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Introduction

Modern industrial development is taking place amid rapidly
growing demands for resource quality, increased environmen-
tal sustainability, and active digitalization of production and
infrastructure systems. These challenges require not only the
introduction of new technologies, but also a transition to a fun-
damentally new way of thinking in engineering — a systematic
approach that combines science, technology and ecology into
a unified strategy for design and operation.

Traditional methods of managing and designing engineer-
ing complexes are increasingly proving to be insufficient. The
effectiveness of modern systems is determined not only by the
speed of data processing or the level of automation, but also
by the system’s ability to adapt to changes in the environment,
independently find optimal solutions and minimise operational
losses. That is why digitalization and adaptive algorithms are be-
coming the foundation of a new industry paradigm — Industry 4.0.

Digital technologies enable the integration of sensor systems,
intelligent controllers, robotic installations, and analytical plat-
forms. This results in distributed ecosystems in which modules
and devices interact through synchronised data transmission
channels and control algorithms, providing continuous moni-
toring and control of processes, real-time analysis of changes,
and automatic adjustment of operating parameters without di-
rect operator involvement. This architecture allows not only
individual objects to be managed, but also complex intelligent
infrastructures to be built — from autonomous production lines
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to smart city systems with the integration of energy-efficient and
environmentally-oriented solutions.

At the same time, growing environmental and resource con-
straints dictate the need to transition to sustainable develop-
ment. Water, energy and clean air are becoming strategically
important factors for the functioning of industrial and vital
systems. Therefore, engineering solutions should be aimed not
only at increasing productivity, but also at minimizing resource
consumption, reducing the technologic load on the environment
and increasing environmental sustainability.

The purpose of this book is to systematise approaches to the
design of intelligent technological complexes capable of func-
tioning in a changing environment and with limited resources.
Solutions based on new-generation electrochemistry, intelligent
control, IoT integration and predictive analytics are considered.
Particular attention is paid to adaptive systems that combine
the capabilities of digital control, engineering automation, and
environmental technologies. These systems are capable not only
of responding to changes, but also of predicting them, forming
optimal operating scenarios, and ensuring sustainability even
in the face of unpredictable factors. The application of such
approaches makes it possible to maintain stable water, air and
energy consumption quality, minimise operational risks and
increase the efliciency of infrastructure.

The material in the book is based on practical experience in
developing and implementing solutions in various fields, from
robotic water purification technologies and electrochemical
systems to intelligent microclimate control and smart produc-
tion facility infrastructure management. The examples presented
demonstrate how the integration of engineering, digital tech-
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nologies and ecology ensures high efficiency, reliability and
sustainability of solutions while minimising operating costs
and resource consumption. The book is intended for engineers,
researchers and specialists in the fields of industrial automa-
tion, water treatment, smart ecosystems and environmentally-
oriented technologies. At the same time, the ideas presented
will be useful to a wider audience of managers, designers and
entrepreneurs seeking to understand the principles of intelligent
systems and the role of digital and adaptive technologies.
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From automation to self-optimisation:
philosophy and methodology

Over the decades, industry has gone from manual labour to
mechanisation and then to process automation, which has sig-
nificantly increased productivity and reduced operating costs.
However, even the most advanced automated systems often
remain inflexible: they operate according to predefined algo-
rithms, are poorly adapted to non-standard situations, and re-
quire manual adjustment when operating conditions change. In
real-world operating conditions — whether for water treatment,
climate control, or energy management — parameter fluctuations,
unexpected loads, and multi-parameter uncertainty arise. This
creates a need for systems that can not only respond, but also
independently analyse data, predict process development, and
adjust operating parameters. This is how a new technological
paradigm is formed - the transition from automation to self-
optimising and adaptive systems. Self-optimising systems com-
bine sensor networks (I0T), computing modules with machine
learning algorithms, actuators and digital feedback. They operate
on a closed-loop principle: data from the external environment
is processed in real time, after which control signals are gener-
ated based on predictive models.

The main difference from traditional automation is the abil-
ity to learn based on operating data. After initial configuration,
the system gradually reduces resource consumption, improves
operational accuracy and economic efficiency. The application
of such approaches is demonstrated in intelligent climate control



8 Innovations of Industry 4.0 and Sustainable Development

systems for medical facilities and offices. The systems analyse
air composition, regulate temperature, humidity and ventilation
speed, predict pollution and control filtration based on specified
parameters.

The TRIZ methodology and systems thinking are the basis
for designing complex adaptive systems. The Theory of Inven-
tive Problem Solving (TRIZ), developed by G. S. Altshuller,
allows contradictions in technical systems to be identified and
used as a resource for innovation. For example, when creating
anon-electric drive with step motion, it was necessary to exclude
electronics from the control unit while maintaining accuracy
and synchronisation. The TRIZ method made it possible to
use elastic deformations of materials and the properties of the
electromagnetic field, ensuring high efficiency and reliability
with complete energy independence.

System thinking ensures that the entire system is considered,
rather than individual modules: the interaction of components,
the system’s response to external disturbances, and self-regula-
tion reserves. This approach helps to create holistic, adaptive
ecosystems that can scale, evolve, and adapt to new operating
conditions. The synthesis of materials, electrochemistry and
digital technologies is another important aspect. In projects
on electrochemical water purification, highly durable graphite-
ceramic electrodes have been developed that can be regenerated
without the use of chemical reagents. In combination with in-
telligent control systems, the installations adapt the electrolysis
modes to the composition of the water, reducing energy con-
sumption and increasing the service life of the equipment.

