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[bookmark: _Toc228120030]1. Introduction
Wastewater treatment is a critical component of modern infrastructure. It ensures the protection of public health and the environment through the safe processing of sewage and industrial effluents. As time goes on, we are faced with population growth, urbanisation, and increasing regulatory pressures. This means wastewater treatment works (WwTWs) are required to operate with greater efficiency, reliability and consistency than ever before. Manual operation alone is no longer sufficient to meet these demands. Particularly given the variability in influent conditions and the strict discharge standards imposed by legislation. 
Instrumentation, Control and Automation (ICA) systems have therefore become fundamental to the operation of modern wastewater treatment plants. By integrating sensors, controllers, actuators, and supervisory systems, ICA enables real time monitoring. It also manages, closed loop control of key process variables such as flow, dissolved oxygen, pH and nutrient concentrations. This allows treatment processes to be optimised continuously, improving effluent quality while minimising energy and chemical consumption. 
This report explores the application of automation with wastewater treatment, beginning with the historical development of control systems. Then progressing through the key components of modern ICA, including instrumentation, control strategies and supervisory systems. It also examines the regulatory framework driving automation adoption, alongside emerging technologies such as digital twins and machine learning. Finally, a critical analysis is presented to evaluate both the benefits and limitations of automation in this sector. Thus, providing a balanced view of its current effectiveness and future potential. 


[bookmark: _Toc228120031]2. Historical Development of ICA in Wastewater Treatment
[bookmark: _Hlk228107215]Automatic control predates the water industry by almost a century. In 1868 James Clerk Maxwell published ‘On governors’, the first differential equation analysis of the centrifugal flyball governor. It is used to regulate steam engine speed. Before that, setting a throttle valve for a given speed was a matter of days, weeks or months via trial and error. This meant any disturbance in the steam supply defeated the operator’s intuition (Maxwell, 1868). Engineers expressed the governor as a linear differential equation and used the Laplace transform to map it to the s-plane. This meant they could determine stability from the sign of the system poles. All poles in the left half- plane indicate stability, and any pole in the right half-plane implied instability. While any poles on the imaginary axis correspond to the marginally stable case (Åström and Murray, 2008).
Pneumatic control dominated the process industries from the 1930s to the 1970s because compressed air was already available and intrinsically safe. This was especially important in petrochemical environments where explosive atmosphere may be present, and it’s relatively easy to transmit over distance. Pneumatic signals are carried in the range of 20-100 kPa (0.2-1.0 bar gauge) and are converted to and from electrical signals by I/P converters. The current-loop standard today is 4-20 mA, rather than a 0 based scale. The new system was adopted so that a reading of 0 mA indicates a broken loop rather than a genuine zero. 


Where  is the measured current in mA. The ‘live zero’ principle remains the norm today (Bolton, 2015). The arrival of the microprocessor in the 1970s forced the industry to move to sampled-data digital control. This in turn gave rise to the Programmable Logic Controller (PLC), which was developed at General Motors as a relay replacement technology for automotive assembly line (Bolton, 2015).



[bookmark: _Toc228120032]3. Wastewater treatment and why ICA is needed
A conventional UK WwTW treats sewage in three stages:
· Primary settlement removes gross solids.
· Secondary (biological) treatment, typically an activated-sludge process that oxidises dissolved organics and ammonia using aerobic bacteria. 
· Tertiary treatment polishes the effluent for suspended solids and if required phosphorus (Metcalf and Eddy, 2013). 
Each stage depends on tightly controlled process variables. Some of which are, flow, level, pH, dissolved oxygen (DO), suspended solids and nutrient concentrations. The incoming flow to a plant varies dramatically throughout the seasons and during storm events. Because of this it is impossible to meet regulatory discharge consents while minimising energy and chemical use without closed loop control. 
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[bookmark: _Toc228120042]Figure 1. Typical activated-sludge work (Metcalf and Eddy, 2013). 
[bookmark: _Toc228120033]4. Sensors and instrumentation
Vanrolleghem and Lee (2003) observe that around three quarters of process-control failures in wastewater treatment originate with the sensors rather than the controllers. Electromagnetic flowmeters (magmeters) are standard for influent and effluent measurement because they have no moving parts. Also, they are unaffected by suspended solids and provide a linear 4-20 mA output. Ultrasonic transit time meters are the usual non-contact alternative for final effluent channels. Particularly where MCERTS certification is required (Environment Agency, 2022). Level is typically measured with ultrasonic or guided wave radar transmitters. They are usually supplemented by hydrostatic pressure cells in sealed tanks. DO, is probably the most safety critical measurement in activated sludge. These days it is measured with optical luminescence probes that have largely replaced Clark cell membrane electrodes. This is due to lower drift and maintenance burdens (Olsson, 2012). pH is measured with glass membrane electrodes. Turbidity sensors infer suspended solids concentration from near infrared backscatter. While online ion selective and amperometric analysers measure ammonium, nitrate and ortho phosphate. This is for control of biological nutrient removal. 
[bookmark: _Toc228120034]5. Controllers and control strategies
The Proportional Integral Derivative (PID) controller remains dominant, closing more than 90% of regulatory loops in a typical WwTW (Åström and Hägglund, 2006).

