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Environmental challenges, such as climate change and resource depletion, are
driving the search for alternative energy sources like wind energy. This study
explores the ecological effects of installing wind turbines in Małopolska, Poland.
The goals are to find suitable wind power locations, analyse the impact of
distance-to-building criteria, and assess carbon emission reduction. The study
was carried out in two stages: identification of possible sites for wind farms, taking
into account the two criteria of distance from residential buildings of 700 m and
500 m, and estimation of potential carbon emission reductions. Results show
optimal locations in north and south ofMałopolska. Reducing the distance criteria
doubles suitable areas, potentially decreasing Poland’s annual carbon emissions
by 0.44%–1.03% and generating up to 1.49 TWh of wind energy, comparable to
combined heat and power (CHP) plants in the region.
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1 Introduction

Contemporary environmental issues such as climate change, air pollution and the
depletion of traditionally used non-renewable natural resources are driving the search for
sustainable energy sources. A major environmental challenge is to reduce greenhouse gas
emissions, particularly carbon dioxide (CO2), which is the main cause of global warming.
One of the main solutions to these problems is renewable energy, including wind power,
which is playing an increasingly significant role in the global energy mix. Reducing the
production of energy from fossil fuel combustion in favor of wind energy, one of the
cleanest and greenest energy sources, contributes to a significant reduction in greenhouse
gas emissions. A study conducted by the Global Wind Energy Council (GWEC) revealed
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that the installation of 1 GW of wind energy worldwide in 2020 will
result in a reduction of approximately 1.5 million tonnes of CO2

emissions per year (Global Wind Energy Council, 2012; Global
Wind Energy Council, 2023). The illustrative case is the
development of wind energy in Denmark, which by 2020 was
generating up to 48% of its domestic electricity needs from
windmills, making a significant contribution to reducing
greenhouse gas emissions (United Nations Framework
Convention on Climate Change, 2023). Wind power plants are
assumed to be emission-free, thus contributing to improved air
quality. The findings of foreign and Polish studies (e.g., conducted
by the Institute of Environmental Protection) confirm that
investments in wind farms can contribute to the reduction of
smog and improve the health of the inhabitants of areas
previously dependent on coal. Wind power, important for
mitigating global warming and supporting sustainable
development, has gained governmental support. Countries are
planning major wind energy expansions to address climate
change. In 2021, 837 GW of wind capacity in 31 countries
produced 2,186 TWh of electricity and mitigated 1,311 Mt of
CO2. By mid-century, wind power could generate over 30% of
global electricity, potentially reducing CO2 emissions by up to
14,871 Mt by 2050 and 32,864 Mt by 2,100 (Long et al., 2023).
In addition to the absence of atmospheric pollution, wind energy has
a minimal impact on water resources. Traditional thermal power
plants require substantial amounts of water for cooling, leading to
overuse of water resources and water quality problems. As
documented in a report by the International Renewable Energy
Agency (IRENA), the development of wind power, along with solar
power, contributes to a significant reduction in global water demand
(IRENA, 2018; Johst and Rothstein, 2014; Kara and Şahin, 2023). In
Poland, where many regions are experiencing water scarcity,
especially in summer, the development of wind energy use can
significantly reduce the pressure on local water resources. It is also
worth noting that investments in wind energy contribute to the
development of technologies and innovations in energy
management, which further increases the positive impact on the
environment.

Wind energy is one of important and frequently addressed
research problems today. It is of interest to scientists in many
different fields. Their research covers many different issues.
Among them are issues related to: the impact of wind farms on
the natural environment, including climate (Abbasi et al., 2016), the
impact of atmospheric conditions on the design of wind turbines
(Guo et al., 2021), or their impact on atmospheric conditions such as
wind speed or turbulence (Akhtar et al., 2024; Bodini et al., 2021;
Platis et al., 2018; Raghukumar et al., 2022). The research also
encompasses the design of wind turbines (Gasch and Twele, 2012),
or the social impacts of wind farms (Gawande and Chaudhry, 2019;
Glasson et al., 2022; Klok et al., 2023). Research focuses on both
onshore and offshore wind farms. Although there is an increasing
focus on offshore wind farms, partly due to more stable wind
conditions offshore and the ability to build larger turbines
(Akhtar et al., 2024; Glasson et al., 2022), onshore wind farms
are an equally important solution, particularly for landlocked
countries. The planning of investments such as wind power
plants necessitates meticulous prior analysis, encompassing
spatial, environmental, economic, and social considerations. This