A similar approach was used in the creation of carbon-carbon
composites for non-volatile drives. These materials provide light-
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ness, strength and heat resistance, which is critical for autono-
mous operation. Artificial intelligence (AI) plays a key role in
new complexes as a catalyst for sustainable solutions. AI al-
gorithms analyse data from sensors, model processes, predict
deviations and generate corrective actions. In water treatment
plants, Al determines the optimal electrolysis mode, in climate
control systems it predicts air pollution and selects ventilation
scenarios, and in power plants it optimises consumption modes
taking into account external factors. Al does not replace humans,
but expands the functionality of systems, reduces uncertainty,
and increases efficiency at all stages of the life cycle. This ap-
proach allows the creation of not just autonomous installations,
but adaptive ecosystems capable of self-, self-learning, optimisa-
tion, and sustainable operation.

The practical application of these technologies covers both
large industrial facilities and small autonomous systems. Ro-
botic water purification technologies are used in laboratories,
clinics and smart ecosystems where high purification accuracy,
minimised resource consumption and resistance to changes
in external conditions are required. Adaptive climate systems
demonstrate a reduction in allergy and asthma symptoms, as
well as an improvement in microclimate indicators, which is
confirmed by data from pilot projects.

Thus, the transition from mechanical control and classical au-
tomation to adaptive, self-optimising systems represents a stra-
tegic step towards sustainable development, the integration of
innovative materials, electrochemistry and digital technologies,
and the creation of controllable ecosystems capable of indepen-
dently maintaining optimal operating conditions.
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Digital brain and adaptive control: the
evolution of intelligent systems

Architecture of digital control systems

Modern technological processes require comprehensive in-
telligent control at all levels — from sensory perception to real-
time decision-making. System design applies the principles of
modularity, distributed logic and self-adaptability, which ensures
the construction of sustainable and flexible ecosystems. The
traditional «sensor-controller-actuator>» scheme is no longer
sufficient. An integration level is being introduced - the «digital
brain.>» This is a computing core that combines data streams,
analyses them in context, and generates control signals based
on flexible logic, machine learning algorithms, and predictive
analytics.

The application of this approach in smart ecosystems and
energy-independent climate complexes allows for increased ac-
curacy in the response of systems to changes in the external and
internal environment, as well as a 30-40% reduction in energy
consumption. The digital brain not only controls devices, but
also predicts optimal actions for the stable and energy-efficient
functioning of the entire system.

Integration of sensor systems and IoT

The Internet of Things is used as the basis for distributed
intelligent ecosystems. Each device becomes an active element
of a unified information space. The interaction of sensors, ac-
tuators, and analytical modules ensures instant adaptation to
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changes in the external environment. In resource management
projects — water treatment plants, medical climate complexes,
industrial facilities — sensor nodes are connected via a secure
exchange bus, which ensures local autonomy and centralised
analysis. When the water composition changes on one module,
the entire line automatically adjusts currents, voltages, and sup-
ply intervals without operator intervention.

IoT integration allows for the construction of scalable solu-
tions — from autonomous laboratory installations to smart city
infrastructure. Sensor networks are integrated with analytical
platforms, which provides failure prediction, automatic process
adjustment, and rapid response to external changes.

New generation electrochemical and mechanical drives Non-
electric stepper drives are being developed that utilise the elastic
properties of materials and a controlled magnetic field. These
drives are completely energy-independent and capable of per-
forming precise movements without digital electronics.

The use of these drives is justified in conditions where the
use of active electronics is restricted, such as MRI areas, extreme
temperatures, dusty or aggressive environments. The designs
provide high-precision step-by-step movement and stable op-
eration at temperature fluctuations from —50 to +70 °C, as well
as at vibrations up to 3g. The absence of microcircuits increases
the reliability and durability of autonomous installations.

Predictive analytics and telemetry

The next level of digital control is prediction and adaptation.
Predictive analytics allows you to analyse historical and current
data, identify trends, predict potential failures, and optimize
system performance before problems arise.
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In multi-module water treatment plants, each parameter —
temperature, pH, redox potential, electrical conductivity, pres-
sure, and flow rate — is recorded and analysed by an Al model.
The system automatically selects electrolysis modes, determines
electrode activation times, and predicts their regeneration times.

Telemetry provides communication with external interfaces:
engineers receive real-time data on a PC or mobile device and can
connect to the module for manual configuration, but more often
the system operates autonomously, only notifying them of its
status. The adaptive interface allows for use in both industrial and
domestic environments: users receive ventilation recommenda-
tions, while engineers receive detailed reports and the ability to
control hundreds of parameters through a secure gateway.

Safety, autonomy and energy efficiency

The systems provide:

« energy redundancy — backup power for each node;

« localintelligent logic — critical decisions are made without

resorting to the cloud;

« multi-level encryption and authentication based on physi-

cal device characteristics.

Energy savings are achieved on three levels: algorithmic
(predictive shutdown and regulation), hardware (low-energy
materials and storage devices) and topological (minimisation of
network losses). These approaches reduce energy consumption
by 60-70% compared to previous-generation systems, while
maintaining stability, autonomy and fault tolerance.

Application in smart ecosystems
Digital brains and adaptive control are being integrated into
industrial, medical, research and educational institutions. The
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systems provide water treatment without chemical reagents,
water regeneration, air quality control, microclimate and energy
consumption management. They interact with robotic installa-
tions and allow local or centralised optimization of ecosystem
performance, saving resources and increasing environmental
sustainability and operational safety.

