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Abstract

Given the trends of energy shortages, sustainability demands, and increased awareness, along with operational
challenges in water utilities, there are new opportunities for the future of water treatment. Unfortunately, current
wastewater treatment systems and technologies lack integration and a comprehensive management model. This
conceptual paper proposes planning and implementing a wastewater treatment system designed to enhance efficiency
and reduce operating costs. It emphasizes proactive measures to ensure stable operation and aims to achieve
intelligent management of wastewater treatment, guiding the industry towards more efficient and environmentally

friendly practices.
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1| Introduction

Extreme weather has led to a sharp increase in the frequency of global water and drought disasters,
highlighting the issue of global water resource allocation [1]. According to the Global Water Intelligence
research [2], the freshwater resources needed for daily drinking water, industrial development, and agricultural
use will face serious shortages in the near future due to population growth and the trend of modern megacity
development. Effectively applying water resources and properly treating wastewater have become urgent

issues for countries worldwide.
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In view of this, countries around the world are investing in the development of recycling and purification
technologies for water resources to enable the reuse of one drop of water at least twice. Water reuse involves
the reuse of industrial wastewater, domestic sewage, rainwater collection, agricultural irrigation return water,
and seawater. In the past, wastewater treatment technologies mainly focused on removing pollutants in the
water and ensuring that the treated water met the effluent standards set by the Environmental Protection
Agency, often neglecting the potential for water resource reuse. However, with the increasing scarcity of
global water resources, the reuse of water resources has become more important. Effectively utilizing recycled
water involves encouraging various industries to adopt water recycling technologies, particularly in agricultural
irrigation, industrial processes, and landscape irrigation. This approach helps alleviate the pressure on natural

water resources and promotes sustainable water resource development [3-5].

Leveraging technology to address water resource shortages has become one of the most important issues of
the 21st century. In 2009, IBM proposed the concept of a "smart water supply network" aimed at achieving
efficient water supply through Information and Communications Technology (ICT) [5], [6]. Today, countries
such as the United States, China, Australia, Israel, and South Korea, and international companies like IBM,
GE, Hitachi, and Schneider have all initiated related plans or projects. Although the specific content of the
smart water supply network varies among different parties, the main goal is to use technology to help solve
the problem of water resource shortages and apply it widely in daily life with automated control and water
resources. Water quality monitoring equipment in various countries is moving towards automation,
intelligence, and miniaturization. The application market for water quality monitoring equipment is broad,
including tap water, municipal/industrial wastewater treatment, industrial water treatment and discharge, river
and marine environmental pollution monitoring, achieving early warning, effective resource management,
regulatory compliance monitoring, improving production efficiency and green environmental demands, and
reducing the harm of water pollution to public health [7].

In technological development, traditional electrochemical and optical monitoring technologies and their
products are relatively mature and have a high market penetration rate. Advances in small light source
technology have also accelerated the development of optical monitoring equipment. Micro-Electro-
Mechanical System (MEMS) technology with Lab-on-chip and multifunctional integration advantages is also
gradually maturing in water quality monitoring applications and has growth potential. Biosensing has the
potential to monitor toxicity and biological pollutants, but its technological maturity is low, and nano-sensing
equipment, which has the advantage of miniaturization, is still in the early stages of technological

development.

Unfortunately, the implementations of current wastewater treatment technologies lack an integrated system
[8], [9]- Given trends such as energy shortages, sustainability demands, and increased awareness, as well as
operational difficulties in utility water, how to develop water treatment towards low-carbon, enhance energy
use efficiency, and combine with renewable energy presents new opportunities for the future water treatment
industry [10], [11]. This conceptual paper proposes the planning and application of a wastewater treatment
system aimed at improving treatment efficiency and significantly reducing operating costs, taking proactive
measures to ensure the stable operation of the wastewater treatment system, achieving intelligent management
of the wastewater treatment system, and promoting the industry towards more efficient and environmentally
friendly directions.