is associated with a number of factors that exert an influence on,
inter alia, their location and design, and thus their nominal power
output. The current scientific research on wind farm location
selection addresses various criteria and methodologies to ensure
optimal siting. An increasing number of researchers are utilising
multi-criteria decision support tools in conjunction with Geographic
Information Systems (GIS) to assess and prioritise potential sites
(Josimović et al., 2023; Spyridonidou and Vagiona, 2020; Yegizaw
and Mengistu, 2023). The issue of optimal location of wind power
plants in Poland is also a developing research topic. Researchers also
employ multi-criteria analysis and geographic information systems
to select suitable sites (Amsharuk and Łaska, 2024; Zarębski et al.,
2024). Part of the research focusses on determining the potential
electricity production of wind turbines. Diverse types of software are
used for this purpose; for example, Windographer software was used
for analyses in Nagpur, India (Roga et al., 2024). The study showed
that the Windtec DD 3000-125 can achieve a capacity factor of
9.27%. Despite low wind potential, it can produce approximately
2,412,379 kW per year, demonstrating viable performance in
resource-constrained environments. In turn, the other study,
which examines the feasibility of wind energy as an alternative to
solar and other energy systems, focused on four sites in Ethiopia,
uses HOMER software (Hybrid Optimisation Model for Electric
Renewables) to analyse and simulate the wind energy potential
(Bekele and Palm, 2009). Another example is a study of the
potential for wind energy in Bangladesh, with 5 years of wind
speed data from fifty sites. In this case, the power density
method was found to be the most accurate for this study. As a
result, Enercon E-40 and E-48 were identified as the most suitable
models for the Sandwip region due to their high efficiency and
adaptability to local wind conditions (Hasan et al., 2024). A different
statistical approach was presented by scientists from China. They
proposed a methodology using finite mixture statistical distributions
and a joint angular-linear modelling approach for improved
accuracy (Wang and Liu, 2021). Additionally, some research
demonstrates the usefulness of combining remote sensing and
statistical modelling to assess wind energy potential (Lázár
et al., 2024).

In a similar vein, some researchers focus on evaluating the
impact of wind turbines on the reduction of carbon dioxide (CO2)
emissions. An example is a study that explores the impact of
technological advances in wind turbines and land use policies on
the potential of wind energy and the reduction of CO2 emissions in
China (Liu et al., 2023). This study models how these advances affect
wind energy onshore in China. Newer 2.5 MW turbines can boost
energy potential. These technological gains improve capacity in
regions with poor wind resources, making energy generation
economically viable. By 2030, China’s wind potential could reach
20.1 PWh with advanced technology, reducing CO2 emissions by up
to 21.7 Gt. Research emphasises the influence of advanced turbines
(higher hub heights, larger rotors, and higher rated power) on
expanding wind energy viability, especially in regions with poor
wind resources. Several studies examine the full-life cycle (FLC)
emissions of wind turbines, encompassing stages from
manufacturing through operation to decommissioning. For
example, studies demonstrate that the CO2 emissions associated
with wind turbines are compensated for within approximately two
years of operation, indicating that wind farms contributes
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substantially to net reductions in greenhouse gas emissions shortly
after deployment (Pincelli et al., 2024). On the other hand, while
wind energy is generally considered to be a clean source, stages such
as equipment manufacturing and decommissioning generate
significant emissions and environmental impacts. Manufacturing,
particularly steel-intensive processes, accounts for up to 90% of life-
cycle emissions. However, research confirms that, despite some
emissions at certain stages, wind farms remain a low-impact
energy source compared to fossil fuels (Mello et al., 2020). In
turn, studies conducted for the European Union area emphasise
that wind energy has the potential to mitigate up to 13,100 Mt of
CO2 in the EU by 2050, representing a critical element in the
transition to a carbon-neutral energy system (Vázquez
Hernández et al., 2019). This makes wind energy a key player in
global efforts to decarbonize the power sector. The research
indicates that the correlation between wind energy and CO2

reduction is differentiated across different countries (Ali and
Meo, 2024). This is why it is important to do local research - for
a specific region.

It seems that the current research on the environmental impact
of wind farms, particularly in terms of CO₂ emission reduction, may
not fully account for the local siting possibilities and the unique
climatic conditions specific to Poland. Poland is currently exploring
the potential for amending the legal framework concerning the
minimum distance between wind turbines and residential buildings.
Among the distance options under review are 700 m and 500 m.
Therefore, this study addresses the issue of the potential impact of
the realisation of wind farms on the reduction of carbon dioxide
emissions by considering two scenarios: one in which the minimum
distance from buildings is set at 700 m and the other in which it is set
at 500 m.

The study area covers the region of Małopolska, one of Poland’s
16 voivodeships, located in the south of the country. Małopolska is
one of the smaller voivodeships. It covers an area of 15,182 km2.
Compared to other voivodeships, Małopolska, together with Śląsk,
has some of the highest annual levels of air pollution in Poland,
especially PM2.5 dust - data for 2021 (Szwagrzyk, 2021). Therefore,
it seems important to consider measures that could improve air
quality. At the same time, by focusing on a smaller area, it is possible
to obtain detailed data on the cadastral division, which is an
important aspect when selecting suitable plots for the location of
wind turbines.

The aim of the study is to determine:

• Where in Małopolska could wind turbines be located?
• How does the change in the criterion of distance from
buildings affect the location possibilities?

• To what extent could the location of new wind power plants in
Małopolska contribute to the reduction of carbon dioxide
emissions in Poland?

According to the Wind Power database (https://www.
thewindpower.net/index.php, n.d.) in 2024 there are 27,753 wind
farms in the world with a capacity of 2,393.3 GW. Wind farms
generate the largest electrical capacity in China (559 562 MW),
Brazil (250 304 MW) and the United States (223 919) (Table 1). On
the other hand, the largest number of wind turbines is in Germany
(6,443), China (4,791) and Denmark (1,807). From the point of view
of the extent to which the demand for electricity from renewable
energy sources is met, it is also important to compare the capacity of
wind farms per number of inhabitants (Figure 1). In this case, the
highest capacity per 10,000 inhabitants has: Ireland (143.55 MW),
Estonia (134.23 MW) and United States of America (131.
19 MW) (Table 1).

