
Citation: Shtepa, V.; Junakova, N.;

Zaiets, N.; Lutska, N.; Chernysh, Y.;

Balintova, M. Conceptual Model of

Digitization of the Municipal

Wastewater Disposal Systems. Water

2024, 16, 3483. https://doi.org/

10.3390/w16233483

Academic Editor: Zhongbing Chen

Received: 24 October 2024

Revised: 21 November 2024

Accepted: 26 November 2024

Published: 3 December 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Conceptual Model of Digitization of the Municipal Wastewater
Disposal Systems
Volodymyr Shtepa 1, Natalia Junakova 2,* , Nataliia Zaiets 3,4, Nataliia Lutska 5 , Yelizaveta Chernysh 1,6,7 and
Magdalena Balintova 2

1 International Innovation and Applied Center “Aquatic Artery”, Sumy State University, 2, Kharkivska st. 116,
40007 Sumy, Ukraine; aquartery@ecolog.sumdu.edu.ua (V.S.); e.chernish@ssu.edu.ua (Y.C.)

2 Institute for Sustainable and Circular Construction, Faculty of Civil Engineering, Technical University of
Kosice, Vysokoskolska 4, 04200 Kosice, Slovakia; magdalena.balintova@tuke.sk

3 Department of Control Systems, Technical University of Berlin, 10587 Berlin, Germany;
digiwatersys@gmail.com

4 Department of Automation and Robotic Systems, National University of Life and Environmental Sciences of
Ukraine, 03041 Kyiv, Ukraine

5 Department of Automation and Computer Technologies of Control Systems, National University of Food
Technologies, 02000 Kyiv, Ukraine; lutskanm2017@gmail.com

6 Faculty of Tropical Agrisciences, Czech University of Life Sciences Prague, Kamýcká 129,
16500 Prague, Czech Republic

7 Department of Water Supply and Wastewater Treatment, T. G. Masaryk Water Research Institute, Podbabska
2582/30, 16000 Prague, Czech Republic

* Correspondence: natalia.junakova@tuke.sk

Abstract: In the modern world, intelligent and digital wastewater disposal systems are increasingly
in demand for real-time decision-making on the environmental efficiency of wastewater disposal. The
aim of the study is to develop wastewater management processes for monitoring and predicting the
parameters of sewerage networks. This paper presents the results of physical modeling of changes
in the properties of aqueous solutions transported through the sewerage network to the treatment
plant. It was found that the quality of wastewater without additional pollutants is stable, but under
the influence of complex, disturbing factors, significant fluctuations in parameters are observed,
requiring preventive control to prevent secondary pollution. In order to eliminate the disadvantages
of prototypes and improve the environmental safety of wastewater disposal, a conceptual model
of digitalization of the wastewater disposal system of water supply and sewerage facilities in the
segment “Transport—wastewater treatment” based on the criteria of environmental efficiency of
treatment facilities was justified and created. This model for regulating wastewater discharge
parameters considers the quality indicators of domestic and industrial wastewater, which excite
technological processes at municipal wastewater treatment plants and makes corrections through
local treatment methods. This will reduce the risk of secondary pollution and increase management
efficiency and environmental compliance of treatment facilities but, at the same time, requires
significant investment, infrastructure modernization, qualified personnel and solutions to the issues
of integrating processes into a single system. Also, a conceptual scheme of monitoring and forecasting
sewerage network parameters and the sequence of sewerage system digitalization using the example
of a settlement was created. Further research will be aimed at building a digital system of regulation of
water supply and sewerage facilities in the segment based on the criterion of the ecological efficiency
of treatment facilities with regard to disturbance.

Keywords: wastewater treatment plants; physical modeling; conceptual model; digitalization;
environmental safety; environmental risk
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1. Introduction

Water collected from populated areas or industrial enterprises passes through a
drainage system, which includes internal sewerage, drainage networks at the level of
courtyards, streets and pumping stations, as well as treatment facilities, which play a key
role in ensuring the environmental safety of geoecosystems [1,2].

Analyzing the existing technological regulations and operating features of water treat-
ment equipment, we can conclude that the key and very complex tasks when implementing
technological regulations directly in wastewater treatment plants (WTPs) [3–6] are:

• Control of technological processes at established sampling points of wastewater and
sludge, characteristics of existing control devices for treatment facilities;

• Technological analysis of equipment operation according to production performance in-
dicators;

• Regulation of resource consumption and cleaning efficiency in accordance with regu-
latory established criteria and indicators.

