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Abstract: Emission of harmful substances into the atmosphere resulting from the
combustion of fuels in the energy production process and road traffic intensity are a key
determinants of poor air quality in cities and the creation of an unfriendly environment for
people to live in, which has a significant impact on their safety and health. The first step
to reducing emissions is to reduce energy consumption. The ecological effect resulting
from the thermal modernization of existing residential building stock was estimated.
Nature-based solutions were proposed to compensate for the lost green areas in favor of
gray infrastructure in the form of green roofs and walls. The possibility of improving
environmental conditions by introducing this type of solutions into the urban tissue was
assessed. Depending on the type of vegetation, one m? of green cover is able to absorb
an average of 2.3 kg of CO, and 0.2 kg of particulate matter from the air per year.
Renewable energy sources are an important element of green buildings. Heat pump may
be the most advantageous solution in minimizing emissions combined with low operating
costs. Obtaining energy from geothermal sources would be equally beneficial in terms of
reducing emissions, but there are risks changes in groundwater levels or soil damage.
Solar energy is one of the leading renewable energy sources, especially in hot water
installations, where it is possible to reduce energy consumption by up to 50%.
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1. INTRODUCTION

More than half of the world's population is concentrated in large urban centers. This
creates many problems that have a direct impact on the quality and safety of life in this
environment. Air pollution and noise come to the fore and are some of the basic
environmental causes of poor health, illness and premature death (Cardinali et al., 2023;
Cilliers et al., 2023; WHO, 2023). Nearly 90% of humanity is exposed to air pollution
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concentrations exceeding certain standards (97% in case PM2.5, 76% in case PM10, 64%
in case BaP), and over 6.5 million die annually because of it. Exposure to long-term noise
causes 12,000 deaths per year only in Europe (EEA, 2023; WHO, 2023; World Air, 2023).
High concentrations of harmful substances are mainly related to the combustion of fuels
in the energy production process and road traffic intensity. In the EU, the construction
sector consumes nearly 40% of final energy consumption, mainly for heating and cooling
buildings. This is associated with approximately 36% of greenhouse gas emissions, as
well as other harmful substances such as PM10 and PM2.5 or PAH (EEA, 2023; Energy,
2023; World Air, 2023). However, the data does not take into account actual emissions
from construction, renovation, demolition or the production and disposal of materials.
The EU's building stock includes nearly 260 million buildings, most of them residential
buildings, and their area accounts for 75% of the total. There are approximately 6.5 million
residential buildings in Poland and over 1.2 million in Slovakia. Nearly 85% of the stock
was built in the last century, and 42% of non-residential buildings and 38% of residential
buildings were built before the widespread adoption of energy efficiency measures. It is
estimated that 75% of buildings in Europe are energy inefficient (Energy, 2023; European
Commission, 2020). The basic material of the urban tissue is the so-called gray
infrastructure, but the lost green space can be compensated by introducing vegetation on
roofs and walls. Implementing nature-based solutions (NBS) helps improve the resilience
of cities, reduce emissions by eliminating the causes of global warming, and also has a
positive impact on the quality of life and health of residents (Doan et al., 2023; Fonseca
et al., 2023; Kuok Ho, 2023; Kuzior et al., 2022; Srbinovska et al., 2021).

Supporting the development of renewable energy sources is one of the key elements of
sustainable development and the zero-emission program. Renewable technologies, which
are clean, widely available and complementary energy sources in natural processes,
minimize the negative impact on the environment both in terms of emissions and the
amount of waste (El Badaoui and Touzani, 2022; ldzikowski and Cierlicki, 2021; Knut et
al., 2023). Obtaining this form of energy is one of the priorities of the EU's climate and
energy policy and has shown a clear upward trend in recent years. The share of energy
from renewable sources in gross final energy consumption in 2020 was 17.3% in Slovakia
and 16.1% in Poland (Energy from renewable, 2022. Both countries exceeded the national
targets set by the EU in this regard. The share of renewable sources in Ukraine's energy
mix was lower for now and amounted to 9.2%.

Due to the significant potential for energy modernization of buildings, which translates
directly into improved air quality, an analysis was made of the possibility of reducing
pollutant emissions into the atmosphere as a result of reducing energy consumption for
heating residential buildings, which constitute the basis of the building stock. The energy
and ecological effects of this type of activities were presented. Green roof and wall
solutions were presented and their impact on improving the quality of the environment
was assessed. The ability to reduce emissions by using selected solutions such as
geothermal sources, heat pumps and solar collectors was estimated.