Against this background, Poland is situated among the top thirty
countries in terms of wind farm capacity, with a total capacity of
18,379 MW and a wind farm capacity per 10,000 inhabitants of
5.01 MW. According to data from the Database of Topographic
Objects (BDOT10k), the largest number of wind turbines are
situated in the following voivodeships Zachodniopomorskie,
Kujawsko-Pomorskie, Wielkopolskie and Pomorskie (Table 2).
These are voivodeships located in northern and central Poland
(Figure 2) in the most favourable wind energy zones (Katolik,
2023; Zarębski et al., 2024). The fewest wind turbines are in the
border provinces. The smallest number of turbines is thirty-nine in
Małopolska.

Currently in Poland, the implementation of investments such as
wind power plants is regulated by various legal acts. Among the key
ones are:

• Act of 20 May 2016 on investments in wind power plants
(ISAP, 2016)

• Act of 9March 2023 amending the Act on investments in wind
power plants and certain other acts (ISAP, 2023)

TABLE 1 Poland’s position in the world ranking by wind power capacity (as of September 2024).

Wind farm capacity Wind farm capacity per 10,000 inhabitants

No. Country Capacity [MW] No. Country Capacity per 10,000 inhabitants [MW]

1 China 559,562 1 Ireland 143.5472

2 Brazil 250,304 2 Estonia 134.2273

3 United States of America 223,919 3 Sweden 131.1871

4 Sweden 138,227 4 Finland 68.2293

5 United Kingdom 111,114 5 Denmark 56.3163

(. . .) (. . .)

21 Poland 18,379 26 Poland 5.0098
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• Act of 27 March 2003 on spatial planning and development
(ISAP, 2003)

• Law of 3 February 1995 on the protection of agricultural and
forest land (ISAP, 1995)

• Act of 10 April 1997. - Energy law (ISAP, 1997).
• Act of 3 October 2008 on the provision of information on the
environment and its protection, public participation in

environmental protection and environmental impact
assessments (ISAP, 2024).

From the point of view of spatial constraints, the first three acts
mentioned introduce the most location-specific conditions in
Poland, in particular Act of 20 May 2016 on investments in wind
power plants (ISAP, 2016). In 2023, the above law was amended -

FIGURE 1
Comparison of wind farm capacity per 10,000 inhabitants [MW] between countries. Own elaboration based onWind Power database (https://www.
thewindpower.net/index.php, n.d.) and World Bank Group data (https://data.worldbank.org/indicator/SP.POP.TOTL, n.d.).

TABLE 2 General data on existing wind turbines in Poland.

No. Voivodeship Number of wind turbines No. Voivodeship Number of wind turbines

1 Zachodniopomorskie 856 9 Podkarpackie 153

2 Kujawsko-pomorskie 710 10 Dolnośląskie 151

3 Wielkopolskie 622 11 Lubelskie 131

4 Pomorskie 554 12 Lubuskie 119

5 Łódzkie 483 13 Śląskie 78

6 Mazowieckie 318 14 Opolskie 69

7 Warmińsko-mazurskie 288 15 Świętokrzyskie 62

8 Podlaskie 162 16 Małopolskie 39

NUMBER OF WIND TURBINES IN POLAND 4,795
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Act of 9 March 2023 amending the Act on investments in wind
power plants and certain other acts, according to which the distance
of a wind power plant ‘from a residential building or a building with
a mixed function shall be greater than or equal to ten times the total
height of the wind power plant, unless the local plan specifies a
different distance, expressed in metres, but not less than 700 m’

(Article 4(1)). In light of the aforementioned issues, legislative
changes are currently being considered in both industry and legal
circles with the aim of reducing the distance to 500 m (Wind energy
in reinvented, 2024; PSEW, 2024;Wind energy reinvented. Necessary
legislative changes and analysis of onshore potential/Energetyka
wiatrowa na nowo. Niezbędne zmiany legislacyjne i analiza
potencjału onshore/, 2024). The results presented in this article
consider two scenarios: the location of the wind turbines if the
700-meter restriction from development is applied, and the location
of the wind turbines in the event that the 500-meter restriction from

development is applied. It should be noted that this is a hypothetical
assumption and does not consider other local development plan
arrangements or the lack thereof.

In Poland, it is widespread practice to classify wind turbines
according to electrical output. In this article, the following
breakdown by generated power is adopted (Table 3).

Own elaboration based on (ISAP, 2016; Chyła, 2022;
Katolik, 2023).

In Poland, for micro-installations of renewable energy sources,
including wind energy, there are separate legal regulations for their
location and construction than for wind power plants. According to
the Law of 20 February 2015 on renewable energy sources, a micro-
installation is ‘an installation of a renewable energy source with a
total installed electrical capacity of not more than 50 kW, connected
to an electricity grid with a rated voltage of less than 110 kV or with a
cogeneration heat output of not more than 150 kW, where the total

FIGURE 2
Wind turbines in Poland in 2024. Own elaboration based on Database of Topographic Objects (BDOT10k) (Główny Urząd Geodezji i
Kartografii, 2021).
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installed electrical capacity is not more than 50 kW’ (ISAP, 2015).
On the other hand, according to the Law of 20 May 2016 on wind
power investments, the provisions on distances from buildings or
forms of nature conservation do not apply to micro-installations,
but to wind power plants. In accordance with the adopted
classification of wind turbines, this study only concerns wind
power plants.

