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Abstract. The relevance of the study is due to the need to improve the energy efficiency of buildings and create
a comfortable microclimate in the context of growing requirements for environmental friendliness and energy
savings. The purpose of the study was to assess how different approaches to heating and ventilation systems increase
comfort and energy efficiency in buildings. Methods of technology efficiency analysis and comparative evaluation of
energy systems were used to determine optimal solutions in the field of microclimate automation and integration of
renewable energy sources. The results showed that adaptive heating and ventilation systems substantially increase
energy efficiency. Heat pumps combined with geothermal technologies maintain a stable indoor temperature even
under variable external conditions. Ventilation systems with heat recovery reduce energy loss by retaining heat during
air exchange. Automation of the microclimate using sensors and control systems allows adjusting the parameters
of heating and ventilation depending on the occupancy of the premises, humidity level, and air composition. The
integration of renewable energy sources, such as solar collectors and biomass, shows high efficiency in reducing the
consumption of traditional energy resources. Analysis of facilities in different countries demonstrated that the best
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results were achieved thanks to an integrated approach that combines modern technologies and adaptive solutions.
Buildings with integrated adaptive systems maintain a stable microclimate regardless of external conditions, which
has a positive effect on user comfort. Optimising energy consumption also reduces operating costs, making such
solutions economically feasible for long-term use. Adaptive systems not only provide comfortable conditions but also
substantially reduce energy consumption in buildings for various purposes

Keywords: energy efficiency; heat pumps; geothermal technologies; heat recovery; automation; renewable energy

sources

Introduction

In construction, one of the main goals is to create com-
fortable conditions for people with minimal energy con-
sumption. Heating and ventilation systems are among the
most energy-intensive in buildings, so it is important to
develop adaptive technologies that effectively regulate the
microclimate depending on changing conditions. Adap-
tive heating and ventilation systems automatically adjust
the temperature, humidity, and air exchange according to
the needs and surrounding conditions. Due to the intro-
duction of smart technologies such as heat pumps, geo-
thermal systems and heat recovery systems, it is possible
to drastically reduce energy consumption and ensure an
optimal indoor microclimate. Automated control systems
increase efficiency by dynamically adapting heating and
ventilation settings to real-world conditions, such as tem-
perature, humidity, or room occupancy. These technolo-
gies help to maximise the use of energy resources and im-
prove comfort in buildings.

The problem of effective microclimate management
in modern buildings using adaptive heating and ventila-
tion systems is relevant, as it affects the energy saving and
comfort of residents. D. Bui ef al. (2021) noted that adap-
tive heating and ventilation systems made it possible to
effectively adjust the microclimate parameters depending
on external and internal conditions, which helped to re-
duce energy consumption. The authors also stressed the
importance of automation to maintain a stable temper-
ature in buildings without overspending energy. Z. Liu et
al. (2023) stated that the integration of heat pumps and
geothermal installations helped to ensure a stable tem-
perature regime in buildings while substantially reducing
energy costs. According to them, this also allowed reduc-
ing the impact of seasonal temperature fluctuations on
heating efficiency. T. Pekdogan et al. (2021) investigated
the role of heat recovery systems in reducing energy costs
during ventilation, which substantially reduced the cost
of heating rooms. It was also noted that such systems
improve the air quality in buildings, keeping them warm
even at high levels of air exchange. C. Lin et al. (2022) fo-
cused on mechanical ventilation systems that can adapt
to changes in the number of people in rooms, improving
the efficiency of air exchange. Such technologies opti-
mise energy consumption, considering the specific needs
of each room. G. Qiang et al. (2023) stressed the impor-
tance of automating heating and ventilation processes,
which allowed dynamic adjustment of system parame-
ters depending on changes in environmental conditions.
According to the researchers, this not only increased

the efficiency of the systems but also provided comfort
throughout the year.

P Lamsal et al. (2023) evaluated the effectiveness of
adaptive systems in office buildings, emphasising that
they can reduce energy costs while maintaining optimal
working conditions. According to their estimates, such sys-
tems provided a better microclimate and helped increase
employee productivity. A. Hassan & K. El-Rayes (2021)
believe that the integration of renewable energy sources,
such as solar collectors and biomass, into heating and
ventilation systems substantially reduces dependence on
traditional energy resources. They added that this combi-
nation has helped reduce greenhouse gas emissions and
increase the sustainability of buildings’ energy supply.
S. Ahmed et al. (2021) in their study emphasised the im-
portance of using solar collectors in temperate climates
to reduce the need for traditional energy sources. This
provided for the reduced heating costs and load on the
overall energy system of the building. P. Zheng et al. (2022)
underlined that adaptive heating and ventilation systems
were most effective for large buildings, such as business
centres, where constant regulation of temperature and air
exchange is necessary. The authors pointed out that such
systems can substantially reduce energy costs while main-
taining a comfortable environment for a large number of
people. A. Adegbenro et al. (2021) emphasised the need
for continuous monitoring and adaptive management to
maintain high efficiency of heating and ventilation sys-
tems throughout their life cycle. They noted that without
regular monitoring, adaptive systems could lose their ef-
fectiveness due to changes in operating conditions. Thus,
although numerous studies confirm the effectiveness of
adaptive heating and ventilation systems, there is a need
to review their application in different types of buildings,
in particular, in different climatic zones and considering
economic aspects.

The purpose of the study was to analyse ventilation
technologies and their role in maintaining a comfortable
indoor microclimate, assess the economic advantages,
and disadvantages of adaptive systems considering the
conditions of different climatic zones, and evaluate the
impact of the integration of renewable energy sources on
reducing energy costs in heating and ventilation systems.

Materials and Methods
This study covered various aspects of integrating adap-
tive heating, ventilation, and energy systems, in particu-
lar, technologies that can substantially reduce energy
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consumption in buildings that run on traditional fuels
while reducing operating costs. The efficiency assessment
of such systems was conducted on the basis of an analysis
of scientific publications that include energy consump-
tion data and a review of existing studies, which allowed
for determining their effectiveness in real operating con-
ditions. An important aspect of this study was the analysis
of ventilation systems with heat recovery, the effectiveness
of which was evaluated by examining their ability to re-
cover heat from the exhaust air and redirect it to heat the
supply stream. This determined the potential of such sys-
tems in improving the energy efficiency of buildings and
reducing heating costs, especially in cold climates.

Special attention was paid to the operation of sensors
that monitor key parameters of the microclimate, such
as temperature, humidity, and carbon dioxide (CO,) lev-
els. The influence of automated systems based on these
sensors on the optimisation of energy consumption, and
precise regulation of equipment operation, which helps
to reduce the load on the system and provides comfort
for users was assessed. In addition, the introduction of
renewable energy sources, such as solar collectors, pho-
tovoltaic panels, and biomass, into the energy systems of
buildings was considered based on the analysis of climatic
features of regions, the amount of available resources, and
the technological compatibility of equipment with exist-
ing systems. This enabled the evaluation of the renewa-
ble energy sources’ potential to reduce energy costs and
greenhouse gas emissions, ensuring sustainable energy
supply for buildings.