Complex adaptive ecosystems independently maintain op-
timal operating conditions, predict changes, minimise losses
and increase efficiency at all levels. This ensures sustainable
infrastructure development and technological autonomy.

The intelligence of water: new-generation electrochemis-
try and quality control Reagent-free electrochemical purifica-
tion methods Traditional water treatment methods based on
chemical reagents and complex filtration lines have limitations
in terms of environmental safety, operating costs and efficiency.
Modern solutions focus on systems that operate without chemi-
cal additives. This minimizes the impact on the environment
while increasing treatment efficiency. The principle of water
electroactivation is used on specially designed inert electrodes,
where redox reactions with dissolved substances take place. This
results in the formation of active forms of oxygen and peroxides
capable of destroying organic compounds, pathogens, petro-
leum products, and heavy metals. The systems operate without
coagulants, chlorine or active oxygen, making them suitable for
decentralised and mobile water treatment plants — from rural
water intakes to laboratories with special sanitary requirements.

High-speed processes on specialised electrodes
The electrode blocks are made of multilayer composites with
amicrostructure optimised to ensure high-speed multiphase elec-
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trochemical reactions. This accelerates the purification processes,
increases resistance to deposits and simultaneously reduces en-
ergy consumption. Electrode materials include titanium bases
coated with iridium, ruthenium and carbon structures. Their
service life exceeds 10,000 hours of continuous operation. To
increase service life, self-cleaning surfaces are provided, imple-
mented through micro cavitation and reverse polarization. Com-
pact units measuring up to 0.5 x 0.3 x 0.3 m can treat 1-3 m’
of water per hour. The process completely destroys bacteria, or-
ganic compounds and heavy metals without the use of filtration
or chemical reagents. Automation and sensor control.

The systems are equipped with sensor modules for real-time
monitoring of pH, ORP, electrical conductivity, turbidity and
other water parameters. Based on this data, voltage, polarity,
contact time and flow direction are controlled automatically.

Machine learning algorithms are used to increase adapt-
ability. The system analyses contamination dynamics, adjusts
cleaning modes and activates protective mechanisms without
external intervention. In the event of a sudden change in water
composition, the unit independently selects the optimal op-
erating mode. Digital integration allows you to maintain data
archives, generate reports, remotely control installations, and
synchronize them with centralised housing and utilities systems,
industrial control centres, and laboratories.

Application in industry, housing and utilities, medicine,
and laboratories
The systems have been tested in a wide range of applications:
o Industry: wastewater treatment for heavy metals, petro-
leum products, cyanides, and toxic organics.
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« Housing and utilities: modular stations for drinking water
treatment, including in rural and remote areas.

Medicine: preparation of ultrapure water for sterilization,
ventilation, dialysis and air humidification without chlorination.

« Laboratories and research institutes: generators of acti-
vated liquids with specified ORP and pH for chemical
and biotechnological processes.

Compactness, energy efficiency and the absence of reagents
ensure easy integration of the systems into existing infrastructure
without the need for large-scale reconstruction.

Proven environmental and economic benefits

The performance of the implemented systems demonstrates:

« areduction in reagent and maintenance costs of up to
90%;

« a35-60% reduction in energy consumption;

« complete elimination of chlorine and coagulants;

« residual contamination levels below the maximum per-
missible concentration for microbiology, organic matter
and heavy metals;

« areturn on investment within 12-18 months for industrial
and municipal facilities.

The systems operate stably at temperatures from —30 to +45 °C,
pressure drops and changes in water composition. The technolo-
gies reduce the load on natural water bodies and ensure a safe
water supply to facilities with increased sanitary requirements.

Advanced features and integration

Additionally, the systems can include:

« multi-level filtration with automatic electrode regenera-
tion;
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« adaptive control algorithms to optimise energy consump-

tion and reduce equipment wear;

o failure prediction and scheduled maintenance based on

telemetry;

« integration with smart ecosystems, including climate con-

trol systems and robotic installations.

Thus, new-generation electrochemical systems provide com-
prehensive water treatment with high energy efliciency, environ-
mental safety, and the ability to integrate into smart ecosystems,
making them a key element in the sustainable development of
water supply infrastructure.

Innovative climate: health, ecology and smart control Mod-
ern engineering tasks require the creation of a microclimate that
provides not only comfort, but also physiological safety, optimal
conditions for breathing, thermoregulation and overall human
well-being. The Renton platform, developed in collaboration
with a team of engineers, ecologists and researchers, imple-
ments the principle of adaptive climate balance, taking into ac-
count the dynamics of the external environment, architectural
features of premises, population density and individual user
parameters. The system continuously collects and processes
data on temperature and relative humidity, CO, concentration,
formaldehyde and volatile organic compounds, as well as dust,
PM2.5 and PM10 aerosols, microbial activity and air ionisa-
tion background. Noise and vibration levels are also important
parameters, and in some cases, lighting and light distribution
in the room are taken into account. This data is analysed both
locally and on a cloud platform, where predictive logic and ma-
chine learning algorithms predict peak changes and control air
flow distribution, humidification, disinfection, ionization and
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temperature zones. This approach provides conditions that are
as close as possible to human physiological needs, reduces the
risk of stress effects, and maintains an optimal microclimate even
under changing external conditions.