2 Materials and methods

The study was divided into two phases:

• The first concerns the identification of areas in the Małopolska
Voivodeship where the spatial conditions allow the realisation
of medium, large, and professional wind power plants
(3.1 Location).

• The second phase provides an indication of the possible
ecological effects of realising this type of investment in the
defined areas by limiting the production of electricity from fuel
burning installations and thus reducing carbon dioxide
emissions (3.2 Ecological effects).

Multi-Criteria Evaluations (MCEs) (Hejmanowska and Hnat,
2009), or otherwise Multi-Criteria Decision Making (MCDM)
(Uzun et al., 2021), are often used in studies aimed at decision-
making, such as choosing a suitable location given various factor.
These analyses are used to help make decisions that depend on
multiple determinants, including some that are contradictory. In the
case of spatial determinants, GIS tools are sometimes used for this
purpose. Various methods are used in multi-criteria analyses, such
as Analytic Hierarchy Process (AHP) (Wiącek and Malinowski,
2023), Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) (Amsharuk and Łaska, 2024), PROMETHEE
methods (Brans and De Smet, 2016; Josimović et al., 2023), hard
methods - Boolean, or soft methods -Weighted Linear Combination
(WLC), Ordered Weighted Average (Hejmanowska and
Hnat, 2009).

In the present study, QGIS software (version 3.34.7) was used to
perform multi-criteria spatial analyses to be carried out in order to
identify areas predisposed for the location of wind power plants.

The first step was to identify the factors that have a significant
impact on the choice of wind turbine sites. In Poland, the most
common ones found in the literature are: distance from existing
settlements, presence of nature protection forms, forests, surface
waters, transport areas and overhead power lines, terrain (slope),
presence of flood plains, mining areas and location of existing wind
turbines (Amsharuk and Łaska, 2024; Hektus, 2016). The necessary
data were then collected, processed, and stored in a suitable format
for implementation in GIS software. Table 4 summarises the
collected data with an indication of the source used.

The above criteria are hard Boolean and indicate which sites are
excluded from wind turbine siting. For this reason, a hard Boolean
method was used in this study. In this case, the resulting map shows
which areas are excluded (not useful) or useful in terms of wind
turbine investment.

The authors have detailed the above conditions, considering the
legal regulations in force in Poland, including those related to wind
turbine investments. For this reason, appropriate buffers were added
to the excluded areas and additional parameters of the individual
criteria were indicated. Table 5 shows the detailed factors that
prevent the siting of wind turbines in Poland according to the
applicable legislation.

The analyses were carried out in two ways because of the need to
distinguish the criterion of distance from residential areas: for sites
within 700 m of buildings and for sites within 500 m of buildings.
This division is related to the legislative changes under consideration
in Poland, which would reduce the possible required distance from
700 m to 500 m. Taking into account these two criteria will allow
answering the question of the impact of this criterion on siting
possibilities and environmental impacts.

Then, within the areas identified as unsuitable for wind turbines,
areas predisposed for their siting were identified (as a difference).
Using the data for each parcel, those parcels that were within the
predisposed areas were selected. Subsequently, adjacent parcels were
merged. This was done in order to identify larger areas that could
potentially be used for the siting of wind turbines with the highest
possible capacity, assuming that ownership issues could be resolved.
Subsequently, supplementary criteria were incorporated into the
evaluation of the merged parcels. These included a minimum parcel
size of 0.5 ha, a maximum distance of 800 m from medium-voltage
power lines, and the potential for access via a public road within a

TABLE 3 Classification of wind turbines in Poland regarding their electrical output.

Legal
division

Type of wind turbines Generated
power

Characteristics

Micro-installation Micro wind power plants <100 W Mostly used for lighting individual rooms and supplying power to individual appliances in
homes or road and urban infrastructure

Small wind power plants 100 W - 50 kW They secure electricity for individual households or small businesses

Wind power plant Medium wind power plants 50–100 kW They can power groups of farms, small settlements, medium-sized tourist and agro-
tourism facilities, small and medium-sized industrial plants, research stations, high-
altitude bases. They are usually single turbines but can also consist of several wind facilities

Large wind power plants 100 kW–1 MW They make it possible to power large facilities and, in the case of higher capacities, also to
sell surplus generated electricity to the electricity grid

Professional wind power plants
(wind farms)

>1 MW Their main area of application is the commercial power industry
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10-metre radius. This resulted in the generation of maps delineating
the predisposed areas (selected parcels).

The second part of the study dealt with the potential impact of
the siting of wind turbines on the identified sites on the reduction of
carbon dioxide emissions. In this case, the method used by the
authors in another study on the environmental impact of installing

photovoltaic panels in residential areas (Blazy et al., 2021) was
modelled. However, different conversion factors were used.

The first step was to assume average turbine capacities, which
depend, among other things, on the size of the site. Industry
literature suggests that a wind farm typically requires between
2 and 40 acres per megawatt of capacity, i.e., approximately

TABLE 4 Data for GIS layers used in the analysis of potential wind turbine’s locations.