At the same time, the more complex the processing task, the more complex and less
reliable the control over compliance with regulatory requirements. For example, when
implementing a technological scheme for the chemical method of removing pollutants from
the Siemens concern, it is necessary to simultaneously monitor more than 40 technological
quantities (according to the manufacturer’s requirements and the actual availability of a
small number of sensors). Meanwhile, wastewater (domestic, industrial and atmospheric)
usually contains a large amount of inorganic and organic components. Even with sim-
ple mixing of wastewater from various municipal and industrial facilities, biochemical
reactions occur between the components, leading to the formation of new substances,
sometimes more hazardous to the environment than the original ones (synthesis of tox-
icants). During chlorination, for example, oxidation products of inorganic and organic
substances and their chlorine derivatives appear. In general, industrial wastewater mixed
with household wastewater is subjected to biochemical treatment, and then unpredictable
compounds can often be found in the treated solutions. In addition, there are impacts on the
wastewater network from the occurrence of floods, spills and breakdown of infrastructure
elements [7,8].

At the same time, at this stage of the development of water supply and sewerage
systems (WSSs), a number of technological reasons have objectively emerged that cause the
need to create new digital products. Using the example of sewerage systems of populated
areas (enterprises), including water treatment plants, such negative factors include:

− Complexity of adaptive management of WTPs;
− Lack of system solutions for operational measurements and forecasts of wastewater

quality and volume indicators directly in the wastewater disposal networks before
they enter the WTP;

− Lack of operational control over the state of the wastewater disposal network and
untimely maintenance and repair;

− Lack of means for impacting (on-site) intelligent monitoring of key wastewater pol-
luting facilities—with justification for their excess of regulatory requirements for
wastewater disposal and a logical forecast of the danger of the impact of their waste
on the sewerage network and WTP;

− Unrepresentative (incorrect) formation of technical specifications for the construction
(reconstruction, modernization) of wastewater disposal networks, including WTPs.

Enterprises use a certain number of specialized software products. However, this
software does not solve the above-mentioned problems due to the fact that unified infor-
mation systems of WTP enterprises do not exist—only fragmentary elements of the add-on
over SCADA (Supervisory Control And Data Acquisition) have been implemented in the
form of analytical modules for assessing the operation of biological treatment facilities,
drinking water treatment plants, and pumping groups. Nevertheless, the disadvantages of
SCADA are:
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− SCADA only solves the tasks of technological dispatching without forecasting the
development of risks and resource efficiency—there is no indirect assessment of the
technological situation;

− Lack of solutions to related problems: maintenance and repair, resource and personnel
management, analysis of economic efficiency; the user, in many cases, does not see the
production value from the created and filled databases that are supported within the
framework of SCADA functioning;

− There is no operational communication between the technical system and engineering
and technological specialists (as a rule, only through a mobile SCADA operator—when
the system considers that the situation is an emergency).

The situation is aggravated by the fact that it is necessary to maintain a significant list
of measuring instruments in working order—at the same time, the user, due to the limited
functionality of SCADA, does not see the need for this: control and measuring devices
and other instrumental means fail without maintenance. Software products GPS-X, Sludge
Expert, and Ecosim are used for mathematical modeling (design) and the simulation of
technological processes and are a product solution for designers but are not intended for
managing technological processes.

Thus, the importance of digitalization of the conceptual model of drainage and sanita-
tion systems is important and necessary for several reasons [9–12]. Firstly, digitalization
makes it possible to collect, analyze and interpret data on the state of the drainage system in
real-time. This allows you to optimize water consumption, reduce losses and ensure more
efficient water management. Secondly, digital technologies make it possible to prevent acci-
dents and failures in the drainage system, as well as quickly respond to emerging problems.
Automated monitoring and control systems help identify sources, prevent contamination
and ensure the reliability of the entire system. Thirdly, digitalization makes it possible to re-
duce operating costs by optimizing the processes of maintenance and repair of the drainage
system. Data analysis allows you to find bottlenecks in the infrastructure and optimize
the use of resources. Fourth, digital technologies can help reduce negative environmental
impacts by effectively managing pollution and optimizing wastewater treatment processes,
thereby promoting environmental sustainability. Fifthly, innovation potential is increasing,
namely, digitalization opens up new opportunities for the implementation of innovative
solutions in the field of wastewater disposal, such as the use of the Industrial Internet of
Things (IIoT), big data analytics (Big Data), artificial intelligence (AI), etc., the development
of modern technologies, and an increase in the efficiency of the system as a whole.

In contrast to the traditionally used reactive management of complex objects, it is
necessary to focus on prompt responses and subsequent prevention of incidents. Such
proactive management involves preventing the occurrence of negative situations by creating
fundamentally new predictive and proactive capabilities in the corresponding monitoring
and management system when forming and implementing control actions based on the
concept of system (complex) modeling, including using physical units.