2| Literature Review

2.1| Al for Early Warning and Decision-Making Systems

In the past five years, significant progress has been made in integrating wastewater treatment with Artificial
Intelligence (Al) for early warning and decision-making systems [12], [13]. With the rapid pace of urbanization
and the increasing severity of environmental pollution, traditional wastewater treatment methods can no
longer meet the demands of modern society [14]. Literature indicates that Al technology plays a crucial role
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in improving the efficiency and effectiveness of wastewater management processes. By introducing
technologies such as machine learning, deep learning, and big data analysis, the level of intelligence in
wastewater treatment systems has significantly increased. This paper reviews the research outcomes in related
fields over the past five years, exploring the current applications, challenges, and future development
directions of Al technology in wastewater treatment [15-17].

Research shows that machine learning algorithms are practical in predicting treatment plant performance,
optimizing operational parameters, and identifying potential system failures before they occur [18-21]. For
example, applied machine learning models to predict the effluent quality of wastewater treatment plants,
showing that the model can effectively improve prediction accuracy and help managers take preemptive
measures. Specifically, neural networks and support vector machines have been successfully used to predict
effluent quality, enabling proactive adjustments to treatment protocols. These models can also dynamically
adjust treatment parameters by learning from extensive historical data, thereby optimizing treatment
outcomes [4]. In addition, these models achieve comprehensive monitoring and optimization of the
wastewater treatment process by combining multi-source data (such as sensor data and historical operational
data). Al technology can handle complex multi-factor decision-making problems, helping managers make
more scientific and reasonable decisions. For instance, when dealing with the coordinated treatment of
multiple pollutants, Al technology can help determine the optimal combination of treatment parameters,
thereby improving treatment efficiency and effectiveness. Furthermore, Al technology can help predict future
wastewater flow and pollutant concentrations, providing support for long-term planning and resource
allocation [22], [23].

Big data technology has also achieved significant results in wastewater treatment. Al technology makes it
possible to process large datasets, providing in-depth insights into complex treatment dynamics and
supporting the development of more sustainable practices [8], [21]. Their research demonstrated how big data
analysis can optimize treatment parameters and improve the efficiency and effectiveness of wastewater
treatment. Specifically, by deeply mining and analyzing historical data, researchers can identify key factors
affecting treatment outcomes, thereby adjusting operational strategies to achieve optimal treatment results.

Al applications in wastewater treatment also include fault detection and diagnosis. Traditional fault detection
methods usually rely on fixed thresholds or simple statistical models, which are difficult to handle in complex
and variable operating environments. In contrast, Al technology can establish more flexible and accurate fault
detection models by learning from extensive historical data. For example, used deep learning algorithms to
identify and predict equipment failures, achieving good results in some studies. These Al models can
automatically identify abnormal operating states and provide fault diagnosis and early warnings, thereby
reducing operational costs and environmental risks [24], [25]. Specifically, Al technology in fault detection
includes the following aspects. First, by monitoring and analyzing equipment operating data in real-time, Al
models can timely detect abnormal operating states and generate eatly warning signals. This allows operators
to take measures before issues escalate, avoiding broader failures and losses. Second, Al models can deeply
mine historical data to identify potential fault patterns and causes.

This information can help managers conduct targeted maintenance and upkeep, improving equipment
reliability and lifespan. Finally, by integrating information from different data sources, Al technology can
provide more comprehensive and accurate fault diagnosis and prediction, helping managers better cope with
complex operating environments [20]. In practical applications, Al technology has already been successfully
used in multiple wastewater treatment plants. For instance, a wastewater treatment plant in Beijing improved
the stability and reliability of wastewater treatment by introducing an Al early warning system. This system
can monitor various indicators in the treatment process in real time and issue warnings when abnormalities
are detected, helping operators take swift measures. This system can provide optimization suggestions based
on historical data and operational patterns, helping managers better adjust operational parameters and
improve treatment efficiency.
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Existing research further indicates that future research should improve these technologies, focusing on
enhancing model accuracy, expanding prediction capabilities, and integrating Al with other emerging
technologies, such as the Internet of Things (IoT) and advanced sensor networks [18]. The introduction of
IoT technology will enable more sensor data to be collected and processed in real time, further increasing the
intelligence level of wastewater treatment. The development of IoT technology provides more data sources
for wastewater treatment systems, helping Al models make more accurate predictions and decisions.
Additionally, through IoT technology, wastewater treatment systems can achieve remote monitoring and

management, improving operational efficiency and management levels.