Type of data Data Source

National Database of Topographic Objects in scale 1:10 000 (BDOT10k) Buildings Główny Urząd Geodezji i Kartografii (2022)

Forests and wooded areas

Surface waters

Transport areas

Overhead power lines

Wind turbine

Selected forms of nature protection National Park Generalna Dyrekcja Ochrony Środowiska (2024)

Landscape Park

Nature reserve

Natura 2000 network (SAC)

Natura 2000 network (SPA)

Digital Elevation Model (DEM) Slope Główny Urząd Geodezji i Kartografii (2023)

Flood hazard areas Flood hazard areas 1% Państwowe Gospodarstwo Wodne Wody Polskie (2024)

Central Geological Database Mining terrain and mining area Państwowy Instytut Geologiczny (2024)

Topographic data Exclusion zones around wind turbines Główny Urząd Geodezji i Kartografii (2024)

Land and Property Register Registered plots Główny Urząd Geodezji i Kartografii (2021)

TABLE 5 Excluded areas where wind turbines cannot be located.

BDOT10k Selected forms of nature protection

Spatial component Buffer Spatial component Buffer

Buildings 700 m/500 m National Park 0

Forests 100 m Landscape Park 0

Surface waters 100 m Nature reserve 0

Transport areas 0 m Natura 2000 network (SAC) 0

Overhead power lines Highest voltage lines 300 m Natura 2000 network (SPA) 0

All voltage lines 200 m

Dem Flood hazard areas

Spatial component Buffer Spatial component Buffer

Areas with a slope of more than 15° 0 Flood hazard areas 1% 0

Central geological database BDOT10k

Spatial component Buffer Spatial component Buffer

Mining terrain and mining area 0 Exclusion zones around wind turbines 700 m
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0.80 ha–16 ha (OurWorld of Energy, 2023). The minimum plot size
for a wind farm is therefore assumed to be 0.5 ha. NREL researchers
found a rough average of 4 MW per square kilometre. So, a 2-MW
wind turbine would require a total area of about half a square
kilometre (about 50 ha) (Brenner, 2018). In view of the above, the
following averaged values of nominal power versus site size were
assumed (Table 6).

Based on these relationships and the criteria for selecting
medium, large, and professional power plants, plots larger than
1 ha were accepted for the CO2 reduction analysis. The rest were
excluded from further analysis.

The average annual electricity production was then calculated
for each parcel on which the wind turbines could be located, based
on the formula (Jasiūnas and Teleszewski, 2019):

E � Px hxCF

where:
E–average annual energy produced from the wind turbine/power
plants [MWh]
P–nominal power expressed in megawatts [MW]
h–number of hours per year [hours] (87,600 h)
CF–capacity factor (0.20)

In Poland, the real wind turbine capacity factor (CF) is from
0.20 to 0.30 (Jasiūnas and Teleszewski, 2019). In this study, the CF
was assumed to be 0.20 due to the location of Małopolska in less
favourable wind energy zones. The calculations resulted in a
potential average annual electricity production from wind power
plants that could be built at the indicated sites.

It is assumed that the generation of electricity from wind
turbines will result in a reduction in the demand for electricity
produced by fuel-burning installations, thereby having an
environmental impact in the form of a decrease in greenhouse
gas emissions. This article presents the findings of a study
investigating the potential reduction of CO2 emissions resulting
from the implementation of wind turbines in theMałopolska region.
In order to ascertain the potential annual reduction of CO2

emissions in Poland as a consequence of the installation of wind
turbines in Małopolska, the average annual production of electricity
from wind turbines in Małopolska (E) and the emission factor for
electricity produced in fuel combustion plants in Poland (w) were
used to calculate the amount of CO2 that could be reduced (ΔCO2)
in kilograms. The potential annual reduction of CO2 emissions in
Małopolska was estimated according to the following formula:

ΔCO2 � E x w,

where:
ΔCO2 – potential annual reduction in CO2 emissions [kg]
E–average annual electricity production from wind turbine/power
plants [MWh]
w–CO2 emission factor for electricity produced in combustion
installations in Poland (788 kg/MWh in 2022) [kg/MWh].

Emission factors are employed in the calculation of the
environmental impact of retrofit or realisation of new projects that
reduce greenhouse gas emissions. They illustrate the burden of CO2

emissions, as well as those of SO₂, NOx, CO, and total dust, per
MW hour of electricity generated (Krajowy Ośrodek Bilansowania i
Zarządzania Emisjami/Instytut Ochrony Środowiska, 2023).

The result was then compared with the annual CO2 emissions
from fuel combustion installations producing electricity or
electricity and heat in 2022 in the country. As a result, the size
of the contribution of the realisation of wind power plants in
Małopolska to the reduction of annual CO2 emissions from fuel
combustion installations producing electricity or electricity and heat
in Poland was obtained.

3 Results

3.1 Location

The first stage of the study identified the spatial barriers in
Małopolska that prevent wind turbines from being located in a given
place (Figure 3):

• Forms of nature protection: national parks, landscape parks,
nature reserves and Natura 2000 (SAC and SPAs)

• Forests
• Surface waters (flowing and stagnant waters)
• Flood hazard areas
• Areas with a slope of more than 15 degrees
• Mining terrain and mining area
• Transport areas
• Overhead power lines
• Buildings with buffer 700 m or 500 m.