2. REDUCTION OF AIR POLLUTION AS A RESULT OF IMPROVING THE ENERGY
PERFORMANCE OF BUILDINGS

The greatest potential for rationalizing energy consumption occurs in residential buildings,
which are one of the main energy consumers in modern economies of developed
countries. The energy quality of buildings depends on the period of their construction and



SYSTEM SAFETY: HUMAN - TECHNICAL FACILITY - ENVIRONMENT - CzOTO 5(1), 2023 206

their current technical condition (Zhelykh, 2023). The analysis of the possibilities of
reducing energy consumption in residential buildings, and thus pollutant emissions, clearly
indicates the highest efficiency for activities undertaken in the field of space heating, which
accounts for approximately 70% of the building's energy consumption. Based on data from
the National Census of Population and Housing (National, 2013) and the long-term
building renovation strategy (Long, 2022), as well as own research, a simplified
guantitative characterization of the potential effects of activities reducing energy
consumption for heating residential buildings was made on a Polish scale. The output
value was the average value of the final energy demand index (EK). Since single-family
buildings constitute over 90% of the analyzed structure of residential buildings, the target
value for the estimated savings potential was the applicable value of the non-renewable
primary energy (EP) index for single-family buildings, i.e. 65 kWh/(m?year) less the value
of the non-renewable primary energy index for non-renewable fuels. i.e. by 11%. The
energy saving potential associated with thermally retrofitted activities of residential
buildings is presented in Table 1.

Table 1
Energy saving potential related to thermal modernization of residential buildings
Years of Number of Average Average F)emand Reduction
construction buildings EK value demand difference
kWh/(m?year) PJlyear PJlyear %
before 1918 404,610 360 88.5 74.2 83.9
1918-1944 809,220 280 94.7 75.1 79.3
1945-1970 1,363,480 240 157.8 119.7 75.8
1971-1978 654,027 205 94.2 67.6 71.7
1979-1988 753,794 165 95.3 61.8 64.8
1989-2002 670,655 143 69.4 41.2 59.4
2003-2011 526,547 105 39.6 17.7 44.8

Source: (own research based on Long, 2022; National, 2013)

For approximately 5% of existing buildings, the date of their construction could not be
determined. It has been evaluated that their average EK value is approximately 200
kWh/(m?2year). Their energy efficiency potential was estimated at 7.2 PJ/year.

The scale of the economic effect resulting from activities leading to a reduction in the
energy consumption of buildings can be obtained by analyzing already carried out thermal
modernization programs. The financial benefits resulting from investing in thermal
modernization may exceed one and a half times the value of energy savings. Reducing
the demand for energy for heating purposes will result in reduced emissions of pollutants,
especially carbon dioxide, which is so harmful to the climate, and particulate matter, which
is particularly dangerous for people. It was estimated that the possibilities of reducing CO-
emissions resulting from the use of buildings by 2030 may amount to 3.7 Gt, of which
China comes first with a 20% potential and the USA and Canada together with nearly
21%. Europe and Russia, however, have about 10% CO, reduction potential. Reducing
emissions also has a direct impact on the economic effect in the form of lower costs related
to treatment and sickness absence.

Taking as a basis the presented potential for reducing energy demand, the achievable
ecological effect resulting from adapting the energy characteristics of residential buildings
to the standards applicable in Poland in this area was determined.
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Table 2
Ecological effect of improving the energy performance of residential buildings
Pollutants emitted Pollutants emission Reduce of emissions
into the atmosphere thou. of tons thou. of tons

Carbon dioxide 49,440,568 3,336,716
Methane 120.873 81.58
Non-methane VOC 102.769 69.36
Particulate matter PMz5 61.348 41.40
Particulate matter PM1o 103.756 70.02
Nitrogen oxides 67.506 45.56
Sulfur oxides 219.180 147.92
Carbon monoxide 1,622.308 1,094.89
Benzo(a)pyrene 0.1230266 0.08
Ammonia (NHs) 0.510 0.34
Hexachlorobenzene 2.8 1.89
Dioxins and furans 134.9 91.04