Accordingly, the tasks related to the substantiation of conceptual approaches to the
digitalization of water disposal processes based on physical and structural modeling based
on the modern international regulatory framework and compliance with environmental
requirements of regional regulatory documents are relevant.

The object of the study is the structure of water disposal systems in populated areas.
The subject of the study is the water disposal processes of populated areas.
The purpose of the study is to conduct physical modeling and develop a conceptual

model for the digitalization of the water disposal system of populated areas.
From the international documents in this problem area, the following were selected

for study: ISO 24525:2022 “Drinking water, wastewater and stormwater systems and
services—Operation and maintenance of on-site domestic wastewater services”(https:
//www.iso.org/standard/76528.html, accessed on 10 November 2024). This standard estab-
lishes guidelines and requirements for the operation and maintenance of water, wastewater
and storm drainage infrastructure on domestic sites. ISO 24521:2016 “Activities relating to

https://www.iso.org/standard/76528.html
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drinking water and wastewater services—Guidelines for the management of basic on-site
domestic wastewater services”(https://www.iso.org/standard/64679.html, accessed on 10
November 2024). This standard provides guidance for managing basic home wastewater
and water treatment systems to ensure their safety and efficiency. ISO 9001:2015 “Qual-
ity management systems—Requirements”(https://www.iso.org/standard/62085.html,
accessed on 10 November 2024). This standard sets general requirements for quality
management systems, helping organizations provide customers with adequate quality
products and services and improve efficiency. These standards contain recommendations
and requirements that take into account specific regional conditions, which help ensure
consistency of application in different parts of the world. In particular, the first standard
includes recommendations for taking into account local climatic conditions or geographic
features that may affect the maintenance and operation of wastewater and water supply
systems on-site. For example, management guidelines for storm drainage systems may take
into account typical rainfall or rainfall intensity in a particular region. The second standard
includes recommendations for adapting the management of home wastewater treatment
systems to regional infrastructure or resource availability. For example, recommendations
for wastewater management in rural areas may take into account the lack of centralized
systems and the need for more decentralized approaches. The third standard is not specific
to the water or wastewater industries, but its application in these industries may include
adaptation to regional standards and legislation to ensure compliance with local water and
wastewater quality and safety requirements.

There are a number of studies aimed at improving the economic efficiency of wastew-
ater treatment plants in various ways. In particular, the study in [13] aims to improve
the ability of WTP to meet their energy needs by integrating renewable energy sources.
Reference [14] proposes an integrated approach to assessing waste heat recovery in wastew-
ater treatment plants, structured according to two main goals. Firstly, an artificial neural
network (ANN) model is designed to accurately predict waste heat based on operating
data, including biogas temperature, biogas pressure, and daily production in kWh and
waste heat value in kWh. The second objective focuses on the economic assessment of the
feasibility of waste heat based on their calculated values obtained using the ANN model.
One study [15] compared the greenhouse gas emissions and energy consumption of a
wastewater treatment plant in Mashhad (Iran) with an energy-self-sufficient wastewater
treatment plant. Studies have shown that the use of anaerobic digestion reduces energy
consumption and increases emissions, and the combination of anaerobic digesters and
consumers by 70% and 53%, respectively, makes it possible to control emissions and energy
consumption by selecting the optimal process for wastewater treatment plants.

An analysis of the international regulatory framework in this problem area has shown
the need for greater detail on the use of information technologies when processing large
amounts of data; the inclusion of requirements for the implementation of hardware and
software systems in water supply and sewerage facilities for operational and distributed
accounting and analysis of quality indicators of transported wastewater, and not only
on the OS; and real-time forecasting of the formation of system requirements regarding
changes in the values of wastewater pollutants by integrating forecast blocks into existing
(projected) specialized automated process control systems.

The energy aspect of wastewater treatment plants in Poland has been analyzed [16],
where the main focus is on improving energy efficiency through the use of highly efficient
digestion and co-digestion of sewage sludge with poultry waste. The study showed that
the use of these methods allowed the production of up to 2.54 GWh of electricity per year,
which covers from 93.0 to 99.8% of the plant’s energy needs. However, organic removal
efficiency increased from 64% to 69–70%, highlighting the importance of using cosub-
strates to optimize the energy balance and enhance contaminant removal in wastewater
treatment plants.