As a result, it was found that in Małopolska the criterion that
most restricts investment opportunities for wind turbines is existing
buildings (Table 7). In the case of a 700-metre buffer zone, this factor
effectively excludes 85.2% of the voivodeship’s total area. In the case
of a 500-metre buffer, the exclusion rate rises to 76.8%. The next
most significant impediment is the presence of forests, which cover
an area of 66% of Małopolska, including a 100-metre buffer zone.
Overhead power lines can be further specified if we consider all lines
regardless of their type. The other criteria already account for a
much smaller percentage. Nevertheless, these are major areas that
cannot be excluded from the analysis. Moreover, these areas do not
always overlap.

In the end, the study showed that only 158.41 km2 of land in
Małopolska is suitable for wind turbines, provided that a minimum
distance of 700 m from buildings is maintained. They occupy 1.04% of
the area under consideration. At a distance of 500 m, this area increases
to 323.42 km2, which is 2.13% of the area of the voivodeship.

TABLE 6 The relationship between the nominal power of the wind turbine
and the area of the plot.

Nominal power Area of plot

20–40 kW 0.5–1 ha

40–100 kW 1–2.5 ha

100–500 kW 2.5–12.5 ha

500 kW–1 MW 12.5–25 ha

≥1 MW ≥25 ha
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Once the areas initially suitable for the siting of wind turbines had
been determined, a further selection was made by taking into account
the cadastral plots that fell within the area indicated and then identifying
those with an area of at least 0.5 ha and with access to a public road and

a medium-voltage power line. Finally, the selected evidential plots were
corrected considering the excluded areas to obtain only those parts
where the wind turbine can be built (Figure 4).

The results are as follows (Table 8):

FIGURE 3
(Continued).
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• For the criterion of aminimumdistance of 700m from buildings,
1,656 registered plots are suitable for the installation of wind
turbines. Their area represents 94.92 km2 or 0.63% of the
voivodeship.

• For the criterion of a minimum distance of 500 m from
buildings, 3,136 parcels of land have been selected for
wind turbines. They cover a total area of 218.82 km2,
which is 1.44% of the area of Małopolska.

FIGURE 3
(Continued). Graphic presentation of different areas, where wind turbines cannot be located. Own elaboration.

Frontiers in Energy Research frontiersin.org10

Blazy and Łabuz 10.3389/fenrg.2024.1504371

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1504371


The analysis of the location of the selected plots within the
voivodeship showed that most of them are in the northern and
southern parts of Małopolska (Figure 5). In the case of 700 m
distance from buildings, the largest area of plots (over 1,000 ha) is

available in the following poviats: nowotarski, tatrzański, miechowski and
krakowski. On the other hand, for the criterion of 500 m from built-up
areas, these are the following poviats: nowotarski,miechowski, krakowski,
brzeski, tatrzański, proszowicki, dąbrowski and olkuski (Table 9).

TABLE 7 The area of the Małopolska region excluded from the location of wind turbines due to spatial barriers.

Excluded areas

Spatial component Area [km2] Share

Buildings with buffer 700 m 12,930.72 85.2%

Buildings with buffer 500 m 11,657.94 76.8%

Forests with buffer 10,014.67 66.0%

Surface waters with buffer 1,116.30 7.4%

Transport areas 97.39 0.6%

Overhead power lines Highest voltage lines 105.01 0.7%

All voltage lines 4,904.97 32.3%

National Park 378.70 3,584.91 2.5% 23.6%

Landscape Park 1,829.46 12.1%

Nature reserve 37.46 0.2%

Natura 2000 network (SAC) 1,538.90 10.1%

Natura 2000 network (SPA) 1,344.64 8.9%

Areas with a slope of more than 15° 883.95 5.8%

Flood hazard areas 357.31 2.4%

Mining terrain and mining area 748.62 4.9%

Exclusion zones around wind turbines 46.29 0.3%

PREDISPOSED AREAS

Predisposed areas (buildings with 700 m buffer) 158.41 1.04%

Predisposed areas (buildings with 500 m buffer) 323.42 2.13%

FIGURE 4
Location of selected plots against the borders of Małopolska voivodeship: on the left for the criterion of distance of 700 m from buildings, on the
right for the criterion of distance of 500 m from buildings. Own elaboration.

Frontiers in Energy Research frontiersin.org11

Blazy and Łabuz 10.3389/fenrg.2024.1504371

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1504371


3.2 Ecological effect

To calculate the potential ecological impact of the
deployment of wind turbines in Małopolska, it was assumed
that a wind power plant with a nominal capacity of 40 kW could
be constructed on a plot of land measuring 1 ha. The plots of land
obtained in the initial phase of the analysis were assigned
nominal powers corresponding to the potential wind power
plants that could be constructed on them, with consideration
given to their respective areas. Plots of less than 1 ha were
excluded from the subsequent analysis. Thereafter, the
potential annual electricity production was calculated for each
of the remaining plots. These analyses were conducted for two
variants, namely, plots determined based on the criterion of
distance of 700 m and 500 m from existing buildings.

Regarding the 700 m distance criterion, the final survey
encompassed 815 plots with an average area of 11.24 ha. The
mean nominal power assigned to the plots was 0.45 MW. The
final calculation of the potential total annual production of
electricity from the wind power plants in the Małopolska region,
based on all plots, reached 641,818 MWh (Table 10).