Where  is the error between the setpoint and measured value, and  is the controller output. The proportional term responds immediately to error and the integral term removes steady state offset. While the derivative term anticipates future error from its rate of change. Over gain makes the loop oscillate whereas insufficient integral action leaves an offset. When a dominant disturbance affects the control loop, cascade control embeds a fast inner loop (e.g., blower air flow) within a slower outer loop (dissolved oxygen concentration). In contrast, feedforward control measures the disturbance directly. For example, influent ammonia can be monitored at the inlet and used to anticipate and adjust aeration demand in advance (Åmand and Carlsson, 2012). However, PID is less effective in systems with long time delays or strong multivariable interactions, where more advanced strategies such as MPC may be required. 
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[bookmark: _Toc228120043]Figure 2.  PID control loop for dissolved-oxygen control in an aeration tank (Zhou et al., 2022).

Model Predictive Control (MPC) solves a constrained optimisation at each sample instant using a process model. Typically, one of the IWA Activated Sludge Models, ASM1, ASM2, ASM2d or ASM3 (Henze et al., 2000). MPC is particularly valuable in aeration control because it can handle multiple variables simultaneously under equipment and consent constraints. At plant level, PLCs execute interlocks and sequencing. In contrast DCS architectures distribute processing over several networked controllers for redundancy and scalability (Olsson et al., 2005). Despite its advantages, MPC requires accurate process models and higher computational demand, which can limit its practical implementation in small facilities. However, where these constraints are addressed MPC is particularly suited to wastewater treatment, where multiple interacting variables such as dissolved oxygen, ammonia and flow must be controlled simultaneously under strict regulatory constraints. 
A practical example of ICA integration can be seen in aeration control within an activated sludge process. During periods of increased influent ammonia, an online ammonia sensor detects rising concentration and transmits a signal to the PLC. The controller then adjusts the dissolved oxygen setpoint, often using a cascade or MPC strategy. This results in increased blower output via variable speed drives, raising oxygen levels to support nitrification. As ammonia levels fall, the system reduces aeration demand, thereby minimising energy consumption while maintaining compliance with discharge limits. 
[bookmark: _Toc228120035]6. Actuators and final control elements 
Actuators convert the controller output into a physical change in the process. Variable speed drives (VSDs) vary the frequency supplied to three phase motors on pumps, blowers and mixers. This is because pump and fan power follow the affinity law relationship:

meaning that even small reductions in speed result in significant energy savings. Variable speed drives (VSDs) can deliver significantly greater energy savings than throttling (Carlson and Walburger, 2007). Modulating globe, butterfly and ball valves with pneumatic or electric positioner trim flows of liquid, air and chemicals. Peristaltic and diaphragm dosing pumps deliver accurate volumes of coagulant, disinfectant and pH correction reagents. Electrically actuated sluice gates and penstocks isolate or proportion flow between process stages. Most modulating valves are fitted with spring return actuators so that loss of signal or power drives them to a failsafe position. The same principle is used to apply lift brakes when power fails. 


[bookmark: _Toc228120036]7. Supervisory control: SCADA, DCS and telemetry
Supervisory Control And Data Acquisition (SCADA) sits above the PLC/DCS layer and presents an integrated human machine interface for the whole works. 
A typical topology comprises field instruments and actuators:
· RTU’s or PLCs at each stage 
· Communication network using fibre
· Private radio or 4G/5G
· SCADA servers hosting the real time database and historian
· Operator workstations running mimics
· Trend charts and alarm lists
Telemetry is essential for remote pumping stations and combined sewer overflows (CSOs). Spill duration must be reported publicly as per the Environment Act 2021 (DEFRA, 2022). Effective alarm management is equally important. Alarm floods have contributed to major process incidents and UK utilities increasingly apply the alarm management lifecycle defined in IEC 62682 (2022) to rationalise and prioritise alarms. In practice, operators interact with SCADA through graphical mimics, alarm panels and historical trend data, allowing rapid identification of process deviations. The integration of real time data with historian systems also enables performance analysis and regulatory reporting, supporting both operational decision making and compliance. 
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[bookmark: _Toc228120044]Figure 3. Typical SCADA system architecture (Stouffer et al., 2023).
Figure 3 illustrates this hierarchy, with the Primary and Backup Control Centres providing supervisory functions while remote stations house the local PLCs, sensors and actuators that interface directly with the process
[bookmark: _Toc228120037]8. Regulations and standards
ICA design is driven by a dense regulatory framework. The Urban Waste Water Treatment Regulations 1994 transpose the 91/271/EEC directive. Moreover, they set numerical effluent standards for BOD, COD, suspended solids, nitrogen and phosphorus. The Environmental Permitting Regulations 2016 require every works to hold a permit specifying monitoring and reporting obligations. This is enforced by the Environment Agency. IEC 61511 governs Safety Instrumented Systems such as digester high level trips. IEC 62443 and the NIS Regulations 2018 govern operations technology cybersecurity. MCERTS certification is mandatory for flow and quality instruments feeding Operator Self-Monitoring returns. Ofwat’s PR24 / AMP8 price review explicitly rewards digital monitoring and storm overflow transparency. This makes ICA investment a regulated deliverable rather than an optional upgrade (Ofwat, 2024).
[bookmark: _Toc228120038]9. Advanced and emerging technology 
Three developments are currently reshaping the sector. First, digital twins are real time virtual replicas of the physical works updated from SCADA and laboratory data. This allows for control strategy changes to be tested in simulation before deployment on the live plant (Ingildsen and Olsson, 2016). Machine learning is used for sensor fault detection, influent prediction and soft sensing of variables that would otherwise require laboratory analysis. Second, low cost IIoT sensors connected via LoRaWAN or NB-IoT are extending instrumentation into the sewer network itself. This allows predictive maintenance and catchment scale optimisation. Third, advanced ammonia-based aeration control and MPC based DO scheduling has delivered 20-30% energy savings at full scale installations (Åmand and Carlsson, 2012). This is a meaningful contribution to the industry’s 2050 Net Zero obligation. For example, Anglian water has implemented advanced aeration control strategies across multiple treatment works, achieving energy savings of approximately 20-30% through optimised blower operation. These implementations demonstrate that the theoretical benefits of ICA can be realised in full scale water treatment environments.  


