


Executive Summary 

This report investigates the application of automation in wastewater treatment plants (WWTPs), focusing on how instrumentation, control and automation systems improve efficiency, reliability, and environmental performance. The study outlines the main stages of wastewater treatment and explains how sensors, programmable logic controllers (PLCs), proportional-integral-derivative (PID) controllers, and supervisory control and data acquisition (SCADA) systems are used to monitor and control key process variables. The role of automation in optimising aeration, flow control, sludge management and chemical dosing is examined in detail. In addition, recent technological developments, including artificial intelligence (AI), digital twins and resource recovery systems, are explored. Overall, the report demonstrates that automation is essential for modern wastewater treatment, enabling sustainable, cost-effective and compliant plant operation.     
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1. Wastewater Treatment Plants (WWTP)

Wastewater treatment plants are used to remove contaminants and potential toxins from sewage and industrial wastewater, making it safe to be discharged into the environment or reused. These types of plants are utilised in a variety of different industries. Their main purpose is domestic use in treating sewage from homes and commercial buildings. They are also used in industrial facilities such as oil refineries, chemical plants and manufacturing due to the heavy metals, chemicals and oils associated with these facilities, the treatment plants used must be specialised beyond standard sewage plants. Other areas where treatment plants are used are in agriculture and hospitals/pharmaceuticals (World Water Assessment Programme (United Nations, 2017). 
To work, these plants use three main treatment stages shown in Figure 1: primary, secondary, and tertiary. In some cases, a pretreatment stage is used to ensure that the wastewater is compatible with subsequent treatment processes. These pretreatments can include neutralisation, equalisation and oil/grease separation. Screening is generally the first of the primary treatments; it is used to collect large solid materials that need to be cleared regularly, as failure to do so can cause blockages in the system. The next stage is grit removal, which can be achieved by carefully controlling the flow velocity through a chamber so that the grit settles to the bottom while the organic material remains suspended and continues along the process. Lastly, in this stage is the primary settler/clarifier, which relies on the flow of water leaving the tank to be lower than the settling time of the solids in the tank. As the solids settle to the bottom, they are generally removed via a conveyor belt. In the secondary stage of the treatment process, biological treatment is utilised using an aeration tank. The conditions within this tank are designed to enable microbes to feed on and break down the remaining organic matter, much like they would in a waterway. The supply of oxygen, nutrients, temperature and means of contact are carefully monitored and controlled to make the process quicker and more efficient. After aeration, the water flows into a secondary clarifier, where the remaining biomass is removed. This is closely monitored as some biomass is returned to the aeration tank to feed microbes, while the remaining is disposed of. Tertiary/advanced treatment is the final stage. In this stage, the water can be disinfected or chemically treated to remove any microbes that potentially could have made their way through the system or to remove any harmful chemicals that could have built up, for example, phosphorus or nitrogen. The wastewater can also undergo further filtration with fine membranes to remove microscopic particles. In addition, wastewater can be subjected to electrolysis or ion exchange to remove minerals, thereby softening it. All these processes require close monitoring and control to ensure the end result is safe to release into the environment or, in some cases, recycled (Englande, Krenkel and Shamas, 2015).      

Figure 1 Wastewater Treatment Processes (Lorric, 2023)


2. Automation Within Wastewater Treatment

The efficient, reliable and continuous operation of modern water treatment plants critically relies on automation in all stages of the process. By integrating sensors, actuators, supervisory control systems, and programmable logic controllers (PLCs), all work together within a closed-loop system, optimal operating conditions are maintained. Process variables that are controlled, such as flow rate, pH, sludge, oxygen levels, chemical treatments, and UV exposure, are continuously monitored and adjusted to ensure compliance with relevant regulations and environmental standards (Tchobanoglous and Eddy, 2014).
At the first/inlet stage, flow regulation and prevention of system overloads are primarily automated. This is achieved by level sensors monitoring the incoming wastewater in wet wells, providing a signal to the PLC, which controls pump operation. Pumps may be activated or deactivated in stages, or the discharge speed may be varied, depending on the measured level, to ensure a consistent flow through the plant. In the majority of cases, many pumps are operated in stages, making the system more effective at responding to variations in flow. Accurate level control through the system is critical, as flooding can cause overflow and system failure, and levels being too low can critically damage pumping equipment (Illes, Gabriel Nicolae Popa and Filip, 2013) 
In the primary treatment stage, automation is used in the sedimentation/clarification tanks, where suspended solids in the water are removed. Sensors at the bottom of the tank detect sludge levels. When this level reaches a set limit, motor-driven scraper mechanisms and automated sludge removal belts are activated to remove the sludge. This maintains an efficient solid separation system and prevents excess buildup, which could potentially cause a blockage and overflow (Twort, Ratnayaka and Brandt, 2000, pp.267–350)  
Arguably, the most critical role of automation occurs in the secondary treatment stage within the aeration tanks used for the activated sludge process. Within these tanks, dissolved oxygen levels are carefully controlled to support the microbial life that feeds on and breaks down the organic material and pollutants. Dissolved oxygen sensors continuously measure oxygen concentration and feed the data back to the PLC. Proportional-integral-derivative (PID) control algorithms adjust the oxygen supplied to the tank by the air compressor. If oxygen levels are too high, airflow is reduced to save power; if oxygen levels fall below a setpoint, airflow is increased. This constant feedback loop is essential, as aeration is one of the largest energy consumers in wastewater treatment (Åmand, Olsson and Carlsson, 2013). 
Automation is further applied in the secondary clarifiers responsible for separating sludge and controlling the recycling of the activated sludge. Sensors monitor the sludge levels, which allows the PLC to regulate the levels of active sludge returned to the system. Ensuring that the biological process stays stable and prevents the loss of biomass in the aeration tank (Tchobanoglous and Eddy, 2014)  
In the tertiary treatment stage, sensors measure different parameters such as pH, turbidity, and chemical levels. This enables automated pumps to add chemicals used to neutralise or remove nutrients from the water. Disinfection systems are also automated ultraviolet light, and chlorination is automatically adjusted to suit the flow rate and water quality. This ensures compliance with relevant discharge standards (World Water Assessment Programme (United Nations, 2017)
All of these automated processes are integrated at a system-wide level through a Supervisory Control and Data Acquisition System (SCADA). This provides moment-by-moment monitoring, data logging, and alarm management, enabling operators to oversee the whole plant's performance and respond quickly to any faults as needed. On the whole, automation increases treatment plants' efficiency, reduces operational costs and overall improves reliability. This makes it essential to the operation of modern plants (Sawyer, 2024).  