In the case of the 500 m distance criterion, 1,591 plots with an
average area of 13.37 ha were studied. The average nominal power
allocated to the plots was 0.53 MW. Ultimately, the potential total

(all plots) annual wind power production in the Małopolska area
reached 1,490,508 MWh (Table 10).

The results obtained subsequently permitted the calculation of
the annual reduction in CO₂ emissions resulting from the
implementation of wind power plants on the selected plots.

In the case of the 700 m criterion, the potential annual reduction
of CO2 emissions inMałopolska was calculated to be 505,752,584 kg,
representing 0.44% of the annual CO2 emissions in Poland from fuel
combustion installations producing electricity or electricity and heat
in 2022 (Table 11).

With regard to the 500 m criterion, the potential annual
reduction of CO2 emissions in Małopolska was 1,174,520,304 kg,
representing 1.03% of the annual CO2 emissions in Poland from fuel
combustion installations producing electricity or electricity and heat
in 2022 (Table 11).

4 Discussion

In different countries, the distance regulations between wind
turbines and residential areas vary significantly, depending largely
on public acceptance, environmental considerations, and land
availability. In Poland, the ’10H’ rule was introduced in 2016,
which requires wind turbines to be placed at a distance at least

TABLE 8 Number and area of parcels of land selected to the location of wind turbines for buffers of 500 and 700 m minimum distance from buildings.

Selected plots

Number of plots Area [ha] Area [km2] Share

Predisposed areas (buildings with 700 m buffer) 1,656 9,492.35 94.92 0.63%

Predisposed areas (buildings with 500 m buffer) 3,136 21,881.90 218.82 1.44%

FIGURE 5
Cartogram showing the total area of selected plots of land in individual poviats of Małopolska. Own elaboration.
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ten times the height of the turbine from residential buildings, usually
equating to approximately 2 km. Although intended to protect local
residents from noise and visual impacts, this regulation effectively
restricted new wind turbine projects almost in 98% of Polish
territory. However, recent proposals advocate for reducing the
distance to 500 m, which is more aligned with regulations in
other European countries (European Platform Against
Windfarms, 2009; Stede et al., 2021). On the contrary, countries
like Germany have region-specific rules. For example, Bavaria
follows a ‘10H’ rule, but in Germany, the required distance can

range between 400 and 1,000 m depending on local legislation. The
United Kingdom typically mandates minimum distances of
500–600 m, though these can vary by region and turbine height,
but minimum distance is 350 m. In Denmark, the rule is around four
times the turbine height or approximately 500 m from residential
areas. These regulations often balance the need to expand renewable
energy with concerns about noise, shadow flicker, and aesthetic
impact on communities. A preliminary investigation of the potential
for the wind turbine installation in Małopolska has revealed that the
main obstacle to its deployment is the requirement to maintain a

TABLE 9 Area of land suitable for wind power investments in individual poviats of Małopolska.

Poviat name Buildings with 700 m buffer Buildings with 500 m buffer

Area
plots [ha]

Share of all plots in a poviat
area [%]

Area
plots [ha]

Share of all plots in a poviat
area [%]

Bocheński poviat 219.3138 0.34 750.513 1.16

Brzeski poviat 671.6597 1.14 1,476.4055 2.5

Chrzanowski
poviat

49.9296 0.14 80.0271 0.22

Dąbrowski poviat 347.5039 0.66 1,175.5155 2.22

Gorlicki poviat 42.7673 0.04 202.033 0.21

Krakowski poviat 1,139.8167 0.93 260.,3062 2.12

Kraków poviat 19.6664 0.06 159.6341 0.49

Limanowski poviat 34.0047 0.04 155.8543 0.16

Miechowski poviat 1,180.3597 1.75 3,658.3425 5.41

Myślenicki poviat 7.3773 0.01 42.0621 0.06

Nowosądecki
poviat

17.7542 0.01 120.9744 0.08

Nowotarski poviat 2,599.1466 1.76 4,590.0323 3.11

Nowy Sącz poviat 0 0 0 0

Olkuski poviat 475.4905 0.77 1,166.1462 1.89

Oświęcimski poviat 123.5891 0.3 359.6886 0.89

Proszowicki poviat 173.8629 0.42 1,186.4469 2.86

Suski poviat 7.975 0.01 52.6433 0.08

Tarnowski poviat 833.4056 0.59 2,075.823 1.47

Tarnów poviat 4.5079 0.06 29.1877 0.4

Tatrzański poviat 1,398.5994 2.97 1,452.1585 3.08

Wadowicki poviat 45.1195 0.07 224.6516 0.35

TABLE 10 Characteristics of plots selected for wind turbine locations for 500 and 700 m minimum distance buffers from buildings in Małopolska.

