilst also promoting new maintenance approaches.
 The modern age of automation has also brought upon an increase in cyber threats to SCADA systems, forcing the need for heightened cyber security. Strong cloud security frameworks along with the IoT protection protocols, wastewater plants can improve their security and prevent any unwanted access into their systems (Enemosah & Ifeanyi, 2024). Thorough and multilevel regulatory frameworks highlight how combining compliance with industry best practice is essential in achieving optimal performance within plants (Mussinelli, 2024). These measures fulfil legal requirements and deliver substantial improvements in operational performance along with reliable system operations. Regular audits enable immediate response to emerging threats without compromising compliance standards. 
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 The report will now go on to analyse the project in which the City of Riverbank in California agreed to undertake an Energy Savings Performance Contract (ESPC). The primary objective was to decrease its excessive energy consumption by upgrading its wastewater treatment plant. The plant processed an average flow of 1.67 million gallons per day.
The project saw the implementation of fine bubble blowers to replace the surface aerators. This equipment is used to aid in cultivating bacteria that process unwanted natural substances in wastewater. Alongside this, dissolved oxygen sensors along with the complimentary control systems were also implemented to monitor and maintain optimal levels. 
Remarkable results were gained from the project; a 75% decrease in electricity usage was achieved in the plant. Equally as impressive is a reduction of 65% in the electric bill, equating to an annual saving of approximately $240,129. Interestingly, the financial approach to realising this project was using a loan to pay the implementation costs up front with the intention of the savings post-implementation paying for the up-front loan within the new equipment’s operation life. This method allows for more plants to be able to implement newer technologies essentially without the upfront cost, allowing for more effective yet greener processing of wastewater in a very accessible manner. 


[bookmark: _Toc804302026]7. Conclusions and Future Trends

ICA has immensely and permanently transformed the process of wastewater management through enhanced data monitoring, precise process control, and more efficient resource management. Improved quality, amplified operational efficiency, and reduced energy consumption have been brought about through these developments. The implementation of IoT enabled sensors has allowed for remote management and cloud computing to exhibit rapid responses to the dynamic and rapidly fluctuating process conditions. The integration of AI automation facilitates predictive analytics that dynamically adjust processes to optimise its performance in relation to the data it is being fed. All this emphasises predictive maintenance capabilities. This uprise of technologies is trailblazing a new trend towards fully autonomous wastewater treatment that without a doubt will be used in all forms of processes industry wide. Human intervention will decrease, negating the risk of injury within the plants whilst also decreasing operation costs and maximising system reliability. Despite the plethora of benefits, numerous issues persist from high costs, incompatibility with legacy infrastructure, and cyber security threats. One can hope that future research will bridge the gap between integration, improved cybersecurity, and wider affordability across all sectors. Projects such as that of the City of Riverbank highlight how there are methods of bypassing current issues such as upfront costs. Overall, ICA has proven quintessential in progressing wastewater management with future research promising greater refinements that will enable safer, resilient, more efficient, and more sustainable water treatment for future generations.
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