The efficiency of different systems was compared
using the example of buildings in Germany (Maier et
al., 2022), Denmark (Johansen & Werner, 2022), Sweden
(Behzadi & Sadrizadeh, 2024), and Ukraine (Sotnyk et
al., 2024). The analysis concentrated on assessing energy
consumption, economic indicators such as system pay-
back and operating costs, and user comfort levels. Spe-
cial attention was paid to various climatic conditions: in
Germany and Ukraine, the effectiveness of adaptive sys-
tems was researched in temperate continental climates,
in Denmark — in marine climates, and in Sweden — in cold
northern climates. In addition, the specifics of buildings
were considered: in Germany, mainly office buildings
with high ventilation requirements were analysed, in
Denmark - residential buildings with the integration of
renewable energy sources, in Sweden — public buildings
with high energy-saving standards, and in Ukraine — mul-
ti-storey residential buildings with traditional heating
and ventilation systems. Energy savings, reduced operat-
ing costs, and the ability to adapt to temperature changes
throughout the year were compared.

The final stage of the study included the comparison
of the efficiency of different heating and energy-saving
systems in buildings in different countries. The efficien-
cy assessment was based on criteria such as reduced
energy consumption, improved air quality, and reduced
CO, emissions, initial costs, and terms of return on in-
vestment. Lowering energy consumption and improving
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air quality were assessed by indicators of energy con-
sumption and the concentration of harmful substances
on the premises.

Results

In buildings where energy efficiency is a priority, the inte-
gration of adaptive heating systems is an important ele-
ment not only to reduce energy costs but also to provide a
comfortable environment for residents. One of the prom-
ising areas in this area is the use of heat pumps and ge-
othermal installations, which automatically regulate the
temperature depending on external weather conditions
and user needs. Heat pumps and geothermal installations
are critical elements of adaptive heating systems, each of
which has its own characteristics and operational features.
Heat pumps operate on the principle of heat exchange,
converting heat from the environment (air, water, or land)
into energy for heating buildings. They are efficient even in
cold winter conditions, which lessens the consumption of
traditional energy sources such as gas and electricity. This
makes such a heating system a sustainable and cost-effec-
tive solution. One of the fundamental parameters is the
energy conversion factor, which can reach values of 3-5,
which means the production of three to five units of heat
for each unit of electricity consumed (Cui et al, 2024).
Geothermal installations, on the other hand, use the heat
stored in the ground. Geothermal pumps are able to use
a stable ground temperature (approximately 10-15°C) for
heating in winter and cooling in summer, which makes
them very effective in temperate regions. They provide
sustainable energy regardless of weather changes, have a
long service life and high energy efficiency. According to a
study by the European Environment Agency, geothermal
systems can reduce CO, emissions by 50-70% compared to
traditional gas or coal-fired systems (Adebayo et al., 2024).

Due to automation and intelligent control systems
that regulate the operation of these installations, it is pos-
sible to reduce energy consumption depending on envi-
ronmental changes. The systems can automatically adapt
to changes in temperature and weather conditions and
the internal needs of users, which allows providing max-
imum comfort at minimal cost. Adaptive heating systems
that use heat pumps and geothermal installations have a
number of advantages and disadvantages that should be
considered when adapting them to specific climatic con-
ditions. The main advantage of such systems is reduced
heating costs due to high energy efficiency. According
to the studies, heat pumps can provide an energy con-
version rate of 3-5, which means producing 3-5 units of
heat for every unit of electricity consumed, even in cold
climates (Mahmoud et al., 2021). Geothermal installations
use a stable soil temperature that remains relatively con-
stant at depth, allowing them to operate efficiently even
at low ambient temperatures. An additional advantage is
environmental friendliness: the use of renewable ener-
gy sources, such as geothermal and solar, substantially
reduces greenhouse gas emissions. For example, switch-
ing to heat pumps reduces CO, emissions on average, by



50-70% compared to traditional heating systems that run
on gas or coal (Rane ef al,, 2024). The economic benefits
of such systems include low operating costs. The average
return on investment period for heat pumps is 5-7 years,
depending on climatic conditions and the level of energy
subsidies in the country. Therewith, the disadvantages are
high initial costs for equipment, design, and installation,
which can vary depending on climatic conditions and the
type of buildings. For example, in regions with extremely
low winter temperatures (northern Sweden, north-west-
ern Canada, Iceland), heat pumps may require additional
energy sources, such as electric heaters, which may affect
overall energy efficiency. In addition, in warm climates
(southwestern United States, southern Spain, Australia),
the efficiency of geothermal installations may be limited
due to the insufficient temperature gradient of the soil.

The need for energy efficiency and comfort in build-
ings requires the introduction of innovative technologies
that reduce energy costs and create optimal conditions
for residents. One of these solutions is ventilation systems
with heat recovery, which improve air quality and substan-
tially reduce the energy consumption of buildings. This
was an important step in the development of construction
technologies, as it allows efficient use of exhaust air heat
and minimises the need for additional energy resources
for indoor heating (Loni et al., 2021). The basic principle
of operation of a ventilation system with heat recovery is
to transfer part of the heat energy contained in the outgo-
ing air to the air entering the room using heat exchangers,
without mixing them. Even in the cold period of the year,
the air entering the room already has a comfortable tem-
perature, which reduces the load on the heating system.
The use of such systems can substantially reduce heating
costs since the exhaust air that is removed from the prem-
ises usually has a high temperature, providing for effective
use. It also lowers the need for additional energy sources
to heat the air coming from outside, especially during the
cold winter months. The indoor air quality does not suffer
since the recovery system does not mix the incoming and
outgoing air, thus providing a high degree of purification
and ventilation.

Heat recovery systems have substantial advantag-
es for residential, commercial, and industrial buildings,
as they allow achieving sustainable and efficient energy
consumption. According to scientific research, the intro-
duction of such systems can reduce energy costs by up
to 40%, depending on the size of the building and its op-
erating conditions (Gaur ef al., 2021). In addition, these
technologies reduce greenhouse gas emissions because
they use less energy from traditional sources, such as gas
or electricity. Despite the obvious advantages, the heat
recovery system has certain requirements for installation
and maintenance. An important condition for its efficient
operation is regular cleaning of filters and heat exchang-
ers, which will ensure smooth operation of the system and
maintain indoor air quality. In addition, it is important to
properly configure the system according to the needs of
users to avoid excessive power consumption.

Pavlovskyietal 1

In places where comfort and efficiency are priorities
in residential and commercial buildings, microclimate au-
tomation is becoming an important element for creating
optimal conditions. Due to technological advances, it is
possible to dynamically control the parameters of temper-
ature, humidity, and carbon dioxide content, which opens
up new prospects for achieving a high level of comfort and
energy efficiency. The installation of sensors that measure
these parameters allows you to automatically adjust the
microclimate in the room depending on the number of
people in it. This not only provides comfort but also re-
duces energy consumption, which is important for sus-
tainable development (Rane et al., 2024). One of the main
principles of microclimate automation is the integration
of temperature, humidity, and carbon dioxide sensors,
which allows accurately determining the parameters of
indoor air and responding to changes in real time. For ex-
ample, an increase in temperature or carbon dioxide lev-
els, which often occurs due to an increase in the number
of people in a room, can automatically activate the venti-
lation or air conditioning system, creating a comfortable
environment for stay. Temperature and humidity sensors
provide precise control of the level of comfort in the room,
as these parameters directly affect the feeling of warmth
or coolness. According to these indicators, the system
adjusts the operation of the air conditioner or heater to
maintain the desired temperature without excessive fluc-
tuations, which usually require additional energy costs.