Many scientific studies implement the use of artificial intelligence to enhance wastew-
ater monitoring [17–20]. In [19], the use of artificial intelligence to optimize drinking water

https://www.iso.org/standard/64679.html
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purification processes is considered. AI provides technical support for managing the drink-
ing water purification process by analyzing data for diagnosing water quality, automating
decision-making, and optimizing operations. The article also details the application of AI
in water quality, coagulation/flocculation, disinfection, and membrane filtration processes,
including contaminant monitoring, coagulation dose prediction, disinfection byproduct
analysis, and membrane fouling control. Challenges posed by using AI to support water
system management, such as generating efficient data, characterizing pollutants, and de-
veloping models for holistic drinking water treatment plants, are also reviewed. Scientists
also conducted a systematic review of four aspects of the application of artificial intelli-
gence in wastewater treatment [18]: technology, economics, management and wastewater
reuse. ANN and fuzzy logic models are the most widely used methods in single models,
while neuro-fuzzy logic and ANN-genetic algorithms are much more commonly used
in hybrid models. A framework based on machine learning [20] was also presented to
improve wastewater quality control in wastewater treatment plants by clarifying the rela-
tionships between operating variables and wastewater parameters. The framework consists
of random forest models, deep neural network models, variable importance measurement
analysis, and proportional dependence diagram analysis, and uses a novel approach to
account for the impact of time delays between processes.

Hybrid modeling is also common [21–23], which combines the advantages of mech-
anistic and data-based models, but its application in the water supply and wastewater
treatment sector remains undefined, stimulating the need for further research and develop-
ment. Reference [21] discusses the importance of mathematical and hybrid modeling for
maintaining water resources in the creation of a circular economy and ensuring sustain-
able future exploitation. The researchers of [23] combined machine learning with kinetic
modeling to predict the reaction kinetics between micropollutants and chlorine in various
aquatic environments. A framework was established to predict second-order explicit rate
constants for chlorine micropollutants using machine learning algorithms and Morgan’s
molecular fingerprints. The developed framework showed high prediction accuracy, which
was confirmed by experiments.

Among the analog solutions, the following software products were analyzed: ArcGIS,
MapInfo, qGIS, GIS Zulu, GIS GeoLink, GRASS (GIS), CityCom, IndorGIS, SCADA TRACE
MODE, and SIMATIC WinCC Open Architecture. They have a hierarchical structure and,
as a rule, include the following components: measuring (sensory) blocks, information
transmission blocks, interface converters, information transmission lines, controller units,
database, and specialized software (control, information display, data analysis, report gen-
eration, geopositioning, etc.). The production problems solved by such software products
within the framework of the digitalization of the water supply and sewerage facilities are
as follows: connection to cartography; regulation of individual technological processes;
monitoring of parameters (usually equipment condition); and support of administrative,
organizational, accounting and economic planning activities. The key drawback of analog
solutions is the lack of an integrated and operational approach in the context of “monitoring
the environmental situation—storing and analyzing data—making real-time decisions on
the environmental efficiency of wastewater disposal”. The last element in such a chain is
practically absent, which creates an environmental hazard for water bodies.

2. Materials and Methods

Based on a critical inductive analysis of existing structural solutions for water dis-
posal systems, the following tasks of software for managing water disposal processes can
be identified:

1. Monitoring water disposal process modes and formalizing the presentation of the
entire process, its sections, and their complex interrelations in a form convenient for
analysis and that can be understood by specialists.

2. Operational support for decision-making in wastewater management, with the ability
to increase the efficiency (environmental and resource) of the technological process
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and select the optimal method for its intensification—based on adaptive algorithms, in
accordance with the requirements for maximum permissible concentrations stipulated
by law, achieving maximum efficiency of equipment (air blower units of treatment
facilities, etc.).

3. Monitoring the efficiency (environmental and resource) of technological processes
of treatment facilities, increasing their reliability and efficiency of process control
(response to external disturbances: changes in loads, salvo influxes of pollutants
(including toxicants), fluctuations in biogenic element indicators, etc.) in order to
determine and predict its critical points.

4. Ensuring the economic efficiency of operation, maintenance and repair of technologi-
cal units of wastewater disposal systems at all stages of their life cycles (justification
for modernization and reconstruction) while ensuring environmental safety of the
environment.

In order to eliminate the shortcomings of prototypes and improve the environmental
safety of wastewater disposal, the following enlarged structure of specialized information
and management systems is proposed, as shown in Figure 1.
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Functional tasks of the subsystems of the specialized information and control system
(Figure 1):

1. «Classic hardware. . .»: collection of information on the parameters of water disposal
processes (primarily from measuring instruments), their primary analysis and pro-
cessing, transfer of pre-processed information to the decision support system (DSS)
and display of graphical trends for process personnel, and process control (including
dispatching).

2. DSS: receipt of pre-processed information from «Classic hardware. . .»; generation of
recommendations for making process decisions by process personnel based on data
from «Classic hardware. . .» and information from the knowledge base; and generation
of information for transfer to the knowledge base.

3. Knowledge base: storing information and knowledge of technological processes, and
developing ontological solutions for the DSS.