In summary, Al technology in wastewater treatment has broad prospects and great potential to improve
treatment efficiency, reduce operational costs, and minimize environmental risks. Existing studies suggest
that future research and applications will further advance this field, providing technical support for more
sustainable wastewater management. Specifically, researchers need to conduct in-depth research and
exploration in the following areas: first, improving the accuracy and stability of Al models, especially when
dealing with complex and variable wastewater environments. Second, developing and applying more flexible
and adaptive Al technology to meet wastewater treatment needs in different scenarios. Finally, enhancing the
interpretability and transparency of Al technology allows operators to understand better and apply these
technologies. Al technology in wastewater treatment has broad prospects and potential, and future research
and applications will further advance this field, providing technical support for more sustainable wastewater
management [27-30].

3| Concept Development of AI Early Warning and Decision-Making
Systems

3.1| AI and Decision-Making Systems: Conceptual Development

In wastewater management systems, various substances, energy, structures, forms, functions, and controls are
manifested through the operation process. Therefore, grasping the dynamic behaviour of wastewater
management systems is key to ensuring the effectiveness of their operation. The operation of wastewater
treatment systems is dynamic and highly complex. Besides the continuously changing characteristics of the
influent wastewater in terms of volume and quality over time, the procedural control of treatment subsystems
is influenced by factors such as microbial metabolism, mechanical operation, and environmental condition
variations. Any deficiency or change in one aspect can affect the effectiveness of water treatment and the
stability of the system. This study proposes that wastewater management systems must develop a dynamic
feedback control mechanism that is real-time, visible, and trend-based.

Moreover, there is usually an exchange of materials, energy, and information between wastewater
management systems and their surrounding environment. Environmental changes can cause changes in
system characteristics, which in turn lead to changes in the interactions and relationships among the internal
units, processes, and subsystems of the system. Therefore, wastewater management systems must also have
reporting systems, self-adaptive, and self-learning systems to maintain their ability to adapt to objective

environments.

All levels of wastewater management systems must implement control measures within their respective
wastewater management mechanisms to achieve their established goals. Therefore, in terms of the system
management aspect of wastewater management systems, the key areas include: 1) equipment maintenance, 2)
equipment and site inspections, 3) compliance with water quality standards and regulations, and 4) energy and
cost savings to meet sustainable development principles, as shown in Fijg. 7.

Additionally, regarding the operation management aspect of wastewater management systems, in recent years,
the increased standards for wastewater control and the growing demand and degree of water recycling and
reuse have made the original issues of operation, maintenance, and management more complex. This includes
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increased requirements for human resources, proper maintenance rates of equipment, equipment renewal,
standard upgrades, control of consumables and chemicals, and energy-saving and carbon reduction.
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Fig. 1. Analysis of wastewater treatment management system management needs.

3.2| The Process and Expected Outcomes of Implementing the Systems

The application of smart AloT includes three major themes: prediction and decision-making for water
treatment systems, optimization of water treatment operation procedures, and smart water treatment
management platforms. These are also the core businesses of this study's Al smart wastewater management
system (Fig. 2).
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Fig. 2. Scope of services and benefits of Al smart water treatment systems.
The implementation process can be divided into two scenatios:

I. Establishing a new system and introducing the AI model based on the current situation: Al engineers and
scholars will introduce a packaged Al monitoring and management model, which will be adjusted according
to the current situation to become a customized model.

II. Improving the existing wastewater management system and then introducing the Al model: Al engineers,
on-site operators, and external experts will work together to introduce the model, making it a practical,
customized system. By using a smart Al cloud platform to collect past big data and integrate it with Al
hardware processing systems, machine learning will compute not only past experience values but also
generate sudden event models, allowing the Al to produce more processing scenarios and enhance the
system's processing capabilities.
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Fig. 3. Al implementation model and process.