Carbon dioxide sensors are important for keeping the
air fresh, as CO, elevated levels may indicate the need for
ventilation, which reduces gas concentrations and im-
proves air quality. Automation has the advantage of be-
ing able to adapt the system to changes in the number of
people in a room. For example, in large offices or public
buildings, where the number of visitors may vary through-
out the day, the system automatically adjusts the level of
ventilation and temperature depending on changes in
attendance. If there are a lot of people in the room, the
system increases the intensity of ventilation to improve air
quality and reduce carbon dioxide levels. When the num-
ber of people decreases, the system automatically reduces
energy consumption, adjusting the microclimate parame-
ters to new conditions. Such automated systems not only
increase comfort but also provide substantial energy sav-
ings. Since ventilation, heating, and air conditioning only
work as needed, rather than continuously, energy costs
are substantially diminished. This is an important factor
for ensuring sustainable development, lessening the eco-
logical footprint of buildings without compromising the
comfort and health of residents.

The introduction of microclimate automation has
multifaceted consequences. In addition to saving energy,
such systems can substantially improve indoor air qual-
ity, reducing the health risks associated with insufficient
ventilation or excessive humidity. They also help maintain
optimal working conditions, increasing people’s produc-
tivity and overall well-being. Climate change and energy
efficiency issues are becoming particularly important,
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and combining traditional heating and ventilation sys-
tems with renewable energy sources is an important step
towards achieving sustainable development (Kozakevich
& Kotyakova, 2021). The use of solar collectors, photovol-
taic panels, and biomass substantially reduces the carbon
footprint and energy costs, making buildings not only
energy efficient but also environmentally friendly. Inte-
grating these technologies into everyday life is essential
to reduce the negative impact on the environment and
achieve global goals in the fight against climate change
(@stergaard et al., 2022).

Solar collectors are one of the most cost-effective and
common solutions for using renewable energy sources in
buildings. They convert solar radiation into thermal ener-
gy that can be used to heat water or rooms. Solar collectors
not only reduce the consumption of traditional energy
sources but also help reduce the cost of heating and hot
water while providing clean energy. In temperate and sun-
ny climates, such systems can substantially increase the
energy independence of buildings. Photovoltaic panels al-
low generating electrical energy from solar radiation. Their
installation on the roof or walls of buildings can cover part
of the building’s energy needs and reduce dependence
on centralised energy suppliers. Photovoltaic systems
also have a long service life and high reliability, making
them a profitable investment for building owners. They
can become the main source of electricity for small and
medium-sized buildings, especially in sunny regions with
high solar radiation intensity. Another promising source
of energy is biomass, which includes organic materials
such as wood, agricultural waste, and biological waste. Bi-
omass can be used to generate heat and electricity, which
allows not only to meet the energy needs of buildings but
also to efficiently dispose of waste, such as wood pellets
or agricultural residues, which can be processed into
energy resources using boilers or biogas plants. In some
countries, such as Sweden, Poland, and the United King-
dom, biomass is widely used for district heating, where
agricultural and forest waste is processed into energy
supplied to the grid or directly to buildings (Saira, 2021).
Biomass is also used for the production of biogas in spe-
cialised installations, which provides energy and reduc-
es the amount of organic waste. It is a renewable energy
source that helps reduce dependence on fossil fuels such
as coal or oil. However, for efficient use of biomass, it is
important to correctly calculate the capacity of the system
and consider the energy needs of a particular building.

The combination of renewable energy sources with
heating and ventilation systems can not only save energy

but also reduce carbon dioxide emissions into the atmos-
phere, which is a crucial factor in the fight against global
warming. The use of these technologies helps to reduce
the level of environmental pollution, contributing to the
achievement of sustainable development goals. Research
shows that buildings that use renewable energy sources
can reduce their carbon emissions by up to 50% com-
pared to buildings that use only traditional energy sources
(Tejani & Toshniwal, 2023). Integrating renewable ener-
gy into buildings also reduces operating costs, as energy
from solar or biomass is cheaper compared to tradition-
al fuels. For example, the cost of electricity generated by
solar panels in 2023 ranged from USD 0.03 to USD 0.06
per kilowatt-hour, depending on the region, while the
cost of electricity produced based on fossil fuels averaged
USD 0.08-0.12 per kilowatt-hour. In the case of biomass,
the cost of thermal energy varies between USD 20-30 per
megawatt-hour, which is substantially lower than the cost
of gas-based energy, which often exceeds USD 40-50 per
megawatt-hour. These indicators indicate the econom-
ic feasibility of switching to renewable energy sources
both to reduce costs and improve the energy efficiency of
buildings (Heptonstall & Gross, 2021). These technologies
contribute to improving the energy efficiency of buildings,
which, in turn, increases their competitiveness in the real
estate market. By reducing energy costs and carbon emis-
sions, such buildings become more attractive to investors
and potential buyers who pay attention to environmental
friendliness and energy efficiency.

Climate change and energy efficiency issues are be-
coming particularly important, and combining traditional
heating and ventilation systems with renewable energy
sources is an important step towards sustainable develop-
ment. Approaches to the design and operation of build-
ings include the integration of advanced technologies, in
particular, renewable energy sources, with intelligent con-
trol systems, which allows achieving maximum results in
reducing energy consumption and improving the quality
of the internal environment. Comparing the efficiency of
different systems in different countries shows that the best
results are achieved when applying integrated solutions,
including microclimate automation, the use of renewable
energy sources, and the integration of intelligent control
systems. Analysis of buildings in European countries such
as Germany, Denmark, and Sweden shows that the intro-
duction of solar collectors, geothermal heating systems,
and intelligent ventilation systems can substantially re-
duce energy consumption and improve indoor microcli-
mate (Table 1).

Table 1. Comparison of the efficiency of different energy supply systems in buildings in different countries

Country Technologies Energy consumption Air quality CO, emissions Initial Return on
reduction improvement reduction costs (%) investment (years)
Solar panels, heat
Germany pumps, automated 30-40% - 25-30% 20-25% 5-7
control
Intelligent ventilation
Denmark systems with heat 15-20% 10-15% - 25-30% 4-6
recovery
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Table 1, Continued

A Energy consumption Air quality CO, emissions Initial Return on
Country Technologies A A A .
reduction improvement reduction costs (%) investment (years)