4. Technological personnel: making and transferring management decisions to “Classic
hardware. . .” based on the DSS recommendations and visual trends from “Classic
hardware. . .”.

At the same time, the key problem in implementing such an information and control
system is the correct placement of its subsystems on a real drainage network, i.e., creating
an object-oriented structural diagram and corresponding specialized models.
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Thus, based on certain nonlinearity and nonstationarity of water disposal processes,
to create profile models, it is justified to use the mathematical apparatus of artificial neural
networks, which demonstrates efficiency in such conditions [24,25].

Then, in terms of automatic control theory [26,27]:

• The disturbing effects of wastewater quality indicators on municipal wastewater
treatment plants are the values of wastewater quality indicators that cause any impacts
not provided for by the technological documents of wastewater disposal processes and
lead to a violation of the technological regime of wastewater treatment at wastewater
treatment plants;

• The control by disturbance of wastewater disposal parameters is the measurement of
quality indicators of subscribers’ wastewater that cause disturbances, analysis of their
deviations from technologically safe values for treatment facilities, and prediction of
their impact on the efficiency of wastewater treatment at the municipal wastewater
disposal system.

Based on the research (Tables 1–3) and the definitions formalized above, the conceptual
model of the digitalization of the water disposal system of water supply and sewerage
facilities in the segment “transportation—wastewater treatment” based on the criterion of
environmental efficiency of treatment facilities should justifiably be created based on the
principle of disturbance compensation, for example, according to Ponsel’s methodology
(Figure 2). In Figure 2, variables X1. . .XN are indicators of the quality of wastewater
from domestic and industrial users whose wastewater does not have a disturbing effect
on technological processes at the municipal WDS; Z1. . .ZM—indicators of the quality of
wastewater from domestic and industrial users whose wastewater has a disturbing effect
on technological processes at the municipal WDS; Y—complex indicators of the quality of
wastewater discharged to the municipal wastewater disposal system. N is always >> M.

Table 1. Results of physical and chemical effects on wastewater (“stationary mode”).

Test pH TDS, ppm ORP, mV NH4, mg/L NO3, mg/L NO2, mg/L

Initial Wastewater (+15 ◦C) 8.24 761.00 −70.40 2.50 50.00 33.00
Waste water after 1 h of mixing 8.13 302.00 −66.50 1.50 12.50 37.00

Wastewater using pressure (0.5 h) 787 395.00 −50.70 1.50 12.50 0.90
Wastewater using aeration (7 min) 8.34 491.00 −77.40 1.50 12.50 0.80

Wastewater + NaOH 9.10 487.00 −122.00 1.50 12.50 2.00
Wastewater + HCl 5.95 440.00 61.40 1.50 12.50 2.00

Table 2. Results of the physico-chemical impact of industrial aqueous solutions on wastewater
(“aerobic conditions”).

Test pH TDS,
ppm

ORP,
mV

NO3,
mg/L

NO2,
mg/L NH4, mg/L

Initial wastewater at the WTP inlet (+17 ◦C) + aeration 8.29 589.00 −64.60 35.00 1.20 0.30
Wastewater at the WTP inlet + fats + aeration 7.27 430.00 −17.20 0.00 30.00 0.12

Wastewater at the WTP inlet + proteins + aeration 7.42 610.00 −24.50 7.00 31.00 0.10
Wastewater at the WTP inlet + fats + proteins 7.82 182.00 −47.70 23.00 35.00 0.20

Wastewater at the WTP inlet + fats + proteins + NaOH 8.48 863.00 −87.30 27.00 34.00 0.20
Wastewater at the WTP inlet + fats + proteins + HCl 7.20 616.00 −11.10 24.00 33.00 0.11

Wastewater at the WTP inlet + fats + proteins + pressure
+ temperature (+70 ◦C) 8.02 515.00 −59.60 31.00 32.00 0.00

Wastewater at the WTP inlet + fats + proteins +
temperature (+70 ◦C) 7.83 283.00 −50.30 25.00 31.00 0.00
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Table 3. Results of the physico-chemical impact of industrial aqueous solutions on wastewater
(“anaerobic conditions”).

Test NH4 NO2 NO3 pH ORP

Initial Wastewater 0.1 0.1 0 6.6 −108
Wastewater + proteins 0.1 0.1 0 6.5 −152

Wastewater + fats 2.0 0.1 0 7.0 −187
Wastewater + proteins + fats 0.2 0.1 0 6.7 −198

Wastewater + proteins + temperature (+46 ◦C) 0.7 0.1 0 6.5 −96
Wastewater + fats + temperature (+46 ◦C) 2.0 0.1 0 7.0 −101

Wastewater + fats + proteins + temperature (+46 ◦C) 0.7 0.1 0 6.5 −203
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Figure 2. General block diagram of the municipal wastewater disposal system (WDS).