Renton sensor modules are equipped with high-precision
industrial sensors calibrated for long-term operation. The sensi-
tivity of the measurements allows the system to be used in medi-
cal and laboratory conditions: formaldehyde is detected with
an accuracy of 0.05-0.1 ppm, PM2.5 and PM10 aerosols with
an accuracy of +1-5 ug/m? CO, with an accuracy of £50 ppm,
temperature with an accuracy of +0.2 °C, and humidity with an
accuracy of #2% RH. The sensor units are integrated with a mo-
bile platform and cloud systems to forecast air quality in real
time, identify peak pollution levels, generate recommendations
for individual ventilation and humidification, and maintain the
data archive required for energy efficiency analysis and opera-
tional optimization. Users access the information via a mobile
app, where they can view current readings, threshold exceedance
notifications, and recommendations for adjusting the microcli-
mate. Industrial, medical, and educational facilities are provided
with an advanced interface that allows for detailed parameter
monitoring and system diagnostics.

Renton creates an adaptive microclimate that reduces the
load on the respiratory and immune systems. Joint research
with pulmonologists and allergists has shown that long-term
use of the system leads to a reduction in the severity of allergy
and asthma symptoms, a decrease in the frequency of attacks
and the need for inhalation therapy, stabilisation of blood oxy-
gen saturation levels, and a reduction in fatigue, headaches, and
negative reactions of the respiratory system.
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The system takes into account users’ daily cycles and sleep
phases, reducing the activity of ionisers and ventilation at night,
which is especially important for children, people with asthma
and elderly patients. Adaptive control adjusts cleaning and hu-
midification according to seasonal and weather changes, ensur-
ing optimal conditions all year round.

Renton also integrates with other smart building components,
including lighting, security and fire systems, power supply and
HVAC, as well as users’ personal devices. In manufacturing facili-
ties and laboratories, the system monitors air quality and micro-
climate, detects emissions of chemicals, ammonia, acid and alkali
vapours, ensuring compliance with health standards and protect-
ing personnel. In educational institutions and offices, the platform’s
algorithms adapt ventilation and humidification, regulate lighting
and background noise, automatically adjusting the microclimate to
the number of people and their activity. These measures increase
productivity, concentration and overall well-being of users, while
the control system remains invisible to humans, ensuring high effi-
ciency of the complex. Renton’s energy and environmental sustain-
ability is ensured by optimising the operation of fans and humidi-
fiers, redistributing air flows depending on zones and population
density, integrating with the building’s energy management system
to minimise electricity consumption, and using heat and moisture
recovery from exhaust flows. Reduced resource consumption and
emissions make the Renton platform a comprehensive microcli-
mate management tool with minimal environmental impact. The
result is an adaptive, intelligent environment that combines com-
fort, safety, energy efficiency and medically proven health benefits,
making it technologically reliable and professionally convincing
for engineering and environmental specialists.
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New energies and materials: the
path to energy efficiency

The growth in global energy demand and the need to reduce
greenhouse gas emissions have stimulated the search for innova-
tive approaches to fuel systems and the design of energy-efficient
equipment. As part of one of the projects, a technology was
developed for water-fuel emulsions (WFE) — finely dispersed
mixtures in which hydrocarbon fuel is stabilized in the aque-
ous phase using emulsifiers and specially selected stabilizing
components. The physical principle of such emulsions is based
on the micro-explosion effect: upon ignition, micro droplets of
water evaporate almost instantly, creating local overheating and
breaking the fuel into tiny fragments. This contributes to more
complete and uniform combustion, lower temperature peaks
and reduced formation of tar deposits.

Tests of VTE on diesel engines, boilers and locomotives
showed a noticeable reduction in fuel consumption by 10-20%,
depending on the type of engine, operating mode and fuel
composition. At the same time, there was a 30-60% reduction
in nitrogen oxide (NOx), carbon monoxide (CO) and soot
emissions, as well as a reduction in the thermal load on the
cylinder-piston group components, which directly increases
the durability of the equipment. The effectiveness of the emul-
sion is determined by a number of parameters: the chemical
composition of the water, the concentration of the hydrocarbon
phase, the size of the droplets and the precise calibration of
the stabilizer. Individual formulations are developed for differ-
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ent types of engines and operating conditions to ensure stable
operation without the need to modify the basic design of the
engine or boiler.

At the same time, we used new-generation materials, in-
cluding carbon-graphite composites (C/C) and carbon-carbon
composites (C/C). These materials are no longer just struc-
tural elements, but act as active components of technological
platforms. Carbon-carbon can withstand temperatures above
2000 °C without deformation or geometric changes, making it
ideal for heating elements, thermal insulation, precision engines
and pumps operating in aggressive environments.

Carbon-graphite composites have high thermal conductivity,
chemical resistance and durability, which is critical for electro-
chemical installations, water treatment systems and robotic plat-
forms. The use of hybrid structures with nanomodified binders
reduces the weight of components by 20-30% without loss of
strength and thermal stability. The materials are integrated into
robotic systems and non-electric drives, increasing resistance
to vibration, temperature changes and corrosion, as well as en-
suring the durability of sensor platforms, membranes and elec-
trodes. Particular attention in the projects was paid to non-elec-
tric motor systems that use physical effects of the environment
without a direct electrical power supply. These included step
thermal engines controlled by local gradients in temperature,
pressure or chemical composition of the environment, hydro-
pneumatic systems with programmable deformation for precise
movement without electronics, and energy-adaptive actuators
powered by differences in temperature, humidity or pressure.
Such solutions are particularly relevant for work in hazardous
areas, at facilities with unstable power supplies, and in remote
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autonomous monitoring systems. Non-electric drives reduce the
risk of equipment failure, minimise energy consumption, and
enable the creation of autonomous technological modules that
are fully integrated with digital control platforms. At the same
time, their use requires detailed calculation of load, speed, and
force, which limits their versatility on an industrial scale but
opens up wide opportunities for specialised installations with
high precision and durability.