Biomass, intelligent

Sweden | heating and ventilation 25-35% - 20-25% 30-35% 6-8
control systems

Solar collectors, heat
Ukraine | PUmps automated 10-15% 5-10% 10-15% 40-50% 7-10

microclimate control

systems

Note: initial costs include the cost of equipment (solar panels, heat pumps, ventilation units, sensors), design, installation, integration

with infrastructure, and software configuration
Source: compiled by the authors

In Germany, where the climate is temperate con-
tinental with cool winters and warm summers, the use
of solar panels and heat pumps is a rational choice. A
substantial level of solar radiation allows for stable en-
ergy generation throughout the year, and the combina-
tion of these technologies with automated control sys-
tems effectively regulates the temperature conditions in
buildings. A special feature of such solutions is their use
both in multi-storey residential buildings and in private
cottages, where high-quality thermal insulation helps
to minimise energy losses. For example, hybrid systems
that combine solar panels, heat pumps, and automated
control systems provide optimal response to changing
external weather conditions and internal needs (Maier et
al., 2022). In Denmark, which is famous for its environ-
mental initiatives, intelligent ventilation systems with
heat recovery are most widely used. This technology is
particularly relevant for public buildings and offices,
where ensuring high air quality is essential for employee
health and productivity. Automation systems integrated
with sensors for carbon dioxide levels, temperature, and
humidity adjust the intensity of ventilation depending
on the number of people in the room, thereby reducing
energy costs. This combination of economy and envi-
ronmental friendliness provides Denmark with high
energy efficiency indicators (Johansen & Werner, 2022).
Sweden, which has traditionally focused on renewable
energy sources, is actively implementing biomass-based
technologies. The use of biomass as a fuel is relevant for
residential buildings and municipal facilities, such as
schools or hospitals, especially in the northern regions
of the country with harsh climates. The intelligent heat-
ing and ventilation control systems that ensure optimal
heat distribution reduce carbon dioxide emissions and
also help to achieve high energy efficiency. In addition,
such systems allow reducing resource consumption by
fine-tuning real-time operation parameters (Behzadi &
Sadrizadeh, 2024).

Analysis of the effectiveness of various solutions
shows that the integration of modern technologies with in-
telligent control systems has many advantages. Such sys-
tems can reduce energy consumption by automating and
adapting to changing conditions, such as ambient temper-
ature or the number of people in the room. They help to
improve the comfort of residents, creating optimal condi-
tions for work and recreation. In addition, such solutions
are cost-effective in the long term, as they can substantial-
ly reduce the cost of energy supply to buildings. Notably,
the introduction of intelligent control systems requires a
substantial initial investment in the development and in-
stallation of the necessary equipment, which can become
a barrier for some building owners. However, in the long
run, because of energy savings and reduced operating
costs, such investments pay off and become cost-effective.

In Ukraine, climatic conditions vary substantially,
which requires flexible approaches to the energy supply
of buildings. In 2023, solar collectors, heat pumps, and
automated microclimate management systems were in-
troduced in residential and commercial buildings, which
helps reduce energy consumption. Of particular interest
are pilot projects in Kyiv that demonstrate the potential
of such technologies in multi-storey buildings. The intro-
duction of heat recovery systems can substantially reduce
energy losses and environmental impacts. Despite the
high initial costs, such initiatives show positive econom-
ic dynamics due to reduced operating costs (Deshko et
al.,, 2021). Adaptive heating and ventilation systems are
becoming an important tool for reducing operating costs
in buildings due to their ability to optimise energy con-
sumption and reduce heat loss. One of the key aspects of
such systems is automation, which adapts the microcli-
mate parameters to changing conditions, such as outdoor
temperature, humidity and indoor carbon dioxide levels.
This ensures not only a reduction in power consumption
but also a reduction in the load on the system, lowering
the cost of its maintenance (Table 2).

Table 2. Comparison of operating costs for traditional and adaptive systems in buildings

Parameter Traditional systems (average value) Adaptive systems (average value) Savings
Energy costs (kWh/m? per year) 1,500 900 40%
Maintenance costs (UAH/year) 500 300 40%
Heat consumption (kWh/m? per year) 1,200 750 37.5%
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Table 2, Continued

Parameter Traditional systems (average value) Adaptive systems (average value) Savings
Savings on energy consumption (UAH/year) 1,200 1,800 50%
Installation cost (thousand UAH) 200 250 -
System return on investment period (years) 7 5 -
Environmental savings (CO, emissions, t/year) 2.5 1.5 40%

Source: compiled by the authors on the basis of data obtained by Y. Alassaf (2024)

One of the most effective ways to achieve savings is to
use heat recovery technologies. Ventilation systems with
recuperation allow using exhaust air energy to heat or
cool the supply air, which substantially reduces the cost of
energy supply to buildings. These technologies are impor-
tant for reducing costs, as the heat that is usually removed
through the ventilation system is returned to the system
and used to maintain a comfortable microclimate without
additional energy costs. Optimisation of energy consump-
tion is also achieved by using heat pumps and geothermal
installations. These technologies can substantially reduce
the need for traditional heating fuel, as they use renewable
energy sources. Heat pumps can operate in both heating
and cooling modes, maintaining a stable indoor temper-
ature without constantly recharging the system with fuel.
Equally important is automation, which is conducted us-
ing temperature, humidity, and CO, sensors, which allows
dynamically changing system parameters depending on
user needs. This provides for substantially reduced energy
costs since the system operates only when necessary, and
with maximum efficiency. Thereby, such control reduces
the need for constant maintenance of complex mecha-
nisms and prevents overloading of systems. A comparison
of building maintenance costs with traditional and adap-
tive systems shows that the latter can substantially reduce
overall energy costs. Energy savings offset the high initial
costs of installing such systems, making them profitable
in the long run. Due to an integrated approach that in-
cludes the use of renewable energy sources and intelligent
management systems, substantial resource savings can be
achieved, which has a positive impact not only on finan-
cial performance but also on the environmental situation
in the region.

Discussion
The study on adaptive heating and ventilation systems
for optimising the microclimate in modern buildings has
shown their substantial potential for improving ener-
gy efficiency and comfort in residential and commercial
premises. The analysis showed that these systems can
automatically adjust the temperature and humidity de-
pending on the external conditions and needs of users,
providing a stable microclimate with minimal energy con-
sumption. This reduces operating costs and contributes
to long-term resource savings. A. Rieser et al. (2021) also
investigated this issue, confirming that adaptive heating
and ventilation systems regulate microclimate parame-
ters depending on external conditions and the needs of
residents. The use of temperature, humidity, and motion
sensors automates the process, providing comfort with
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minimal energy costs. This is especially important for
buildings with different functional purposes, where the
requirements for the microclimate change throughout
the day. H. Farzaneh et al. (2021) determined that adap-
tive systems can reduce power consumption by 30-40%
due to precise adjustment of operating parameters. They
can lower the temperature or turn off ventilation in empty
rooms during non-working hours. This not only saves re-
sources but also reduces the carbon footprint of buildings
that meet modern environmental standards. However, the
effectiveness of adaptive systems largely depends on the
quality of the equipment and proper configuration. In-
correctly installed or uncalibrated sensors can reduce the
accuracy of the system, resulting in energy losses. The in-
troduction of such technologies requires an initial invest-
ment, which, although it pays off over time, can become
a barrier to widespread adoption in residential buildings.