Disturbing influences of wastewater quality indicators are the values of wastewater
quality indicators that cause any impacts not provided for by the technological documents
of wastewater disposal processes and lead to a violation of the technological regime of
wastewater treatment at wastewater treatment plants. Disturbance control is the measure-
ment of quality indicators of subscribers’ wastewater that cause disturbances, analysis of
their deviations from technologically safe values for treatment facilities, and prediction of
their impact on the efficiency of wastewater treatment.

Based on the analysis, a conceptual diagram for monitoring and forecasting the
parameters of the wastewater disposal system (Figure 3) and the sequence of digitalization
of the wastewater disposal system of a settlement without taking into account water
treatment facilities (Figure 4) were developed.
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As part of our research, a component of stage 2 of the sequence of digitalization of
wastewater disposal systems was implemented—conducting physical studies of changes
in the parameters of wastewater in the sewerage network under various conditions of such
a process in order to form a structural model of a potential digital system.

3. Results

As part of the research work, a conceptual model of digitalization of the water disposal
system of water supply and sewerage facilities in the segment “transportation—wastewater
treatment” was justified and created based on the criterion of environmental efficiency of
treatment facilities.

Initially, physical modeling of changes in the properties of aqueous solutions that
are transported through the sewer network to water treatment facilities was performed.
The model solution used was wastewater from a populated area (number of inhabitants—
about 140 thousand) collected “at the head” of the municipal WTP during one of the peak
sewerage flows (time—9:00 for all stages of the research).

Such an aqueous solution, within the framework of simulating disturbances and
impacts causing (potentially causing) deviations in the quality indicators of municipal
wastewater from their initial values in a conditionally “stationary mode”, was subject to the
following physical and chemical influences: mixing in a shaker for 1 h in order to simulate
transportation in the network drainage; retention under a pressure of 3 atmospheres for
0.5 h; aeration with air for 7 min; adding hydrochloric acid to lower the pH; and adding
sodium hydroxide to increase the pH. Assessment of a number of wastewater quality
indicators was carried out in laboratory conditions based on the Lurie method (Table 1,
Figure 5).

The next step was physical modeling to simulate the impact on the quality indicators
of transported municipal wastewater from aqueous solutions discharged by industrial
enterprises under aerobic conditions.

Three types of water were used:

− Wastewater at the WTP inlet + model protein solution;
− Wastewater at the WTP inlet + model fat solution;
− Wastewater at the WTP inlet + model protein-fat solution.

Model solutions were prepared as follows:
To simulate protein contaminants in wastewater, a concentrated protein suspension

was used, which was obtained by dissolving combined fish feeds in an aqueous solution
at a temperature of +65–70 ◦C. In total, 1 kg of feed was dissolved in 6 L of water. This
suspension, after 24 h of settling, was filtered to remove coarse suspended matter and
added to the wastewater in a ratio of 1:20. The model fat solution was prepared by soaking
animal subcutaneous fat in water and crushing to increase the contact area with the aqueous
solution. The proportion of 1:6 was also maintained, where 1 part was occupied by the
fat component, and 6 parts by water; the water temperature, as in the case of the protein
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solution, was +65–70 ◦C. After 24 h of soaking, the resulting solution was added to the
wastewater in a ratio of 1:20. To obtain a protein–fat solution, the created model solutions
were mixed in equal proportions (1:1) and also added to the wastewater in a ratio of 1:20.
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Measurements were carried out after 6 h (all samples, except “pressure”, were pro-
cessed with a shaker in order to simulate transportation in the sewer network). All solutions
were also aerated with air for 20 min. In order to simulate the effect of high temperature on
wastewater, a number of solutions were heated to a temperature of +70 ◦C; hydrochloric
acid and sodium hydroxide were added similarly to the previous experiment (Table 2,
Figure 6).
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The final stage of physical modeling was the simulation of anaerobic conditions
when the quality indicators of transported municipal wastewater are affected by aqueous
solutions discharged by industrial enterprises (Table 3, Figure 7). There was no pressure
applied to the water and no chemical pH adjustment was made; when stirring for 6 h,
contact with atmospheric air was not allowed.
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The third stage of the experiment was carried out under anaerobic conditions, which
suggests the active activity of ammonifying bacteria. This process is confirmed by both
increased ammonia/ammonium values, as well as a decrease in pH to the neutral side,
which is favorable for their operation. The high content of this compound in the model
fat solution can be explained by the presence of a certain amount of muscle fibers, which
are pure proteins, which, as a result of soaking, were presumably largely exposed to
the community of ammonifying bacteria. In the case of a similar experiment conducted
previously under aerobic conditions, a high amount of nitrate and nitrite ions was observed
at low ammonia/ammonium values, which may be explained by the insufficient time of
keeping subcutaneous fat with inclusions of muscle fibers in an aqueous solution to initiate
the effective work of the community of ammonifying microorganisms, processing nitrites
and nitrates. Based on the research results (see Tables 1–3), preliminary conclusions can be
made about the conceptual need to change approaches to designing water disposal process
management.