[bookmark: _Toc228120039]10. Critical analysis 
While automation has unquestionably transformed wastewater treatment, the evidence is more nuanced than a simple ‘good automation’ narrative. On the positive side, ICA has enabled continuous, high quality effluent compliance. This has been reached on a scale that manual operation could never have achieved. Olsson (2012) documents improvements in both energy efficiency and treatment consistency of the order of 20-30% compared with pre-automation baselines. Supervisory platforms have allowed utilities to run large geographic networks of unmanned assets. This has reduced operational headcount and improved safety by removing operators from hazardous confined spaces.
However, several limitations must be acknowledged. First, ICA is only reliable as its weakest sensor. Vanrolleghem and Lee (2003) show that ammonia and phosphate analysers drift rapidly in the mixed liquor environment. This means frequent calibration, so an apparently closed control loop may in fact be following a biased measurement. Second, the move from pneumatic to microprocessor based digital control introduced sampling delays. Quantisation noise and algorithmic complexity that can degrade loop stability if controllers are poorly tuned. Classical pole placement analysis becomes more difficult once zero order holds and transport delays are added to the model (Åström and Wittenmark, 2011). Third, the same connectivity that underpins SCADA and IIoT creates an attack surface that simply did not exist for isolated pneumatic plants. For example, in the 2000 Maroochy Shire incident in Australia, a disgruntled contractor used radio commands to release ~800,000 litres of raw sewage into local watercourses (Slay and Miller, 2007). Incidents like these demonstrate that operational technology cyber risk is now a material operational hazard for the water sector. 
Balanced against these drawbacks, machine learning supervisors and digital twins offer genuinely new capability but remain poorly validated in industrial settings. Most published case studies cover pilots rather than fully instrumented long-term deployments. Moreover, regulators are understandably cautious about allowing ML algorithms to control variables that have statutory discharge limits (Ingildsen and Olsson, 2016). A realistic assessment is that the industry has reached a point of diminishing returns on basic loop automation. However, there is substantial headroom on the supervisory, energy optimisation and cyber resilience front. 
The highest value interventions for the next AMP cycle are likely to be:
· Better sensor reliability
· Robust MPC of aeration
· Systematic cyber hardening of the existing SCADA estate
This would be the way forward opposed to additional field instrumentation. 
[bookmark: _Toc228120040]11. Conclusion 
Automation has become an indispensable element of wastewater treatment. It has enabled the sector to achieve levels of process stability, efficiency and regulatory compliance that would not have been possible through manual operation alone. The integration of sensors, control systems, and supervisory platforms has allowed treatment plants to respond dynamically to fluctuating influent conditions and maintain consistent effluent quality. In particular, the widespread use of PID control, supported by SCADA and DCS architectures. This extra layer has provided a robust foundation for reliable plant operation. 
However, this report has shown that the effectiveness of automation is not without limitations. The dependency on accurate and reliable instrumentation remains a critical weakness. As sensor drift and maintenance issues can compromise control performance. Additionally, increasing system complexity, digitalisation, and connectivity introduce new challenges. This is especially true when it comes to cybersecurity and system stability. While advanced approaches such as Model Predictive Control, machine learning, and digital twins offer significant potential, their implementation is still evolving. Moreover, these methods require further validation in full scale industrial environments. 
Overall, the future of automation in wastewater treatment lies not in simply increasing the level of instrumentation but in improving a multitude of factors. Such as, reliability, integration and intelligence of existing systems. Greater emphasis on sensor accuracy, energy optimisation, and cyber resilience will be essential to meet future regulatory and sustainability targets. Automation will continue to play a central role in supporting the industry’s transition towards more efficient and environmentally responsible operation. However, its success will depend on a balanced and well-engineered application of both established and emerging technologies. 
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