Research on heat pumps and geothermal installations
has shown how these technologies optimise energy con-
sumption through the use of renewable energy sources.
Heat pumps provide efficient heating and cooling and op-
erate without constant refuelling, which reduces depend-
ence on fossil fuels and reduces the carbon footprint of
buildings. The results showed that the use of such systems
in a variable climate can substantially reduce energy costs
while maintaining comfort. E. Hataj et al. (2021) conclud-
ed that heat pumps and geothermal systems efficiently
use soil, water, or air energy to heat or cool buildings. Due
to their high energy conversion rate, they can provide up
to 4 kW of heat or cold for every kW of electrical energy
consumed. This can substantially reduce the consump-
tion of traditional energy sources, increasing the ener-
gy efficiency of buildings. Upgrading the district heating
system through the integration of modular heat pumps,
geothermal water, and photovoltaic installations can con-
tribute to creating sustainable urban energy, further im-
proving energy efficiency and reducing dependence on
non-renewable energy sources.

A. Hoang & X. Nguyen (2021) determined that geo-
thermal installations maintain a stable temperature due
to the use of soil thermal inertia, which ensures stable
operation regardless of weather conditions. These sys-
tems are effective even in extreme climatic conditions.
When combined with other renewable sources, such as
solar panels, they create efficient systems with minimal
carbon dioxide emissions. These results confirm previ-
ous studies conducted in countries with different climatic
conditions, in particular, in Germany and Sweden, where
the introduction of heat pumps and geothermal systems
has shown substantial energy savings, reducing heating



costs. An increase in the efficiency of systems in temper-
ate and cold climates was also recorded, which indicates
their ability to work under temperature fluctuations, con-
firming the practicality of such technologies for different
regions with different climatic characteristics. Another
important aspect of the study was the ventilation system
with heat recovery. It was identified that these systems re-
store some of the thermal energy of the exhaust air and
use it for heating or cooling the supply air, which reduces
the cost of heating and cooling buildings. Heat recovery
has become an effective tool for combating energy costs,
enabling a substantial reduction of the amount of energy
discharged from rooms through ventilation ducts.

N. Asim et al. (2022), concluded that ventilation sys-
tems with heat recovery can store up to 90% of the ther-
mal energy normally lost through ventilation. They work
on the principle of heat transfer from the exhaust air to the
supply air, providing a comfortable microclimate in the
room. This not only increases the energy efficiency of the
building but also improves air quality by removing pollu-
tion and moisture. J. Li et al. (2021) also demonstrated that
the use of heat recovery plants can substantially reduce
the cost of heating in winter and cooling in summer since
the system minimises energy losses. For example, in resi-
dential buildings with modern heat recovery installations,
energy costs can be reduced by 20-30%. This makes such
systems attractive for both the private sector and commer-
cial facilities, especially in the face of rising energy tariffs.

The conclusions of researchers correlate with the
conclusions of the authors since they confirm the effec-
tiveness of heat recovery technologies in reducing energy
consumption. The use of such systems ensures an optimal
combination of energy efficiency and comfortable indoor
conditions. These examples of cost reduction confirm the
real financial benefits, which makes these technologies
particularly relevant in the context of modern energy chal-
lenges. Automation of the microclimate was evaluated on
the example of using temperature, humidity, and carbon
dioxide (CO,) sensors. Studies have shown that the use of
such sensors allows the system to dynamically adjust the
parameters of the microclimate depending on the num-
ber of people in the room or changing environmental
conditions. This ensures efficient use of energy resources
since the system operates only when necessary, and with
maximum efficiency, minimising energy costs.

S. Croce & S. Tondini (2022) also conducted a study
that confirmed that modern microclimate automation
systems use temperature, humidity, lighting, and motion
sensors to continuously monitor indoor conditions. Due
to this, the systems can adapt their work in real time, pro-
viding maximum comfort for users. Such technologies not
only increase convenience but also contribute to more
efficient use of resources, reducing energy consumption
during non-working hours or in empty rooms. E Carluc-
ci et al. (2023) also discovered that dynamic microclimate
control reduces energy consumption by fine-tuning the
operation of systems depending on actual needs. Mo-
tion sensors can automatically turn off heating or lighting
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when the room is not in use, which saves up to 20-30% of
energy. Combined with intelligent control algorithms, this
creates opportunities for implementing energy-efficient
solutions in residential, office, and industrial buildings,
and the energy flexibility of building systems in future
scenarios, optimising the dynamic shading management
strategy, and defining a new energy flexibility metric can
further improve the efficiency of such solutions.

Comparing the results of the study, it can be conclud-
ed that automation of the microclimate using sensors has
a substantial impact on reducing energy consumption.
The results show that the integration of sensors with con-
trol systems provides for achieving an optimal balance be-
tween comfort and efficiency. This is confirmed by pract
ical examples of reducing energy costs in buildings where
such systems are implemented. As for the integration of
renewable energy sources, the results of the study indicat-
ed that the use of solar collectors, photovoltaic panels, and
biomass can substantially reduce dependence on tradi-
tional energy sources. These technologies have helped re-
duce the carbon footprint of buildings and ensure energy
independence. The study suggested that the integration of
renewable energy sources with adaptive heating and ven-
tilation systems is an important step towards sustainable
development in the construction sector.

A. Pascaris et al. (2021) concluded that the use of re-
newable energy sources such as solar panels, geothermal
installations, and biomass ensures that buildings are in-
dependent of fossil fuels. The integration of these systems
into the building allows not only to generate energy but
also to store its surplus for further use. This approach is
the basis of a modern “smart home” that meets the prin-
ciples of energy efficiency and sustainable development.
L. Paraschiv & S. Paraschiv (2023) stated that solar col-
lectors effectively heat water, reducing gas or electricity
consumption, which leads to a reduction in greenhouse
gas emissions. The use of biomass, in particular, pellets
or wood waste as an energy source, also contributes to re-
ducing the carbon footprint since the process of burning
them is carbon-neutral. Together, these solutions allow
buildings to meet modern environmental standards and
reduce energy costs.

Analysing the results of the study, it can be conclud-
ed that the integration of renewable energy sources into
building systems has substantial potential for reducing
the carbon footprint. The use of solar collectors and bio-
mass reduces dependence on traditional energy sources
and actively contributes to the achievement of goals to
reduce greenhouse gas emissions. This is confirmed by
data on reducing energy costs and improving the environ-
mental situation in regions where such technologies are
actively used. The study confirmed that adaptive heating
and ventilation systems combined with renewable ener-
gy sources and automation can substantially improve the
energy efficiency of buildings and provide a comfortable
environment for residents. The results of a comparative
analysis of various technologies showed that the best re-
sults are achieved precisely through the integration of
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modern technologies with intelligent control systems that
reduce energy consumption, improve the microclimate,
and reduce operating costs.

Conclusions

The study showed that adaptive heating and ventilation
systems are an effective tool for achieving an optimal mi-
croclimate in modern buildings. The use of such technolo-
gies can substantially increase energy efficiency, reducing
energy supply costs, and simultaneously providing com-
fortable conditions for residents. Heat pumps and geo-
thermal systems that regulate indoor temperatures reduce
energy consumption through the use of renewable energy
sources, which is an important advantage over traditional
fossil fuel heating methods. Ventilation systems with heat
recovery have become one of the main elements that can
substantially reduce energy costs. The use of waste heat
for preheating or cooling the supply air reduces the need
for energy for heating and air conditioning, which saves
energy without compromising air quality.

