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INTRODUCTION 

 

Activated sludge process was discovered more than 100 years ago and this discovery completely changed 

sanitation approach (Orhon 2015). Although activation process was almost immediately applied and adopted 

to the municipal wastewater treatment, it was a long journey to describe process mechanism and kinetics. Only 

after mathematical description of the process the meaningful process control could be applied. With the late 

development in computer science and computing capacity together with activated process understanding, it 

was possible to implement mathematical modeling into wastewater treatment plants design, problem solving 

and into the process control (Duarte 2023). Mathematical modeling is also very beneficial tool in new process 

setup design and systems efficiency evaluating. Right now, we are in times when it is not possible to expect 

game changing breakthrough in the field of process setup or tank design. The main development and the main 

road for process quality improvement is in the process control. This is possible because of significant 

improvement in quality of analytical methods and due to available computer power and especially available 

advanced techniques, like artificial intelligence and machine learning. Process control as a way for process 

improvement (effluent quality, process stability, energy demand, greenhouse gases production…) could be 

applied also in already working wastewater treatment plants. In many cases, process control improvement is 

the cheapest way to reach higher standards or to optimize the process costs without necessity to build up new 

tanks. 

 

PROCESS CONTROL STRATEGYN 

 

There are many control strategies which can be used in wastewater treatment. They are typically derived from 

industry and adopted to biological processes. The aim of the article is not to describe these strategies, and 

discuss data distribution and communication in system itself, but to focus more on chemical and biological 

side of the process and highlight the benefits of these advanced system use.  

Process control in wastewater treatment walked through a long way of improvement and has a long 

evolutionary history (Olsson 2008). Nowadays the most complex, holistic, and also attractive approach is 

based on simulation represented as a digital twin (Duarte 2023). Simulation based control has a major 

advantage in possibility to create different scenarios, predict water quality, operational conditions and costs 
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and chose from different scenarios the one which suits most to the operator preferences and priorities. It also 

often does not require any process setup changes or WWTP reconstruction and digital twin can be learned to 

work with already existing equipment and plant setup. This is eliminating one of the biggest disadvantages of 

build-in solutions which often does not consider the current state of machines and their possible setups. Control 

based not on simulation, for example MPID, requires exact setpoint but usually does not consider if this 

setpoint is reachable with available machines. For example, situation when control system requires oxygen 

concentration of 1 mg/l, but blowers are working already at the minimum frequency and oxygen concentration 

is higher. It results in failure to achieve calculated conditions and to higher operational costs, or insufficient 

treated water quality. In similar case with simulation-based solution, the blower power is calculated, and costs 

and quality are calculated with only possible blower and other actuators settings. 

There are basically two types of digital twins on the market. First one is based on mathematical modeling 

simulations, and it applies deep understanding of the process into the control strategy. Another type is based 

on artificial intelligence (AI), or machine learning. These AI based digital twins enhance process 

understandings with statistics description of behavior of WWTP. Not only WWTP itself and its machines are 

considered, also other parameters as weather forecast, lab data or sewerage network parameters can be taken 

in account (Zhong 2021). The main advantage is in very precise model creation which reflect local conditions 

and plant specifics into the predictive model. This model can be also very robust and resilient in case of failure 

(He 2008). Use of AI has another great advantage. It can work much more deeply with quality of measured 

value, for example mentioned lab data can be used to improve predictions. AI based models can provide 

predictions in not directly measured parameters and behave as a “soft sensor” (Kadlec 2009). Some of AI 

based digital twins also have ability to learn from own mistakes and improve future predictions (Bahramian 

2023). Control with digital twin can be described as similar to permanent control of unyielding and absolutely 

tentative very experienced process engineer. Since digital twin technology and artificial intelligence is quite 

common in industry, in wastewater treatment is it still a new chapter. Nowadays AI based digital twin record 

significant growth in full-scale applications with many successful stories. 