Source: (own research)

3. REDUCTION OF AIR POLLUTION AS A RESULT OF IMPLEMENTING NBS

The walls and roofs of buildings occupy a significant part of the city's area, which can be
used to create biologically active areas. Green walls and roofs, among others reduce heat
losses from buildings, capture air pollutants, produce oxygen, absorb a specific range of
sound waves, prevent excessive rainwater runoff, limit the urban heat island
phenomenon, contributing to climate protection and improving human health safety
(Azkorra-Larrinaga et al., 2023; Pongkua et al., 2023; Tan et al., 2023; Venuh et al., 2023).
Based on research conducted in Kiev (Ukraine), significant opportunities were found to
reduce CO, emissions while reducing energy demand for cooling buildings by greening
the wall with wild grapes (Tkachenko et al., 2019a). It was estimated that the energy
reduction for cooling with a wall thermal resistance of 3.3 (m?K)/W is approximately 8.1
kJ/m?, taking into account the dependence of the cooling effect on wind speed. The
cooling effect was on average 1.23 K. It was also found that in calm conditions the cooling
effect of this structure was higher compared to the horizontal greening Lolium perenne by
0.478 K. Reducing the amount of energy translated into a reduction in CO, emissions.
The demonstrated ecological effect concerns indirect emissions, without taking into
account CO, absorption by plants. Calculations were made assuming the production of
electricity from coal and gas for the entire cooling period. The CO, emission reduction for
coal was 632 g/m? and 372 g/m? for gas. Depending on the type of plants used, a square
meter of green wall can absorb an average of 2.3 kg of CO- from the air per year, which
further enhances the ecological effect of such a solution.

Another analysis of the potential of green structures was related to reducing the harmful
impact of emissions from heavy road traffic on the health safety of city residents through
the implementation of green roofs (Tkachenko et al., 2019b). Field research was carried
out in Kiev, at the level of a busy avenue (Exposition A) and on the roofs of two buildings
located in its vicinity. One is a roof with a traditional covering (Exposition B), the other is
a green roof, with various assortments of plants placed on its individual fragments. The
first part of the roof (Exposition C) was planted with Calamagrostis epigejos, Salvia
officinalis, Achillea millefolium, Tsuga canadensis, Coreopsis tinktoria, Berberis thunbergii,
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Buxus sempervirens, Pinus mugo. On the second fragment (Exposition D) was placed
Carex, Hosta and Hydrangea alba, and in the third (Exposure E) Lolium perenne. The
CO- concentration level at individual measurement points is presented in Table 3.

Table 3
CO:2 concentrations at the tested exposures
. Carbon dioxide concentration
Measurement points
ppm
Exposition A - at avenue level, near the buildings 501
Exposition B - traditional roof without plants 452
Exposition C - inside 320
In the passage between Exposition C and D 415
Exposition E - inside 329
In the passage next to the Exposition E 410

Source: (own research)

Solutions inspired by nature on roofs and facades are most often found in city centers,
mainly on new or modernized residential buildings. As research conducted in Kosice
(Slovakia) has shown, promoting this type of solutions should be an important element of
the revitalization of urban areas, especially industrial ones (Cakyova et al., 2023). It was
proposed to transform a highly urbanized industrial area using NBS solutions extensively.
Various types of green infrastructure were designed and constructed, including: green
walls, plant roofs with various substrate thicknesses, extensive roofs, wet roofs or plant
roofs in symbiosis with photovoltaics. The next step is to monitor the behavior of the
constructed structures and their impact on the surroundings. The proposed solutions will
make it possible to determine optimal procedures and solutions not only for Slovakia, but
also for the climatically similar region of Central Europe.

The use of appropriate plant species on facades and roofs also allows for the reduction of
compounds such as SO, or NOx. Research has shown that one square meter of green
surface can absorb about 0.2 kg of particulate matter per year. Some plant species can
also absorb harmful elements, including: heavy metals and incorporate them into your
tissues (Vera et al., 2021; Ysebaert et al., 2021). An additional advantage is the production
of oxygen. In the process of photosynthesis, one square meter of green surfaces produces
approximately 1.7 kg of oxygen per year. Research has also shown that a 12 cm layer of
plant substrate reduces the sound level to 40 dB, and a 20 cm layer to 50 dB.