Automation of the microclimate in buildings using
temperature, humidity and CO, level sensors substantial-
ly optimises power consumption. Automatic adjustment
of system parameters depending on changes in environ-
mental conditions and the number of people in the room
allows reducing energy costs and providing a stable level
of comfort, which is important for improving the quality of

Analysis of the efficiency of various technologies in differ-
ent countries has shown that the best results are achieved
when integrating adaptive heating and ventilation systems
with intelligent control systems that allow optimising en-
ergy use and improving the indoor microclimate. Such
systems demonstrate maximum efficiency in reducing
energy consumption and energy costs. Considering cli-
matic conditions is crucial for the selection and efficien-
cy of adaptive heating systems, such as heat pumps and
geothermal installations. In cold regions, geothermal in-
stallations may be more efficient due to the stability of the
Earth’s temperature, while in warm climates, heat pumps
that use air or water may be more optimal for reducing
energy consumption and providing comfort in buildings.

The results of the study confirmed that the introduc-
tion of adaptive technologies in heating and ventilation
systems is an effective tool for reducing energy costs and
improving the quality of life in buildings. The use of intel-
ligent systems and renewable energy sources can not only
increase energy efficiency butalso reduce the environmen-
tal impact of buildings, which is an important step towards
sustainable development. Prospects for further research
are to study the long-term efficiency of the integration of
adaptiveheatingandventilation systemswith various types
of renewable energy sources in different climatic zones.

Acknowledgements

life of residents. The use of renewable energy sources such ~ None.

as solar collectors, photovoltaic panels, and biomass has

become an important step in reducing the carbon foot- Funding

print of buildings. The integration of these technologies = None.

into heating and ventilation systems reduces dependence

on traditional energy sources, such as gas or coal, which Conflict of Interest

has a positive impact on the environmental situation. = None.

References

[1] Adebayo, P, Jathunge, C.B., Darbandi, A., Fry, N., Shor, R., Mohamad, A., Wemhoner, C., & Mwesigye, A. (2024).
Development, modeling, and optimization of ground source heat pump systems for cold climates: A comprehensive
review. Energy and Buildings, 320, article number 114646. doi: 10.1016/j.enbuild.2024.114646.

[2] Adegbenro, A., Short, M., & Angione, C. (2021). An integrated approach to adaptive control and supervisory
optimisation of HVAC control systems for demand response applications. Energies, 14(8), article number 2078.
doi: 10.3390/en14082078.

[3] Ahmed, S.E, Khalid, M., Vaka, M., Walvekar, R., Numan, A., Rasheed, A.K., & Mubarak, N.M. (2021). Recent progress
in solar water heaters and solar collectors: A comprehensive review. Thermal Science and Engineering Progress, 25,
article number 100981. doi: 10.1016/j.tsep.2021.100981.

[4] Alassaf,Y. (2024). Comprehensive review of the advancements, benefits, challenges, and design integration of energy-
efficient materials for sustainable buildings. Buildings, 14(9), article number 2994. doi: 10.3390/buildings14092994.

[5] Asim,N.,Badiei, M., Mohammad, M., Razali, H., Rajabi, A., Chin Haw, L., & Jameelah Ghazali, M. (2022). Sustainability
of heating, ventilation and air-conditioning (HVAC) systems in buildings — an overview. International Journal of
Environmental Research and Public Health, 19(2), article number 1016. doi: 10.3390/ijerph19021016.

[6] Behzadi, A., & Sadrizadeh, S. (2024). Advanced smart HVAC system utilizing borehole thermal energy storage:
Detailed analysis of a Uppsala case study focused on the deep green cooling innovation. Journal of Energy Storage,
99, article number 113470. doi: 10.1016/j.est.2024.113470.

[7] Bui, D.K, Nguyen, T.N., Ghazlan, A., & Ngo, T.D. (2021). Biomimetic adaptive electrochromic windows for enhancing
building energy efficiency. Applied Energy, 300, article number 117341. doi: 10.1016/j.apenergy.2021.117341.

[8] Carlucci, E, Negendahl, K., & Fiorito, E (2023). Energy flexibility of building systems in future scenarios: Optimization

of the control strategy of a dynamic shading system and definition of a new energy flexibility metric. Energy and
Buildings, 289, article number 113056. doi: 10.1016/j.enbuild.2023.113056.

Bulletin of the National Transport University. 2026. Vol. 30, No. 2


https://doi.org/10.1016/j.enbuild.2024.114646
https://doi.org/10.3390/en14082078
https://doi.org/10.1016/j.tsep.2021.100981
https://doi.org/10.3390/buildings14092994
https://doi.org/10.3390/ijerph19021016
https://doi.org/10.1016/j.est.2024.113470
https://doi.org/10.1016/j.apenergy.2021.117341
https://doi.org/10.1016/j.enbuild.2023.113056

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

Pavlovskyietal 17

Croce, S., & Tondini, S. (2022). Fixed and mobile low-cost sensing approaches for microclimate monitoring in urban
areas: A preliminary study in the city of Bolzano (Italy). Smart Cities, 5(1), 54-70. doi: 10.3390/smartcities5010004.
Cui, P, Yang, W,, Zhang, W.,, Zhu, K., Spitler, ].D., & Yu, M. (2024). Advances in ground heat exchangers for space
heating and cooling: Review and perspectives. Energy and Built Environment, 5(2), 255-269. doi: 10.1016/].
enbenv.2022.10.002.

Deshko, V., Bilous, I., Sukhodub, I., & Yatsenko, O. (2021). Evaluation of energy use for heating in residential
building under the influence of air exchange modes. Journal of Building Engineering, 42, article number 103020.
doi: 10.1016/j.jobe.2021.103020.

Farzaneh, H., Malehmirchegini, L., Bejan, A., Afolabi, T., Mulumba, A., & Daka, PP. (2021). Artificial intelligence
evolution in smart buildings for energy efficiency. Applied Sciences, 11(2), article number 763. doi: 10.3390/
appl1020763.

Gaur, A.S., Fitiwi, D.Z., & Curtis, J. (2021). Heat pumps and our low-carbon future: A comprehensive review. Energy
Research & Social Science, 71, article number 101764. doi: 10.1016/].erss.2020.101764.

Hataj, E., Kotyza, J., Hajto, M., Petka, G., Lubon, W., & Jastrzebski, P. (2021). Upgrading a district heating system by
means of the integration of modular heat pumps, geothermal waters, and PVs for resilient and sustainable urban
energy. Energies, 14(9), article number 2347. doi: 10.3390/en14092347.

Hassan, A.A., & El-Rayes, K. (2021). Optimizing the integration of renewable energy in existing buildings. Energy
and Buildings, 238, article number 110851. doi: 10.1016/j.enbuild.2021.110851.

Heptonstall, PJ., & Gross, R.J. (2021). A systematic review of the costs and impacts of integrating variable renewables
into power grids. Nature Energy, 6, 72-83. doi: 10.1038/s41560-020-00695-4.

Hoang, A.T., & Nguyen, X.P. (2021). Integrating renewable sources into energy system for smart city as a sagacious
strategy towards clean and sustainable process. Journal of Cleaner Production, 305, article number 127161.
doi: 10.1016/j.jclepro.2021.127161.