 

SOFTSENSORS 

 

Soft sensors, also known as virtual sensors, have emerged as a significant tool in the realm of wastewater 

treatment. They are essentially data-driven models that use available measurements to estimate non-

measurable or hard-to-measure process variables. Soft sensors are developed using machine learning 

algorithms and are trained on historical process data. They leverage the relationships between measurable 

variables (like temperature, pressure, flow rate, conductivity, ORP, dissolved oxygen…) and the target 

variables that are difficult, expensive, or slow to measure. The soft sensor model, once trained, can predict the 

target variable in real-time, providing valuable information for process control and optimization. The use of 

soft sensors in wastewater treatment plants offers several advantages. They can provide real-time information 

about critical process variables that are otherwise hard to measure. This allows for more precise and timely 

control actions, leading to improved process performance and stability. Furthermore, soft sensors can reduce 

the need for expensive hardware sensors, thus reducing operational costs. The integration of soft sensors with 

AI-based digital twins can further enhance the capabilities of wastewater treatment process control. The soft 

sensor provides real-time predictions of critical process variables, which are then used by the AI-based digital 

twin for process simulation and control optimization. This synergy allows for a more comprehensive and 

accurate representation of the wastewater treatment process, leading to more effective control strategies and 

improved process performance.  



Digital Twin is the New Generation Tool in the Optimization of WWTP Operation 

26 

 

An example of using softsensors can be implementation of digital twin in WWTP Cuxhaven in Germany 

(nearly 400 000 PE). Since WWTP had no online sensors available to take real-time measurements of influent 

concentrations, several “Soft sensors” were developed to calculate an estimate of the incoming carbon, 

nitrogen, and phosphorous loads of the influent. In the absence of traditional sensor data, these virtual sensors 

helped accurately estimate influent concentration and operate the aeration process in the way more 

accommodated to real inflowing pollution in wastewater. Implementation of softsensors together with aeration 

optimization led to 26% reduction in aeration energy usage, corresponding to 1.1 million kWh/a.    

In smaller wastewater treatment plants, the use of online analyzers can often be a significant financial 

burden. However, the need for real-time data to optimize process control and ensure regulatory compliance 

remains. This is where the concept of soft sensors comes into play. In the context of smaller WWTPs, soft 

sensors can be used to predict critical parameters such as ammonia and phosphorus concentrations based on 

other process parameters like oxygen (O2), oxidation-reduction potential (ORP), flow rates and others. These 

soft sensors are periodically calibrated using laboratory data to ensure their accuracy and reliability. By 

predicting the levels of ammonia and phosphorus in the process, the soft sensors enable the WWTP to adjust 

the aeration and coagulant dosing in real-time, leading to more efficient and effective treatment processes. The 

use of soft sensors in this manner offers a cost-effective solution for smaller WWTPs. By eliminating the need 

for expensive online analyzers, and their expensive maintenance. Use of digital twin for (smaller) WWTP is 

not only the solution for process optimization, but it can help reduce costs for analytics. 

 

PROCESS CONTROL AND COST REDUCTION 

 

The primary function of a WWTP is to treat wastewater to a level that meets regulatory standards. AI-based 

digital twins contribute to this by providing real-time predictions of key process variables, such as effluent 

concentrations of pollutants. These predictions are based on the current operating conditions and incoming 

wastewater characteristics, allowing operators to adjust the treatment process as needed to ensure compliance 

with effluent quality standards. The final adjustments of the process itself is not necessarily done by the 

operator. Optimization system can be run in an autopilot mode directly controlling machines and immediately 

applying the best calculated solution into the process setup. 

Applying the best possible operational scenario to achieve targeted effluent value is typically the most 

valuable benefit of digital twin. From the point of view of the utility it could be very beneficial to use digital 

twin as a knowledge database. In terms of knowledge retention, digital twins serve as a repository of process 

understanding. They encapsulate the relationships between various process variables, preserving this 

knowledge even in the face of personnel changes. This ensures that the WWTP can continue to operate 

effectively, regardless of shifts in the operator team. The main idea for a long-term operational stability is to 

keep knowledge not in the people, but in the system. It is the most promising way how to face the lack of the 

qualified staff and experts. The purpose of digital twin is not to replace human work by the artificial 

intelligence, but to give the experts powerful tool which allows them to work more effective.   

From an economic standpoint, digital twins can significantly contribute to reducing operational costs in 

wastewater treatment plants. This is achieved through the optimization of energy and chemical usage in the 

treatment process. 