Practice has shown that materials can act not only as struc-
tural elements, but also as active control elements. In complexes
combining electrochemistry, sensor technology and artificial in-
telligence, the properties of the material determine not only the
reliability and service life of the product, but also the effectiveness
of the control algorithms. Membranes with adjustable porosity
regulate the composition of water and ensure the selective pas-
sage of substances, photocatalytic surfaces destroy organic matter,
bacteria and viruses under the influence of visible or ultraviolet
light, thermally controlled polymers change their shape or poros-
ity depending on the temperature, providing autonomous ventila-
tion, and bioinert coatings protect medical water treatment units
and climate control systems from corrosion and contamination.
The integration of these materials with VTE and non-electric
drives forms a unified technological ecosystem where each ele-
ment is optimized for specific tasks: reducing energy and fuel
consumption, reducing emissions, and increasing the autonomy
and reliability of equipment. Thanks to integration with digital
management platforms and predictive analytics, the systems are
able to adapt to changes in the environment, predict potential
failures and ensure long-term operational stability. This creates
the foundation for a truly energy-efficient, sustainable and scalable
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infrastructure capable of meeting the growing needs of industry,
housing and utilities, healthcare and transport.

From prototype to market: scaling and implementation

It has always been important to me that developments born
in the laboratory do not remain experimental prototypes, but
become real working industrial and domestic solutions. The
transition from concept to full-scale implementation requires
not only technical maturity, but also a strategic approach to scal-
ing, comprehensive integration and localization of technologies
for specific operating conditions.

In Russia, our systems have been used in a wide variety of
climatic and economic conditions — from St. Petersburg and
Moscow to the Kemerovo and Irkutsk regions, including the Far
East and Kazakhstan. At public utilities, industrial enterprises,
and medical facilities, I have personally observed the operation
of electrochemical water purification systems, where reagent-free
destruction of ionic and organic pollutants has made it possible
to maintain stable water quality without chemicals, ensuring
reliability and safety of operation. Intelligent climate control
systems installed in residential and office premises, medical
institutions and kindergartens have demonstrated a significant
reduction in the incidence of allergies and asthma, while adap-
tive ventilation and air humidification systems have created
physiologically comfortable conditions for people to work and
relax. Energy-efficient installations based on water-fuel emul-
sions at boiler rooms and diesel stations have reduced fuel con-
sumption and emissions, while sensor platforms for monitor-
ing and adaptive microclimate control have made it possible to
implement the concept of a «smart building> even in difficult
climatic conditions.
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Since 2016, we have been actively expanding our activities
abroad, conducting consultations, pilot deliveries and techno-
logical adaptation in Germany, Poland, Israel, Turkey, China and
Kazakhstan. International projects required not only the precise
localization of sensor units, water purification cartridges and
testing methods in accordance with DIN, ISO and CE standards,
but also the adaptation of engineering solutions to the specif-
ics of local infrastructure and regulatory requirements. This
approach has made it possible to create systems that are fully
integrated into the existing infrastructure, while maintaining
high technological efficiency and operational reliability.

The commercial and technological effectiveness of the imple-
mentation was carefully evaluated at each stage. We recorded
areduction in energy consumption for water treatment of up to
40% compared to traditional methods, a complete elimination of
chemical reagents, an increase in service intervals and a reduc-
tion in equipment downtime. The application of adaptive control
and predictive management principles has enabled the systems
to adapt precisely to real operating conditions, predict potential
failures and minimise operating costs. These advantages make
the technology popular not only with large industrial customers,
but also with small and medium-sized businesses, especially in
energy-intensive and environmentally sensitive industries. For
successful scaling, I have developed a comprehensive approach
that includes not only the supply of equipment, but also the cre-
ation of a partner infrastructure. We organise training for techni-
cal specialists through online courses, face-to-face seminars and
field schools, develop operational documentation and remote
support systems, and adapt technologies to local climatic, legal
and sanitary requirements. The localization and joint assembly
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model implemented in Siberia, the Far East and Central Asia
allows us to produce technological units locally without compro-
mising quality, thereby increasing the trust of regional customers
and certification bodies. Consulting engineering accompanies
the entire cycle — from technical analysis to post-launch sup-
port — ensuring long-term integration of technologies and their
successful adaptation to the real needs of customers.

All platforms are designed in accordance with international
standards.

Electrochemical reactors and sensor modules are tested in
accordance with ISO 11143, CE, RoHS and REACH, and digital
control algorithms are developed in compliance with IEC 62443
and IEC 61508 functional safety standards. Water treatment and
microclimate systems comply with medical standards for air
and water purification. The modularity of the platforms allows
customers to purchase both fully ready-made complexes () and
separate technological units for integration, which significantly
expands the market and adaptability of solutions.

The combination of scientific rigour, engineering minimalism
and proven technological efficiency allows us to create not just in-
dividual products, but a holistic ecosystem of sustainable solutions
that are in demand both in Russia and abroad. These solutions
provide long-term technological returns, environmental sustain-
ability, and scalability in a wide variety of operating conditions,
creating the basis for the comprehensive development of intel-
ligent, energy-efhicient, and environmentally safe infrastructure.