Johansen, K., & Werner, S. (2022). Something is sustainable in the state of Denmark: A review of the Danish
district heating sector. Renewable and Sustainable Energy Reviews, 158, article number 112117. doi: 10.1016/].
rser.2022.112117.

Kozakevich, 1., & Kotyakova, M. (2021). Analysis of the influence of sources of distributed generation on the power
quality. Journal of Kryvyi Rih National University, 19(1), 175-179. doi: 10.31721/2306-5451-2021-1-52-175-179.
Lamsal, P, Bajracharya, S.B., & Rijal, H.B. (2023). A review on adaptive thermal comfort of office building for energy-
saving building design. Energies, 16(3), article number 1524. doi: 10.3390/en16031524.

Li,J., Yang, Z., Li, H., Hy, S., Duan, Y., & Yan, J. (2021). Optimal schemes and benefits of recovering waste heat from
data center for district heating by CO, transcritical heat pumps. Energy Conversion and Management, 245, article
number 114591. doi: 10.1016/j.enconman.2021.114591.

Lin, C.J., Wang, K.J., Dagne, T.B., & Woldegiorgis, B.H. (2022). Balancing thermal comfort and energy conservation —
a multi-objective optimization model for controlling air-condition and mechanical ventilation systems. Building
and Environment, 219, article number 109237. doi: 10.1016/j.buildenv.2022.109237.

Liu, Z., Xie, M., Zhou, Y., He, Y., Zhang, L., Zhang, G., & Chen, D. (2023). A state-of-the-art review on shallow
geothermal ventilation systems with thermal performance enhancement — system classifications, advanced
technologies and applications. Energy and Built Environment, 4(2), 148-168. doi: 10.1016/j.enbenv.2021.10.003.
Loni, R., Najafi, G., Bellos, E., Rajaee, E, Said, Z., & Mazlan, M. (2021). A review of industrial waste heat recovery
system for power generation with Organic Rankine Cycle: Recent challenges and future outlook. Journal of Cleaner
Production, 287, article number 125070. doi: 10.1016/j.jclepro.2020.125070.

Mahmoud, M., Ramadan, M., Naher, S., Pullen, K., & Olabi, A.-G. (2021). The impacts of different heating systems
on the environment: A review. Science of the Total Environment, 766, article number 142625. doi: 10.1016/].
scitotenv.2020.142625.

Maier, L., Schonegge, M., Henn, S., Hering, D., & Miiller, D. (2022). Assessing mixed-integer-based heat pump
modeling approaches for model predictive control applications in buildings. Applied Energy, 326, article number
119894. doi: 10.1016/j.apenergy.2022.119894.

Ostergaard, PA., Duic, N., Noorollahi, Y., & Kalogirou, S. (2022). Renewable energy for sustainable development.
Renewable Energy, 199, 1145-1152. doi: 10.1016/j.renene.2022.09.065.

Paraschiv, L.S., & Paraschiv, S. (2023). Contribution of renewable energy (hydro, wind, solar and biomass) to
decarbonization and transformation of the electricity generation sector for sustainable development. Energy
Reports, 9(9), 535-544. doi: 10.1016/j.egyr.2023.07.024.

Pascaris, A.S., Schelly, C., Burnham, L., & Pearce, J.M. (2021). Integrating solar energy with agriculture: Industry
perspectives on the market, community, and socio-political dimensions of agrivoltaics. Energy Research & Social
Science, 75, article number 102023. doi: 10.1016/j.erss.2021.102023.

Pekdogan, T., Tokug, A., Ezan, M.A., & Basaran, T. (2021). Experimental investigation of a decentralized heat recovery
ventilation system. Journal of Building Engineering, 35, article number 102009. doi: 10.1016/j.jobe.2020.102009.

Bulletin of the National Transport University. 2026. Vol. 30, No. 2


https://doi.org/10.3390/smartcities5010004
https://doi.org/10.1016/j.enbenv.2022.10.002
https://doi.org/10.1016/j.enbenv.2022.10.002
https://doi.org/10.1016/j.jobe.2021.103020
https://doi.org/10.3390/app11020763
https://doi.org/10.3390/app11020763
https://doi.org/10.1016/j.erss.2020.101764
https://doi.org/10.3390/en14092347
https://doi.org/10.1016/j.enbuild.2021.110851
https://doi.org/10.1038/s41560-020-00695-4
https://doi.org/10.1016/j.jclepro.2021.127161
https://doi.org/10.1016/j.rser.2022.112117
https://doi.org/10.1016/j.rser.2022.112117
https://doi.org/10.31721/2306-5451-2021-1-52-175-179
https://doi.org/10.3390/en16031524
https://doi.org/10.1016/j.enconman.2021.114591
https://doi.org/10.1016/j.buildenv.2022.109237
https://doi.org/10.1016/j.enbenv.2021.10.003
https://doi.org/10.1016/j.jclepro.2020.125070
https://doi.org/10.1016/j.scitotenv.2020.142625
https://doi.org/10.1016/j.scitotenv.2020.142625
https://doi.org/10.1016/j.apenergy.2022.119894
https://doi.org/10.1016/j.renene.2022.09.065
https://doi.org/10.1016/j.egyr.2023.07.024
https://doi.org/10.1016/j.erss.2021.102023
https://doi.org/10.1016/j.jobe.2020.102009

18  Adaptive heating and ventilation systems...

[31] Qiang, G.,Tang, S., Hao, J., DiSarno, L., Wu, G., & Ren, S. (2023). Building automation systems for energy and comfort
management in green buildings: A critical review and future directions. Renewable and Sustainable Energy Reviews,
179, article number 113301. doi: 10.1016/j.rser.2023.113301.

[32] Rane, N.L., Choudhary, S.P, & Rane, J. (2024). Enhancing thermal comfort through leading-edge design, monitoring,
and optimization technologies: A review. Sustainable and Clean Buildings, 1(1), 123-146.

[33] Rieser, A., etal. (2021). Integration of energy-efficient ventilation systems in historic buildings — review and proposal
of a systematic intervention approach. Sustainability, 13(4), article number 2325. doi: 10.3390/su13042325.

[34] Saira, H. (2021). The role of waste and solid biofuels in heating and power sector; cases of Sweden, Poland and UK.
(Master’s thesis, Lappeenranta-Lahti University of Technology, Lappeenranta, Finland).

[35] Sotnyk, I., Sotnyk, M., Kurbatova, T., Prokopenko, O.V,, & Telizhenko, O. (2024). Shaping cost-optimal and
environmentally friendly strategies for household heating systems: Case of Ukraine. Energy Policy Journal, 27(3),
161-192. doi: 10.33223/epj/191811.

[36] Tejani, A., & Toshniwal, V. (2023). Enhancing urban sustainability: Effective strategies for combining renewable
energy with HVAC systems. ESP International Journal of Advancements in Science & Technology, 1(1), 47-60.
doi: 10.56472/25839233/1JAST-V111P107.

[37] Zheng, P, Wang, C., Liu, Y,, Lin, B.,, Wu, H., Huang, Y., & Zhou, X. (2022). Thermal adaptive behavior and thermal
comfort for occupants in multi-person offices with air-conditioning systems. Building and Environment, 207,
article number 108432. doi: 10.1016/j.buildenv.2021.108432.