Energy costs often constitute a substantial portion of the operational expenses in WWTPs. In many cases, 

they can account for up to 30% to 40% of the total operational costs (Foladori 2015, Panepinto 2016). A 

significant part of this energy consumption, typically more than 50%, is attributed to the aeration process in 

biological treatment (Gandiglio 2017). This process is energy-intensive due to relatively low effectivity of 

oxygen transfer into the water. 
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Digital twins can optimize the operation of aeration systems by accurately predicting the oxygen demand 

of the biological treatment process. This allows the aeration systems to operate at the most efficient level, 

reducing energy consumption and, consequently, operational costs. 

Chemical usage in WWTPs, particularly for processes like phosphorus removal, is another area where cost 

savings can be realized. Chemical dosing often needs to be precisely controlled to ensure effective treatment 

while avoiding wastage. By predicting the coagulant demand for phosphorus removal, system can optimize 

chemical dosing, leading to further reductions in operational costs. 

Pumping optimization is another crucial aspect of wastewater treatment. The recirculation of nitrates, both 

internally and in returned sludge, is closely linked to the total nitrogen concentration in the effluent. The 

process of nitrogen removal is intricate, impacting both aeration and nitrate recirculation. Nitrate recirculation 

can reduce the need for oxygen through denitrification. However, this is contingent on the retention time in 

denitrification and its effectiveness. These processes are also influenced by factors such as sludge 

concentration and temperature. Identifying the optimal operating point to achieve the required effluent 

concentration at the lowest possible costs is a complex task. This complexity is further amplified by the 

variability in influent flows and concentrations. However, this challenge can be effectively addressed using a 

digital twin. 

Stadtwerke Trier operates a major sewage treatment plant in Trier with a capacity of 170,000 population 

equivalent (PE). For a long time, this plant was one of the utility’s largest energy consumers. Despite 

significant reductions in energy consumption through investment in energy-efficient technology, the plant still 

required an intelligent control system to maximize efficiency and achieve energy self-sufficiency. 

To meet this need, Stadtwerke Trier sought an innovative system that could optimize energy consumption 

in biological processes, enhance operational safety, improve chemical usage control, and significantly reduce 

operating costs. The goal was to balance energy consumption and production within the main sewage treatment 

plant, eliminating the need for additional energy. Crucially, the control system had to ensure that the effluent 

monitoring values of the wastewater treatment plant were always safely maintained. 

In response to this challenge, a real-time decision support system was implemented for wastewater 

treatment at the main sewage treatment plant in Trier in 2019. This system, AI-based digital twin called 

Treatment System Optimization (TSO), suggested control variables for the wastewater process that ensured 

reliable compliance with effluent values while minimizing energy consumption. TSO receives all necessary 

parameters and data in real time from the existing SCADA system of the wastewater treatment plant. With 

these data TSO can simulate hundreds of scenarios within seconds, allowing for optimal control of the required 

aeration intensity for the biological degradation of carbon and nitrogen compounds, as well as the chemical 

requirement for phosphorus precipitation, depending on the current and expected load of the wastewater 

treatment plant. 

Following model training and trial operation, the TSO system was put into operation in November 2017. It 

now determines the optimal setpoints for operating the pressure aeration of the six parallel-connected 

biological treatment basins. In a subsequent step, a forecasting model was created using TSO to predict both 

the energy consumption and production at the wastewater treatment plant, enabling intelligent control of gas 

production. 

This case study illustrates the potential of AI-based digital twins in optimizing wastewater treatment 

processes, enhancing operational safety, improving control of chemical usage, and significantly reducing 

operating costs: 20 % energy savings and 18 % savings of ethanol (Xylem internal data). It provides a 

compelling example of how this technology can be leveraged to achieve energy self-sufficiency and ensure 

compliance with effluent quality standards. 
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The digital twin, with its ability to simulate and predict the behavior of the wastewater treatment process, 

can help find the optimal balance. It enables the treatment plant to meet effluent quality standards while 

minimizing operational costs, even under varying influent conditions. This makes the digital twin a valuable 

tool for enhancing the efficiency and cost-effectiveness of wastewater treatment. 

 

CONCLUSION 

 

In summary, AI-based digital twins represent a scientifically robust approach to enhancing the operation of 

WWTPs. They provide real-time predictions and simulations, enabling more effective process control, 

ensuring effluent quality, and preserving institutional knowledge. Moreover, by optimizing energy and 

chemical usage, they contribute to significant reductions in operational costs. As such, they are an invaluable 

tool in the modern wastewater treatment industry, offering both environmental and economic benefits.      
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