The processes based on the two models include: 1) identifying pain points, generating evaluations, and
introducing Al systemization, 2) evaluating and simulating system effects, 3) effective automation monitoring
and point placement, 4) data collection and generation, 5) intelligent early warning, and 6) smart prediction
and decision-making.

In the modelling process, experienced on-site operators will provide valuable past experiences, combined
with the AI R&D team's intelligence, to upgrade hardware with Al (faster computation, larger memory, better
heat dissipation), enhance software models (smarter software, generated learning), and provide real field data.
By establishing a sensory coverage layer combined with a data collection system and upgrading through Al,
the data automatic classification system will be optimized, and an Al processing model and autonomous
training will be established, becoming a more accurate prediction and decision system. This will upgrade
traditional biological, chemical, dosing, RO, and other systems to be intelligent, preparing for future
processing capabilities (Fig. 3).

Integrating intelligent management and monitoring, the developed Al precision dosing intelligent system is
expected to achieve the following benefits:

I. Reducing operational manpower: automated systems reduce reliance on manpower, lowering the need for
operation and monitoring.

II. Reducing chemical dosing: precision measurement and control ensure optimal dosing each time, reducing
chemical waste.

III. Reducing sludge production: optimizing the dosing process reduces unnecessary chemical reactions, thus

lowering sludge production.

IV. Reducing cartbon emissions/energy saving: intelligent systems enhance overall operational efficiency,
reducing energy consumption and thereby lowering carbon emissions.

V. Extending system life: precise dosing control and preventive maintenance reduce equipment wear, extending
the system's lifespan.

VI. Automated system prevention and maintenance: the system can monitor operational status in real-time,

automatically warn of potential issues, and perform preventive maintenance, reducing failures and downtime.

VII. Lowering conductivity: precision chemical control reduces unnecessary chemical reactions, lowering solution
conductivity.
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The digitization levels of sewage and wastewater plants vary; therefore, this study suggests customizing
solutions for different customers. For plants that are not yet digitized, IoT equipment and hardware/software
systems should be built. For plants that already have IoT, Al technology should be introduced to address

factory-specific pain points and improve overall wastewater treatment efficiency.

Combining rich past experience in water treatment with Al experts, factories only need to provide water
quality data to achieve Al prediction and decision-making. In practice, some factories have stringent
cybersecurity requirements; the Al smart cloud platform can connect data collection hardware directly to the
factory, with data returning without being stored in the cloud. The system will automatically classify and filter
calculation models to find the most suitable model, then connect to the system to produce prediction and
decision results. Additionally, the cloud platform uses blockchain encryption, ensuring secure data
connection. The factory follows the same steps for quick integration. Moreover, the backend monitoring
system can help with early warnings for water treatment or water recycling systems, including sensor failure
prevention, automatic protection, and backend model retraining. The project duration is approximately 3-6

months, followed by model adjustments based on system conditions, integrating with after-sales service.

Furthermore, in the past, defect detection in the chemical fibre industry mostly relied on manual inspection,
with a detection rate of 80%-90%. After introducing Al optical detection technology, the detection rate can
be improved to over 95%. Subsequent manual re-inspection or spot checks can significantly improve defect

detection rates by about 10%, saving considerable manpower with substantial benefits.

Additionally, in past wastewater treatment plant operations, water quality sampling results were observed first.
Equipment dynamic adjustments were manually conducted by experienced technicians, often leading to
energy waste due to the lack of real-time monitoring. After introducing Al the Al model, based on monitoring
results, deduces the output required for motors or equipment, controlling the water quality within a certain
standard range and is estimated to save more than 20% in energy consumption. Both municipal sewage plants
and water supply companies need intelligent water service platforms to assist in monitoring wastewater

treatment conditions.

4| Discussion

4.1| General Discussion

The application of Al in water resource management demonstrates broad prospects and significant strategic
importance. By integrating computer technology and Al, we can achieve more precise data analysis, real-time
predictions, and decision-making, which are crucial for addressing the challenges posed by climate change
and extreme weather events. Al technology can enhance the efficiency and effectiveness of water resource
management, promote ecological protection and environmental sustainability, and achieve harmonious
coexistence between humans and nature.