Bulletin of the National Transport University. 2026. Vol. 30, No. 2


https://doi.org/10.1016/j.rser.2023.113301
https://ojs.wiserpub.com/index.php/scb/article/view/5408
https://ojs.wiserpub.com/index.php/scb/article/view/5408
https://doi.org/10.3390/su13042325
https://lutpub.lut.fi/handle/10024/163099
https://doi.org/10.33223/epj/191811
https://www.researchgate.net/publication/384253712_Enhancing_Urban_Sustainability_Effective_Strategies_for_Combining_Renewable_Energy_with_HVAC_Systems
https://doi.org/10.1016/j.buildenv.2021.108432

Pavlovskyietal 19

AQANTUBHI CUCTEMM OMNAJIEHHA TA BEeHTUAALIT
ANA [OCArHEHHS ONTUMMAJIbHOIO MIKPOKJiIMATY B CyYACHMX ByaiBnax

Ceprin MNaBnOBCbKUM
KanaupaT TexHiYHUX HAYK, JOLIEHT
XapkiBchKUH HaI[ilOHATBHUHN YHiBepcUTEeT MichKoro rocnogapcTsa iMeHi O. M. BeketoBa
61002, Bys1. Mapmasa baskanosa, 17, M. XapkiB, Ykpaina
https://orcid.org/0000-0002-9891-2133
lOpin Yanka
Kangunar TexHiYHUX HayK, Ipodecop
XapkiBcpKuil HallioHAIBHUHN yHiBepcuTeT MichbKoro rocnogapcTsa iMeni O. M. BeketoBa
61002, Bys1. Mapmiana baskanoBa, 17, M. XapkiB, YkpaiHa
https://orcid.org/0000-0003-1021-4662
PoMaH TkayeHko
KaHpupaT TexHiYHUX HayK, JOLEHT
XapkiBCchbKUM HallioHAJIBHUHN YHiBepCUTET MicbKOro rocrogapcTsa imeni O. M. BekeroBa
61002, Bys1. Mapmiasna baskaHoBa, 17, M. XapkiB, YKkpaiHa
https://orcid.org/0000-0003-3899-1826
Cepriii POMaHeHKoO
Crapiiuii BUKIaaa4q
XapkiBCbKUi HallioHAIBHUIN YHIBepCUTET MicbKOT0 rocriogapcrsa imeHi O. M. bekeroBa
61002, Bys1. Mapmana baskanosa, 17, M. XapkiB, Ykpaina
https://orcid.org/0009-0005-8811-3070
Ceprin AnpboposB
AcniipaHT
XapkiBCbKUi HalliOHAJIBHUI YHiBepcUTET MicbKOro rocriogapcrsa iMeHi O. M. bekeroBa
61002, Bys1. Mapmana baskanosa, 17, M. Xapkis, Ykpaina
https://orcid.org/0000-0003-3451-1004

AHOTAUIf. AKTYyaJIBHICTh JOCTiIXKEHHS 3yMOBJI€HA HEOOXiIHICTIO MiABUIIIEHHSI eHeProe(eKTUBHOCTI OyIiBeJb Ta
CTBOPEHHS KOM(OPTHOTO MiKpPOKJIIMATy B YMOBAX 3pOCTAIOYHX BUMOT JI0 €KOJIOTIYHOCTI i1 EKOHOMIT eHepropecypciB.
JocutiskeHHsT MaJIo Ha MeTi OI[iHUTH, SIK Pi3Hi MiAX0Mu A0 CHUCTEM ONAJIEHHS Ta BEHTHUJIALII MiABUIYIOTh KOMMOPT
i eneproedeKTUBHICTD y OymiBaAx. [yl BU3HAUEHHs ONTHMAIBHUX pileHs y cdepi aBToMarusarii MikpokstiMary
Ta iHTerpanii BifHOBIIOBAIBHUX JPKepeJl eHeprii Oy BUKOPUCTaHI METOAU aHaJIi3y e()eKTUBHOCTI TEXHOJIOTIH Ta
NOPiBHAJIBHOI OLIIHKY €HepreTUYHUX CUCTeM. Pe3yJibraTy IoKkasaJy, 1110 afallTUBHI CUCTeMU Olla/IeHHs Ta BEHTUJIALT
3HAYHO IiIBUINYIOTH eHeproedeKTUBHICTh. TemioBi HAaCOCHM y TMOETHAHHI 3 TeOTEPMAJTBLHUMU TEXHOJIOTiAMU
MiITPUMYIOTh CTa0iIbHY TeMIIepaTypy B IPUMillleHHAX HaBIiTh 3a 3MiHHUX 30BHIIIHIX yMOB. BeHTU/IAIIHI cucTeMU
3 peKymeparji€io Teria 3HIKYIOTH BTpPaTH eHeprii, 30epiraioyu Temsao mif Yac MoBiTpooOMiHy. ABTOMarm3aris
MIKpPOKJIIMaTy 3a JOIIOMOIOI0 JATYUKIB I CHCTeM KepyBaHHS JO3BOJISIE PeryjlioBaTH IapaMeTpu ONaJIeHHs Ta
BEHTUJIALIT 3aJI€)KHO BiJl 3alI0BHEHOCTI IPUMIillleHb, piBHS BOJIOTOCTI Ta CKJIaLy IOBITPA. [HTerpanis BiJHOBJIIOBAHUX
JPKepeJI eHeprii, TaKUX IK COHSYHI KoJIeKTopH Ta 6ioMaca, ToKa3aJjia BUCOKY e(peKTUBHICTh y 3MeHIIIeHHi CITO)KUBaHHSA
TpaguLiiHUX eHepropecypciB. AHaIi3 00’eKTiB y pi3HUX KpaiHax IOKa3aB, 10 HalKpalux pe3yJsTaTiB JOCATaloTh
3aBIIIKM KOMILJIEKCHOMY HiAXO0My, 1110 IOEIHYE Cy4YacCHi TeXHOJIOTi] Ta afaTUBHI pillieHH:A. Bynisii 3 inTerpoBanuMu
aJalTUBHUMHU CHCTeMaMu 30epiraiors cTabijibHUN MiKpOKJIiMaT He3asesKHO BiJ] 30BHIIIHIX YMOB, 1110 IIO3UTUBHO
BIIJIMBAa€e Ha KoMdopT KopucTyBauiB. OnTumisaliia eHeprocnosKUBaHHs TaKOXK 3HIIKYE eKCITyaTallilfHi BUTpaTH,
pob6yAYM Taki pillleHHs eKOHOMIYHO JOUiTBHUMMU JIJIs1 JOBIOCTPOKOBOTO BUKOPHUCTAHHSA. AJaNTUBHI CUCTEMHU He
Jiiiie 3a0e3nevyioTb KOMGOPTHI YMOBH, a It 3HaYHO CKOPOUYYIOTH CIIOXKUBAHHSA eHepropecypciB y OyaiBJIAX pisHOTO
NpU3HA4Y€HHS

KniouoBi cnosa: eHeproedeKTUBHICTh; TEeNJIOBI HacocH; reorepMajibHi TeXHOJOTI]; peKylepaiis Tea;
aBTOMAaTH3allisl; BiTHOBJIIOBaHI JIyKepeJsia eHeprii
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