4. REDUCTION OF AIR POLLUTION AS A RESULT OF THE USE OF RES

Roof and wall surfaces can also be a place to introduce renewable energy sources into
urban space. Such infrastructure is the source of the so-called green energy consistent
with the idea of climate neutrality. Its use translates directly into the elimination of
emissions of harmful substances into the atmosphere. Solar energy is one of the leading
renewable energy sources widely used to produce both heat and electricity (Shapoval et
al., 2020; Voznyak et al., 2023). An analysis was made to assess the efficiency of solar
energy use in hot water supply systems. Single-circuit thermosyphon solar systems for
preparing domestic hot water were compared in selected cities in Poland: Czestochowa,
Biatystok, Lublin, Szczecin and Warsaw (Savchenko and Lis, 2021). The hot water
installation was designed for a house with a daily hot water consumption of 80 I/day. The
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auroTHERM classic VFK135/2D flat solar collector was proposed to receive solar
radiation. The assumed cold water temperature was 5°C in the cold period, 15°C in the
warm period, and the heating temperature was 50°C. The use of a solar installation to
heat water allowed us to save up to 50% of energy and thus reduce emissions compared
to the use of conventional energy sources.

Geothermal waters are a valuable raw material used in many areas of the economy, and
geothermal investments, compared to other renewable energy sources, are characterized
by stable operation and constant production over time, regardless of weather conditions.
Geothermal waters in the Lviv region are characterized by temperatures ranging from 90-
95°C. The possibility of using these waters for district heating supply systems was
considered (Lis and Savchenko, 2022). The optimal solution here is a "double" system
where geothermal water from deep aquifers is transported to the surface through a
receiving well and fed to the peak boiler room for heating, and then to the heat exchangers
of heating and hot water systems to heat their coolants. After releasing the heat, the
geothermal water is pumped back to the aquifers through an injection well. Two wells can
provide from 0.4 to 4.5 MW of thermal energy.

The use of heat pumps is an energy-saving and therefore environmentally friendly solution
that provides both heating and cooling. Under favorable technical conditions in the heat
supply system, they are a solution that minimizes emissions and operating costs while
ensuring thermal comfort conditions. The convenience of the system increases due to the
ability to quickly switch between cooling and heating depending on conditions. The
benefits of using a water-to-water heat pump in the energy supply system of an
administrative building located in Kosice, Slovakia were assessed (Vranay et al., 2021).
The building was selected as a model facility for gradual transformation into a green
building, ultimately zero-energy, meeting the principles of sustainable development. With
the introduction of a capillary heating and cooling system, the building reached the
standard of an almost zero-energy building. Gradual adaptation of the building together
with energy management shows energy savings of 71%. CO, emissions have been
reduced by 98%.

5. CONCLUSION

Thanks to the implementation of the idea of green construction, tools are created to
improve human safety in the urban environment, both at the stage of the production
process (production of building materials, implementation of construction works) and
during the operation of already constructed facilities (Sonkar et al., 2023; World Green,
2021). The basis here is the improvement of the energy characteristics of existing building
by thermal modernization. Based on the presented analysis, a significant potential for
increasing energy efficiency in this area was demonstrated, which will translate directly
into the amount of avoided emissions of harmful substances into the atmosphere. Only by
adapting the parameters related to thermal protection of residential buildings in Poland to
the applicable requirements could emissions be reduced by 70%. Nature-based solutions
are the next step towards green buildings. The research presented above indicates the
advisability of implementing green walls and roofs in the urban fabric, both in connection
with the possibility of reducing emissions by intensifying the process of cooling buildings
and limiting heat losses, as well as in the process of capturing harmful substances from
the environment. It is estimated that m2 of green cover is able to absorb an average of
2.3 kg of CO, and 0.2 kg of particulate matter from the air per year. Both Slovakia, Poland
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and Ukraine have significant potential for the development of renewable energy, but
Slovakia is currently leading in the share of energy from renewable sources in final energy
consumption. Green energy is widely available, replenished on an ongoing basis in natural
processes and emission-free. As indicated in the examples presented, the use of
renewable energy sources eliminates the problem of concentration of substances
dangerous to humans in the urban environment. The development of technology will allow
us to reduce costs and intensify the implementation of these solutions.
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