With the intensification of global climate change and the increasing frequency of extreme weather events,
water resource management faces unprecedented challenges. Traditional methods often rely on historical data
and experience, which can be inadequate in rapidly changing environments. The introduction of Al
technology provides a more flexible and efficient solution. Through real-time data analysis and forecasting,
Al can help decision-makers quickly respond to emergencies, reduce disaster losses, and ensure the safety of
people's lives and property. Moreover, Al can assist in long-term water resource planning, developing more
scientific and sustainable strategies to ensure the long-term sustainability of water resources.

4.2 | Theoretical and Practical Implications

Theoretically, this study emphasizes the potential of Al technology in handling complex water resource
systems and provides a foundational module demonstrating how Al can be applied in time series
forecasting, water quality monitoring, and short- and long-term operational strategies. These applications
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can improve the accuracy and efficiency of data analysis, offering more detailed and comprehensive data

perspectives to help better understand and manage the dynamic changes in water resource systems.

Practically, Al technology can provide real-time data analysis and forecasting, assisting decision-makers in

quickly formulating responses to extreme weather events and facilitating long-term water resource planning

to ensure sustainable utilization. For instance, during rainfall and flood events, Al can help decision-makers

quickly formulate response measures through real-time data analysis and forecasting, reducing disaster

losses. By implementing the integrated system, Al can be used for monitoring and evaluating water quality,

predicting groundwater and river levels, exploring the interactions between rivers and ecosystems, and

optimizing the short- and long-term operational strategies of reservoirs.

4.3 | Limitations and Suggestions for Future Research

Despite the promising prospects of Al in water resource management, there are challenges and limitations:

L

II.

111

Data quality and completeness: the accuracy of Al models relies on high-quality data. However, in current
water resource management, data collection may be incomplete or of low quality, affecting the accuracy and

reliability of AI models.

Interdisciplinary collaboration: applying Al in water resource management requires knowledge from multiple
disciplines, such as hydrology, environmental science, and computer science. However, current research lacks
sufficient interdisciplinary collaboration, potentially limiting the comprehensive application of the
technology.

Technology and cost: implementing and maintaining Al technology requires high costs and technical
support, which might be challenging for resource-limited regions and institutions. Moreover, Al application
necessitates professional technical personnel, which may be a challenge in some areas.

Future studies are encouraged to

L

II.

111

IV.

Enhance data collection and management: establish more comprehensive and high-quality data collection
systems to ensure Al models can analyze and predict based on accurate and reliable data. This includes
improving sensor technology, enhancing data collection accuracy and range, and establishing standardized
data management systems.

Promote interdisciplinary collaboration: strengthen interdisciplinary cooperation in water resource
management, information engineering, and ecological environment fields to develop and apply Al
technology jointly. Interdisciplinary collaboration can provide more comprehensive and in-depth

petspectives, fostering innovation and application.

Address the technological innovation and optimization: continuously research and optimize Al technologies,
such as neural networks, fuzzy inference, and genetic algorithms, to address increasingly complex challenges
in water resource management. This includes developing more efficient and accurate algorithms to enhance
AT models' performance and interpretability.

Promote and educate: increase awareness and education on Al applications in water resource management,
cultivate more professionals, and promote widespread application. This includes organizing professional
training and seminars to enhance the skills and knowledge of relevant practitioners.

Conduct cost-benefit analysis: conduct detailed cost-benefit analyses to ensure the economic benefits of
implementing Al technology and formulate related policies and funding support plans. This helps improve
the sustainability and broad application of technology, ensuring effective promotion in different regions and
institutions.

5| Conclusion

The application of Al technology in water resource management offers a new solution that can significantly

enhance the efficiency and effectiveness of water resource management, promoting ecological protection and
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environmental sustainability [31]. Future research should focus more on interdisciplinary collaboration,
integrating the latest technologies and data analysis techniques, and continually exploring and innovating to
address the increasingly complex challenges in water resource management. Through these initiatives, it is
anticipated that more efficient and sustainable water resource management will be achieved. This will ensure
the preservation of water resources and ecological health for future generations and contribute significantly

to the attainment of global sustainable development goals.
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