Developer of integrated technological ecosystems
Modern engineering and technological challenges require
developers to take an approach that goes beyond the traditional
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design of individual devices or systems. The depletion of natural
resources, accelerated climate change, growing demands for
environmental sustain ability and energy efficiency, as well as
the widespread digitalization of industry and urban infrastruc-
ture are creating conditions in which engineers are becoming
developers of integrated technological ecosystems. In this role,
they bring together science, industry, ecology, new-generation
materials and digital technologies into a single coordinated plat-
form capable of adapting to changing conditions and scaling up
at the enterprise, city and regional levels.

Complex ecosystems are based on the principle of integrat-
ing several levels of control: physical, digital and predictive.
For example, water purification and treatment projects com-
bine sensor nodes, electrochemical reactors and non-electric
actuators, as well as machine learning algorithms that allow
the system to predict water quality and automatically adjust
electrode operating modes. Such integration reduces energy
consumption by 30-40%, extends the service life of equipment
and completely eliminates the use of chemical reagents, which
is especially important for medical and environmentally sen-
sitive facilities. A similar principle is implemented in Renton
smart climate complexes, where sensor modules monitor up to
25 microclimate parameters, including temperature, humidity,
CO, concentration, formaldehyde, volatile organic compounds
(TVOC), aerosol load, microbiological activity, and ionisation
background.

Predictive logic algorithms redistribute air flows, regulate
humidification and air purification, optimising the microclimate
for the number of people and their activity phase. Pilot instal-
lations have shown a 20-35% reduction in allergy and asthma
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symptoms among users, stabilisation of blood oxygen saturation,
and a reduction in the frequency of respiratory complications
in children and the elderly. The technological ecosystem is not
limited to «smart buildings.» In energy and transport systems,
we integrate water-fuel emulsions, carbon-graphite and carbon-
carbon composites, electric-free drives, and adaptive energy
systems.

For example, the use of WTE in diesel locomotives and
boiler rooms has reduced fuel consumption by 10-20% and
reduced NOx and CO emissions by 30-60%. Composite ma-
terials provide high thermal conductivity, heat resistance up to
2000 °C, and durability in aggressive environments, which is
critical for precision engines, pumps, and electrochemical reac-
tors. Non-electric drives powered by temperature, pressure or
humidity gradients enable the construction of autonomous and
safe modules in areas with limited power supply or increased
explosion hazard.

Creating a comprehensive ecosystem requires consideration
not only of engineering and physical parameters, but also of
interaction with users, operators and control systems. Software
platforms collect data from sensor modules, process it locally
and in the cloud, predict loads, optimise equipment operation
and generate recommendations for users. This allows the cre-
ation of self-learning and adaptive systems that can operate with-
out constant human intervention, reducing operating costs and
minimizing the risk of accidents. International projects confirm
the practical feasibility of such ecosystems. In Germany and
Poland, we have localized water treatment and climate mod-
ules to DIN, ISO and CE standards, ensuring stable operation
in a temperature range from -20 to +45 °C and with varying
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water hardness. In Israel and Turkey, we have adapted monitor-
ing and control systems to local medical and environmental
safety standards. In China and Kazakhstan, we have implement-
ed integration with smart city platforms, including centralised
resource management, emissions monitoring and energy con-
sumption forecasting.

Particular attention is paid to the safety and sustain ability
of ecosystems. Functional safety algorithms are developed in
accordance with IEC 61508 and IEC 62443 standards, and
materials and components are tested for durability, chemical
and thermal resistance, bioinertness and electrical insulation.
In laboratory and medical facilities, active elements such as
photocatalytic surfaces and membranes with adjustable poros-
ity ensure precise control of water and air quality, minimizing
health and environmental risks.

The role of a developer of complex technological ecosystems
is not only to design individual nodes, but also to strategically
combine all components into a single whole. They analyse user
behavioral stability, predict system load, create ethically re-
sponsible Al models, integrate adaptive mechanisms, and form
platforms capable of long-term self-optimisation. This ensures
maximum efficiency, reliability, and sustain ability of solutions,
affecting quality of life, environmental safety, and economic ef-
ficiency at the regional and global levels.

In the next decade, the key tasks will be: adapting indus-
try and urban infrastructure to resource constraints and envi-
ronmental standards, widespread implementation of energy-
efficient cyber-physical systems, minimizing the carbon
footprint, and scaling intelligent ecosystems without losing
productivity and reliability. Creating such systems requires in-
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terdisciplinary thinking and a deep understanding of engineer-
ing processes, digital platforms, and environmental standards,
transforming the developer of complex technological ecosystems
into a key specialist in sustainable technological development.
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The course towards sustainable technological
development and global prospects

Modern engineering and technological tasks are no longer
limited to local projects or individual nodes. Today, engineers
must think systematically, combining materials, energy, digital
platforms, intelligent algorithms, and processes into a single
adaptive ecosystem. This approach allows for the creation of
solutions that can work effectively in a wide variety of climatic,
economic and social conditions, minimizing the impact on the
environment and increasing the reliability of infrastructure.

One of the key conclusions is the understanding that the sus-
tain ability and effectiveness of technologies is determined not
only by their functional characteristics, but also by their level of
integration with other systems, their ability to adapt to changing
conditions, predict loads and minimise risks. Complex technologi-
cal ecosystems are becoming a tool for strategic resource manage-
ment, where each element — from water treatment modules and
climate control systems to composite materials and electric-free
drives — plays its part in achieving the overall goal: sustainable, safe
and energy-efficient system operation. International experience
confirms that adapting technologies to local standards, climatic
and infrastructure conditions allows innovations to be integrated
into global production chains and urban life support systems ().
Quality, functional safety and environmental compatibility stan-
dards such as ISO, IEC, CE, RoHS and REACH are becoming
not a limitation but a benchmark for creating universal solutions
that are scalable and suitable for long-term operation.
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Given the accelerating pace of climate change, urbanisa-
tion and natural resource scarcity, the engineer of the future
must possess interdisciplinary thinking and a systemic vision.
This includes understanding the interaction of technical solu-
tions with social and environmental systems, ethical design of
control algorithms and predictive process tuning. The role of
a developer of complex technological ecosystems goes beyond
design: it is a management strategy where technology, data,
and resources are combined to create self-regulating and self-
learning systems.