3. Types of Sensors Used in Wastewater Plants

Sensors are critical to the automation of wastewater plants, as they provide real-time data on measurements and process conditions, enabling PLCs to adjust the system to maintain optimal treatment conditions. The most commonly used sensors are flow, turbidity, pH, dissolved oxygen, level and sludge. 
Flow Sensors
These are used throughout the plant to measure the rate at which wastewater enters and moves between treatment stages. Electromagnetic and ultrasonic sensors are used. The electromagnetic sensors operate according to Faraday's law of induction. This is where the voltage generated is proportional to the flow velocity. This makes them highly accurate for conductive fluids. Ultrasonic transit time sensors are being used more commonly. These send an ultrasonic signal upstream and downstream and calculate the flow from the difference in the time it takes to reach the receiver, as shown in Figure 2 (Lisk, 2026). Accurate flow measurement is essential for maintaining stable hydraulic conditions and enabling the treatment plant to operate effectively.
   
Figure 2 Ultrasonic Transit Time Sensor (Apure, 2025) 

Dissolved Oxygen Sensors 
Dissolved oxygen sensors are among the most critical in the WWTP, as the aeration tank is the most energy-intensive process in the plant. It is also critical that the oxygen levels stay within the correct range for the active sludge to function; if they are too high or too low, the microbes in the sludge could die. Optical sensors are more commonly used in modern WWTPs as they are more stable, less affected by flow conditions, and better suited to automation systems and to working with PLCs and SCADA (ERUN, 2026). How these sensors work is shown in Figure 3. Electrochemical sensors are still found in older plants, but due to their regular maintenance and calibration requirements, they are being replaced by more expensive optical sensors.

   
Figure 3 How Optical Sensors Work (Hamilton, 2026)

Level and Sludge Sensors 
These sensors perform a similar function throughout the plant and operate in a similar way. Level sensors control pumps and valves, and are critical for preventing overflow in the process. They are found throughout the plant. They most commonly use ultrasonic high-frequency sound to determine water depth. I then fed this into a PLC that compares the setpoint and decides whether the water level needs to be reduced. The same sensors and process are used to keep the sludge level low, preventing the process from clogging or overflowing. These are found in the primary and secondary treatment processes. Where sludge scrappers, conveyors and pumps are used to remove the sludge.
           


     




4. Control systems 
Programmable Logic Controllers (PLC)
Programmable logic controllers (PLCs) are used throughout the plant and are a critical component in the automation of wastewater treatment plants. They act as a central processing unit, coordinating and controlling the plant's operations. They work by receiving a signal or information from a sensor, which is then compared to the predefined value using continuous closed-loop feedback control, as seen in Figure 4. Programmed logic is then executed to control pumps, valves, and aeration systems to minimise error. An example of this would be using ultrasonic level sensors, which continuously feed information on the water level in the secondary clarifier to the PLC. When the water level exceeds the predefined value, the PLC will activate pumps to lower it back to the predefined levels. They are cheap, robust systems that use simple yes/no (on/off) inputs. The use of PLCs to automate WWTPs significantly reduces operator workload while also increasing reliability and system efficiency (Huijun and Xinglei, 2017). 