4. Discussion

An analysis of the results of physical modeling allowed us to draw the following
general conclusions:

• The quality indicators of municipal wastewater under the influence of factors occurring
in the sewerage network without disturbing influences in the form of introduced
additional pollutants are quite stable and predictable: fluctuations in values occur only
for “pH” and “ORP”, which is caused by the bio-chemical multifactorial formation of
their values and specifics of instrumental measurements;

• As a result of the complex disturbing effects of acids, alkalis, temperature, organic
pollutants of protein and fatty natures in aerobic conditions, significant amplitude fluc-
tuations in the parameters of aqueous solutions from the value of their mathematical
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expectation take place: for ammonium nitrogen—about 10%–100%, for nitrites—about
20%–50%, for nitrates–about 10%–40%;

• As a result of the complex disturbing effects of temperature and organic pollutants
of protein and fatty natures under anaerobic conditions (6 h of stirring), significant
amplitude fluctuations in the parameters of aqueous solutions occur from the value of
their mathematical expectation only for ammonium nitrogen: about 20%–100%;

• Disturbing influences in the form of pollutants in discharged wastewater from indi-
vidual users (usually industrial enterprises), under certain conditions, can potentially
form indicators of the quality of wastewater at their inlet that are unacceptable for the
municipal WDS—which must be preventively counteracted not only at the stage of
such pollutants entering the sewerage network but also by preventing the creation of
conditions for the formation of secondary pollutants in pipelines, sewage pumping
stations and other sewerage technological units.

In the approaches of automatic control theory, a conceptual model of digitalization of
the municipal wastewater disposal systems in the segment “transportation—wastewater
treatment” has been developed based on the criterion of environmental efficiency of treat-
ment facilities (Figure 8) within the framework of regulating wastewater disposal parame-
ters by disturbance (Poncelet principle). In Figure 8, variables X1. . .XN, Z1. . .ZM and Y
are as described in Figure 2; OKZ1. . .OKZM are indicators of the quality of wastewater
from domestic and industrial users, whose wastewater has a disturbing effect on techno-
logical processes at the municipal WDS after organizational measures to correct such a
negative impact; XZ1. . .XZN are indicators of the quality of wastewater from domestic and
industrial users, whose wastewater has a disturbing effect on technological processes at the
municipal WDS, after correcting such a negative impact using local wastewater treatment
approaches.
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segment “transportation—wastewater treatment”.

The results of physical modeling (Tables 1–3) make it possible to focus attention when
digitalizing wastewater disposal on the preventive elimination of the negative impact of
wastewater from individual users of the wastewater disposal network on the municipal
WDS (see Figure 8). The expected positive results from the digitalization of the sanitation
system of a populated area will allow to:

− Implement operational control over wastewater disposal and treatment (adapting
software to classical wastewater treatment process schemes and process schemes using
modern technologies for removing biogenic elements);

− Ensure optimization and increased efficiency (environmental and resource) of the
water disposal and water treatment process and promptly apply optimal methods for
its intensification;
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− Increase the validity and efficiency of management decision-making (according to
preliminary estimates);

− Reduce the time for making management decisions by an order of magnitude;
− Virtually eliminate errors in information support;
− Significantly optimize data search and extraction;
− Reduce the time for planning operations several times;
− Improve the quality and effectiveness of information interactions between stake-

holders by increasing the degree of integration of information flows and resources,
including communications with design organizations;

− Achieve completeness, relevance and reliability of information on drainage and treat-
ment processes;

− Ensure comprehensiveness and a synergistic effect in solving problems of information
and analytical support for water disposal;

− Improve the efficiency of data collection, comparison, analysis and reporting, as well
as improve the implementation of regulatory indicators;

− Reduce the risks of man-made emergencies;
− Systematically improve the qualifications and retrain specialists of enterprises in the

field of digital technologies;
− Form and scale to other objects of the knowledge base and digital models (digital

twins);
− Improve the economic efficiency of operation, maintenance and repair (validity of

modernization and reconstruction) of process units at all stages of their life cycles;
− Optimize (significantly reduce the cost) the architecture of automation hardware,

including the minimization of the use of measuring systems;
− Create a single end-to-end unified software product for designers and operators

of biological treatment facilities (managers, economists, technologists, engineers,
operators) with the ability to form local centers for operational management of the life
cycles of wastewater disposal systems.