In the next 10-20 years, the key challenges will be: adapt-
ing industry and urban infrastructure to resource constraints,
reducing the carbon footprint, creating intelligent cyber-physical
systems capable of autonomous operation, and introducing
environmentally-oriented technologies without compromising
performance and reliability. Complex ecosystems will not only
optimise energy consumption and resource use, but also create
new forms of urban and industrial infrastructure management,
including real-time air, water and energy monitoring systems.

Thus, the book shapes the methodology of thinking of the
21*-century engineer — a developer of complex technological
ecosystems capable of combining science, materials, energy,
digital technologies, and environmental standards into a har-
monious solution. The adoption of this approach opens up
new horizons for industry, urban infrastructure, medicine and
transport, making them more sustainable, energy-efhicient and
environmentally friendly.

The ultimate goal is to create a platform where technology
becomes a tool for strategic development, adaptation to envi-
ronmental changes and improving the quality of life for people
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at the local, regional and global levels. This vision combines
engineering rigour, innovative thinking and responsibility for the
ecological future of the planet, shaping sustainable technological
development for decades to come.

The development of technologies and materials discussed in
this book opens up new horizons for us. Today, the engineering
approach requires not only the creation of individual devices or
systems, but also the design of holistic ecosystems capable of
adapting to changes in the external environment, economic and
climatic conditions. In the coming years, we will see even closer
integration of autonomous systems, energy-adaptive mecha-
nisms, environmentally friendly materials, and digital platforms
with machine learning elements.

These trends create opportunities to reduce carbon foot-
prints, improve energy efficiency and increase the sustainability
of urban and industrial infrastructure.

They pave the way for ecosystems where water, energy, air,
materials and digital management work in a single harmonious
cycle, minimizing resource losses and environmental impact.

For those involved in implementing such technologies, it
is extremely important to take into account regional charac-
teristics: climate, regulatory requirements and infrastructure
constraints. Equally important are the training of specialists,
the creation of support systems and the training of operators
to ensure that each technological ecosystem operates reliably
and safely. A modular approach and scalability allow solutions
to be adapted to specific tasks and gradually expanded in their
application.

Materials and components are particularly important in in-
tegrated platforms.
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Water-fuel emulsions, carbon-carbon and carbon-graphite
composites, electric-free drives and adaptive power plants are
becoming not just structural elements, but active participants
in process control. Membranes with adjustable porosity, pho-
tocatalytic surfaces, and thermally controlled polymers help to
implement autonomous functions, reducing human intervention
and ensuring the stability of systems.

In addition to engineering expertise, the creation of complex
ecosystems requires careful attention to people — their needs,
behavioral sustain ability, and safety. Digital platforms must
collect data, predict loads, and optimize processes, generating
recommendations for operators and automatically adjusting
equipment operation. This approach enables the creation of
self-learning, adaptive, and safe systems that function effectively
in real-world operating conditions.

On the international stage, testing of technologies confirms
their practical applicability. Localisation of modules to DIN,
ISO and CE standards, adaptation to the climatic and sanitary
requirements of different countries, integration with smart city
platforms — all this demonstrates the versatility and flexibility
of the developed ecosystems. At the same time, strict safety
and durability standards, testing of materials for chemical and
thermal resistance, bioinertness and electrical insulation, as
well as the functional safety of control algorithms create a reli-
able basis for long-term operation. Thus, developers of complex
technological ecosystems are becoming not just engineers, but
strategists who bring together science, industry, ecology, and
digital technologies. Their task is to create solutions capable of
long-term self-optimisation that increase efficiency, reliability,
and environmental sustainability.
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These systems are already forming the foundation of an intel-
ligent, energy-efficient and environmentally safe infrastructure,
and in the near future will become key tools for sustainable
technological development.



34 Innovations of Industry 4.0 and Sustainable Development

Glossary

Adaptive systems — systems capable of independently chang-
ing operating parameters and control algorithms depending
on external conditions and user behaviour to achieve optimal
efficiency and sustainability.

Adaptive control — a process control method in which sys-
tems use sensor data and predictive analytics to dynamically
adjust operating parameters to changing conditions.

Non-electric drives — actuators that operate without connec-
tion to the electrical grid, using physical effects of the environ-
ment: temperature, pressure or humidity gradients.

Water-fuel emulsions (WFE) are finely dispersed mixtures of
hydrocarbon fuel and water with emulsifiers and stabilisers that
increase fuel combustion efficiency, reduce NOx, CO and soot
emissions, and reduce the thermal load on engine components.

Hybrid composites are a new generation of materials con-
sisting of a matrix, fillers and nanomodified binders, combining
lightness, strength, heat resistance and chemical stability.

Decentralised energy — distributed energy generation sys-
tems capable of operating autonomously or interacting with
centralised networks, increasing the reliability and sustainability
of energy supply.