 
Figure 4 PLC Control system (Staff, 2019) 

Proportional Integral Derivative (PID)
As seen in Figure 4, PLCs can have a built-in PID function; this may not be the case for all PLCs in WWTPs. If the PLC simply activates a pump to lower the water level, a PID isn’t required. For operations that require finer control, such as aeration, dosing, and flow control, a PID controller would definitely be integrated into the PLC. PIDs maintain a stable and efficient operating state by continuously calculating the error between a measured variable and the desired set point. PID controllers adjust system inputs to maintain optimal conditions. For example, in the aeration tank, where PIDs are crucial, dissolved oxygen is monitored by the sensors. This information is fed to the PLC. The PID will adjust the blowers' output, either increasing or decreasing it, to keep the oxygen level exactly within the optimal range for the microbes to break down the organic material. PID control strategies respond proportionally to the error, so a large error gets a large response. They can also predict future errors based on the rate of change (Åmand, Olsson and Carlsson, 2013).
Supervisory Control and Data Acquisition System (SCADA)                 
SCADA offers a centralised real-time monitoring, control and data management system across all the treatment processes. This allows operators to visualise the overall process in real time and monitor each treatment and sensor shown in Figure 5. This enables them to intervene in the automated process if needed. Enabling rapid identification of abnormal conditions, such as equipment failure or process imbalance, that automated systems would be unable to detect. SCADA also performs data logging; it continuously stores data from throughout the plant. This allows engineers to analyse the data and perform predictive maintenance. One of the main benefits of SCADA is that it enables remote operation, control, and monitoring, so operators don’t have to be on site to adjust parameters or identify faults (Åmand, Olsson and Carlsson, 2013).     
    
Figure 5 SCADA Screen (jbaker, 2020)





5. Historical Development 

Wastewater treatment plants have evolved significantly over time from their origins in Mesopotamia and the Indus Valley. This has mainly been driven by urbanisation, industrialisation and public health concerns (Lafrano and Brown, 2010). Modern wastewater treatment started in the 19th century, following the rapid urban growth and the health issues that accompanied it, such as cholera. These led to the construction of large sewer networks and the first attempts to treat waste, whereas before it had just been disposed of. These treatment attempts involved land application and sedimentation processes (Maura, Suchita Atreya and Anfal Arshi, 2023). By the early 20th century, biological treatment methods had been developed, such as the active sludge process. This process worked much the same as modern-day processes but lacked sensors and automated adjustments. It relied heavily on operator judgment and experience to control airflow and, as such, wasn’t as effective as modern systems (Iastate.edu, 2026). Through the 20th century, increasing environmental awareness and legislation further advanced treatment technology. This leads to separate treatment stages, with greater reliance on automation and control systems to achieve more efficient and effective wastewater treatment (Wanner, 2021).   


6. Future Technology in Wastewater Treatment

One of the main technologies advancing wastewater treatment plants is the integration of AI. This brings great benefits to the operation of such plants; with AI-driven machine learning, they can be run more cost-effectively and efficiently. This is due to AI’s ability to analyse large datasets from sensors and predict abnormalities or even faults. This predictive, not responsive, system would greatly reduce instances of overflows and wastewater releases into the environment and vastly improve water quality. It also offers much-improved turnaround time in cases of faults, as it can pinpoint the fault and where it occurred, saving time on fault finding and bringing plants back online faster (Baarimah et al., 2024). 
Digital twins of plants are another direction in modern WWTPs; they are real-time virtual representations of physical treatment plants. It replicates plant performance and behaviour using a combination of real-time sensor data and stored historical data. The main advantage of these digital twins is completely risk-free scenario testing. Meaning engineers and operators can test load increases, failures, changes in control systems or strategies, or changes to equipment such as valves or pumps, with no risk of contaminating the environment or water supply. The downside is that this system requires data from throughout the plant, which in turn requires high-quality sensors. There is a high implementation cost due to the required sensor quality and the complexity of the modelling required to build the system. It can also leave the plant more vulnerable to cyber-attacks if cybersecurity is breached (Fuller et al., 2020).  
Wastewater is also moving towards resource recovery technologies that enable the recovery of biogas, phosphorus, nitrogen, and even heat. These can all greatly reduce the running costs of water treatment. The downside of resource recovery technologies is that they all have very high initial installation costs. Once running and producing, they can help water companies invest in more future tech to upgrade and improve treatment plants (McCarty, Bae and Kim, 2011).     



Conclusion 

Wastewater treatment plants are essential for protecting the environment and public health by removing contaminants from domestic, industrial and agricultural wastewater. This report highlights that biological, chemical and physical processes are the backbone of treatment, automation enables these systems to operate more efficiently, reliably and continuously. The introduction of sensors, PLCs, PIDs, and SCADA has enabled precise real-time monitoring and control of key variables such as flow, dissolved oxygen, and pH. This significantly reduces the energy consumption and risk of system failure or environmental discharge. Emerging technologies such as AI and digital twins can greatly improve plants' automation capabilities, thereby increasing their efficiency, reliability and effectiveness. These all come at a great cost, which could be offset by implementing resource recovery technologies. This technology has the potential to give water companies a source of income while treating wastewater. This can help reduce public water costs while allowing water companies to invest in and upgrade facilities.                  
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