Numerical values from the profit of using digital wastewater management systems
can be determined only at specific sites (after normal operation). At the same time, the
location of the main controllers, when implemented on real systems, must be performed at
the WTP with the placement of the DSS, Knowledge Base subsystems on them.

It is advisable to take the efficiency of WTP functioning as the criterion of ecological
and energy efficiency:

EF =

[(
L1output−GDK1

GDK1re f
· 100 %

)
+ . . . +

(
LNoutput−GDKN

GDKNre f
· 100%

)]
· ∑N

i=1 Qi

∑N
i=1 Wi

(1)

where L1output, . . ., LNoutput are the actual values of the relevant wastewater quality
indicators (in units of measurement in accordance with regulatory documents for assessing
wastewater quality indicators); GDK1, . . ., GDKNref are the standard values of the relevant
wastewater quality indicators (in units of measurement in accordance with regulatory docu-
ments for assessing wastewater quality indicators); Q is the operating time of technological
units of treatment facilities that ensure the standardization of the corresponding indicators
of wastewater quality, h; W is the electricity consumed for water purification, kW·h; N is
the number of wastewater quality indicators.

To solve the listed digitalization problems, from the point of view of mathematical
support, it is advisable to use the following technologies: artificial intelligence (AI), Internet
of things (IoT), big data, analytical data processing, digital twins, and machine learning.
The main area of application of the listed solutions is the intelligent analysis of information
obtained as a result of monitoring and automation of decision-making in real-time, fore-
casting dangerous situations, etc. In this case, it is advisable to integrate such technologies
into the following subsystems of the digital system (see Figure 1):

− Classic hardware: Internet of Things, digital twins, and artificial intelligence.
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− DSS: artificial intelligence, digital twins, machine learning, and big data.
− Knowledge base: artificial intelligence, machine learning, and big data.
− Technological personnel: Artificial Intelligence (AI).

Accordingly, the enlarged sequence of implementing a well-founded conceptual
scheme will include three stages:

− Design and development of the mathematical and technological core.
− Development and experimental processing of applied digital services using the created

mathematical and technological core.
− Implementation, adjustment and trial operation. Transition to regular operation.

At the first stage, based on an in-depth, consistent study of the subject area (including
physical modeling), technical design and prototyping, an intelligent system of unified
solutions is built—an “engine” for applied digital services.

5. Conclusions

The analysis of regulatory documents and operational features of water treatment
equipment indicates the need to control technological processes at wastewater and sediment
sampling points, taking into account the characteristics of existing devices for monitoring
and regulating resource consumption in accordance with established regulatory criteria. It
is important to implement hardware and software systems at water supply and sanitation
facilities for operational analysis and distributed accounting of wastewater quality at all
stages of their transportation and not just at the purification stage. It is necessary to
tighten requirements for forecasting changes in pollution indicators in real-time through
the integration of forecast blocks into specialized automated control systems.

The analysis of physical modeling conducted in the article showed that the quality in-
dicators of municipal wastewater without additional pollutants are stable, and fluctuations
are observed only for pH and ORP. Under the influence of acids, alkalis, temperature and
organic pollutants in aerobic conditions, the amplitude fluctuations reach: for ammonium
nitrogen—10%–100%, nitrites—20%–50%, and nitrates—10%–40%; in anaerobic conditions
(6 h of mixing), fluctuations are observed only for ammonium nitrogen—20%–100%. Pollu-
tants in wastewater from industrial users can create unacceptable indicators for municipal
WTP, which requires preventive measures at the stage of their receipt and prevention of
secondary pollution.

Using approaches from the theory of automatic control, a conceptual model of digital-
ization of municipal wastewater disposal systems in the segment “transport—wastewater
treatment” was developed based on the criterion of environmental efficiency of treatment
facilities. Such a model has the following advantages: reduces the risk of secondary pollu-
tion due to preventive measures; increases management efficiency due to the digitalization
of processes and the use of automated systems; ensures environmental compliance of
treatment facilities through the integration of environmental criteria into the management
system; and provides operational analysis and forecasting of wastewater quality in real-
time. At the same time, the following disadvantages should be noted: significant initial
costs for the implementation of digital control systems, which is associated with the need
to modernize existing equipment and infrastructure; requirements for highly qualified
personnel to service automated systems; complexity of integrating different stages of the
water disposal and treatment process into a single system.

Further research is aimed at developing algorithms for predicting pollution indicators
in real-time, optimizing transport and treatment processes, integrating digital solutions
with existing technologies, studying the impact of different types of pollutants, and analyz-
ing the economic feasibility of digitalizing wastewater disposal and water treatment sys-
tems.
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