Intelligent climate control systems — automated microclimate
control systems using multi-parameter sensors, predictive logic
algorithms, and adaptive control of ventilation, humidification,
and air ionisation.
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Complex technological ecosystems are integrated platforms
that combine materials, electrochemistry, sensors, digital algo-
rithms, and actuators for effective resource management and
sustainable operation at the enterprise, city, and regional levels.

Controllers and digital management platforms are devices
and software for collecting, processing, and analysing data, en-
abling real-time management of technological processes, energy
consumption, and microclimate.

Machine learning is an artificial intelligence method in which
systems analyse sensor data, identify patterns and optimise their
actions without direct human intervention.

Micro-explosion — an effect during the combustion of water-
fuel emulsions, when microdroplets of water evaporate rapidly,
creating local overheating and breaking the fuel down into tiny
particles for more complete combustion.

Nanomodified binders — polymer or resin matrices supple-
mented with nanoparticles to increase the strength, thermal sta-
bility, chemical resistance and durability of composite materials.

Predictive analytics — an analytical approach in which sensor
data and machine learning models are used to predict the state of
a system, identify potential failures and optimise control processes.

Precision motors are motors with high-precision control and
parameter regulation used in critical technological installations
and robotic systems.

Robotic technological platforms are integrated complexes
with sensors, actuators, and digital controllers capable of autono-
mously performing technological or service functions. Sensor
platforms are a set of sensors and interfaces for measuring physi-
cal, chemical, biological or environmental parameters with the
ability to transmit and analyze data in real time.
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Thermally controlled polymers are polymer materials capable
of changing shape or porosity depending on temperature, used
for autonomous ventilation or regulation of substance flows.

Carbon-graphite composites (CGC) — composite materials
based on carbon fibre and graphite, with high thermal conduc-
tivity, strength and durability in chemically aggressive environ-
ments.

Energy-adaptive actuators are executive elements that oper-
ate on the basis of temperature, pressure or humidity gradients,
allowing to create autonomous and safe modules in conditions
of limited power supply.

Electrochemical water purification — processes for removing
contaminants and pathogens from water using electric fields and
reactions on electrodes without the use of chemical reagents.

Environmental sustainability — the ability of a technological
system or material to minimise negative environmental impacts
during long-term operation, including reducing emissions, water
consumption and energy consumption. Photocatalysis — the use
of photocatalytic surfaces to destroy organic pollutants, bacteria
and viruses under the influence of light, including ultraviolet
and visible radiation.

Functional safety — a set of methods and standards (IEC
61508, IEC 62443 ) that ensure reliable and safe operation of
systems, taking into account potential failures and emergency
situations.

Digital telemetry — a system for transmitting data from sensor
and actuator devices to central platforms or cloud systems for
analysis, monitoring and process control.

Energy efficiency - the ability of a system or equipment to
perform specified functions with minimal energy and resource
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consumption while maintaining high performance and reli-
ability.

Environmentally oriented technologies — technologies aimed
at reducing environmental impact, including reducing emis-
sions, eliminating chemical reagents, conserving resources and
minimising waste.

Water intelligence is a concept of water resource manage-
ment using sensors, electrochemical methods, automation, and
predictive analytics to ensure sustainable and safe water treat-
ment.

Self-optimising platforms — systems capable of independently
improving their control algorithms and operating processes
based on data analysis and feedback from the environment.

Modularity of technological platforms — a design principle in
which a system consists of separate interchangeable nodes, mak-
ing it easy to scale, maintain and adapt solutions to specific tasks.

Digital infrastructure brain — integration of sensor networks,
executive mechanisms and analytical algorithms for compre-
hensive management of resources and technological processes.

Nanomodified binders — polymer or resin matrices supple-
mented with nanoparticles to increase the strength, thermal
stability, chemical resistance and durability of composite materi-
als. Predictive analytics — an analytical approach in which sensor
data and machine learning models are used to predict the state
of a system, identify potential failures and optimise control pro-
cesses. Precision motors are motors with high-precision control
and parameter regulation used in critical technological instal-
lations and robotic systems. Robotic technological platforms
are integrated complexes with sensors, actuators, and digital
controllers capable of autonomously performing technological
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or service functions. Sensor platforms are a set of sensors and
interfaces for measuring physical, chemical, biological or envi-
ronmental parameters with the ability to transmit and analyse
data in real time. Thermally controlled polymers are polymer
materials capable of changing shape or porosity depending on
temperature, used for autonomous ventilation or regulation of
substance flows.

Functional safety — a set of methods and standards (IEC
61508, IEC 62443) that ensure reliable and safe operation of
systems, taking into account potential failures and emergency
situations. Digital telemetry — a system for transmitting data
from sensor and actuator devices to central platforms or cloud
systems for analysis, monitoring and process control. Energy
efficiency - the ability of a system or equipment to perform
specified functions with minimal energy and resource con-
sumption while maintaining high performance and reliability.
Environmentally oriented technologies — technologies aimed
at reducing environmental impact, including reducing emis-
sions, eliminating chemical reagents, conserving resources
and minimising waste. Water intelligence is a concept of water
resource management using sensors, electrochemical methods,
automation, and predictive analytics to ensure sustainable
and safe water treatment. Self-optimising platforms — systems
capable of independently improving their control algorithms
and operating processes based on data analysis and feedback
from the environment. Modularity of technological platforms —
a design principle in which a system consists of separate inter-
changeable nodes, making it easy to scale, maintain and adapt
solutions to specific tasks. Digital infrastructure brain — integra-
tion of sensor networks, executive mechanisms and analytical
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algorithms for comprehensive management of resources and
technological processes.
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