Buildings with 700 m
buffer

Buildings with 500 m
buffer

Average plot size (investment area) [ha] 11.24 13,37

Average nominal power (P) of wind power plants [MW] 0.45 0,53

Potential total annual electricity production from wind power in the Małopolska area
(E) [MWh]

641,818 1,490,508
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specified distance from existing buildings. It is important and
necessity to guarantee appropriate living conditions and to
prevent any deterioration thereof through investments such as
wind power plants. To date, the Polish legislature has considered
two distances with respect to the aforementioned criterion: distances
of 700m and 500m, respectively. The present study has shown that a
reduction in these distances would allow the doubling the suitable
area for the location of wind turbines, from 0.63% to 1.44% of the
Małopolska Voivodeship. Moreover, an examination of the cadastral
division revealed that nearly twice as many plots could be designated
for this category of investment. It is important to note that these
findings are not definitive. It is probable that the availability of plots
is lower, as limitations resulting from detailed and local restrictions,
such as the soil quality of the plot (value class), still need to be
considered. However, the objective of this study was to indicate the
maximum potential investment opportunities. A comparison of the
regulations used in the countries mentioned above reveals that a
distance of 500 m is permitted in the majority of them. Considering
the findings of this study and the aforementioned considerations, it
may be beneficial to explore the possibility of implementing a
minimum distance rule of 500 m.

Prior research on the location of wind farms in Poland has
demonstrated that the facilities with the highest generation
capacity are situated at distances of 30–80 km from larger
urban centres, defined as those with a population exceeding
100,000 (Zarębski et al., 2024). The present study revealed that
in the Małopolska region, the mean distance between potential
wind farms and the nearest towns, in accordance with the 700-
metre distance criterion from development, would be 8.36 km. A
reduction in the criterion to 500 m results in a decrease in the
distance to 8.03 km. When considering only cities with more than
100,000 inhabitants (Kraków and Tarnów), the distance is
51.13 km for 700 m and 44.81 km for 500 m. These results are
comparable to those of the aforementioned studies. It is also
important to support rural and sparsely populated areas in
implementing renewable energy projects, taking advantage of
their unique settlement structures (Śleszyński et al., 2021).

Analyses of the ecological effect have demonstrated the efficacy
of installing new wind turbines in the context of reducing carbon
dioxide emissions. Modifying the distance criterion of buildings
from 700 m to 500 m has the potential to double the total annual
production of electricity from wind farms in the Małopolska area.
This consequently results in a double reduction in CO2 emissions.
This is the result of the assumption that there is a linear relationship

between the area of a plot of land and the nominal power of a wind
power plant. However, it is important to note that on a Polish scale,
the change is relatively minor. It represents an increase from 0.44%
of the total annual CO2 emissions from fuel combustion installations
producing electricity or electricity and heat in 2022 in Poland to
1.03%. It should be noted that these figures represent the maximum
potential values, which will likely be lower in practice.

The largest city in Małopolska, Kraków, is home to important
CHP plants operated by PGE Energia Ciepła S.A., which produce
both electricity and heat for the city and surrounding areas. The
CHP Kraków plant is one of the largest in the region. Based on
available data: the CHP Kraków Plant produces approximately
450 MW of electricity and 1,080 MW of heat. In 2020, the total
electricity generated by PGE Energia Ciepła in Małopolska was
around 1,400 GWh (or 1.4 TWh) annually (Ciepło dla Krakowa,
n.d.). Potential wind energy production (1.49 TWh) from the plots
analysed in Małopolska could match or even slightly surpass the
electricity produced by CHP plants in the region (1.4 TWh).
However, it is important to note that CHP plants also provide
substantial heat, which wind turbines do not.

This paper presents one of the key considerations when
planning investments in wind turbines and thus renewable
energy sources. It might be useful to make decisions about the
establishment of criteria for the location of wind turbines, as well as
their impact on the reduction of CO2 emissions. However, when
making a final decision, it is also essential to consider a number of
additional factors, including economic and social impacts, for
example the impact of the location of wind turbines on property
prices and the health of residents (Jensen et al., 2018).

5 Conclusion

Our research was focused on three key areas of inquiry:

1. Where in Małopolska could wind turbines be located?
2. How does the change in the criterion of distance from

buildings affect the location possibilities?
3. To what extent could the location of new wind power plants in

Małopolska contribute to the reduction of carbon dioxide
emissions in Poland?

We next develop three key insights in response to the
research questions:

TABLE 11 Impact of wind energy use in the Małopolska region on the reduction of CO2 emissions in the country.

Annual CO2 emissions from fuel combustion installations producing electricity or electricity and heat in 2022 in
Poland [kg]

113,799,238,201

CO2 emission factors for electricity produced in fuel combustion installations producing electricity or electricity and
heat for 2022 in Poland (w) [kg/MWh]

788

Buildings with 700 m
buffer

Buildings with 500 m
buffer

Potential total annual electricity production from wind power in the Małopolska area (E) [MWh] 641,818 1,490,508

Potential annual reduction in CO2 emissions in Małopolska as a result of wind power plants (ΔCO2) [kg] 505,752,584 1,174,520,304

Contribution of wind power plants in Małopolska to the reduction of annual CO2 emissions from fuel combustion
installations producing electricity or electricity and heat in Poland

0.44% 1.03%
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1. In Małopolska, with the current legal regulations, a maximum
of 0.63% of the land allows the location of wind farms. These
areas are located in the northern and southern parts of the
voivodeship.

The study revealed, that in Małopolska only 94.92 km2 of land is
suitable for wind turbines if a minimum distance of 700 m from
buildings is maintained, representing for 0.63% of the area under
review. Plots more than 1,000 ha are available in nowotarski,
tatrzański, miechowski, and krakowski poviats.

2. The reduction the distance to 500mwould permit the doubling
of the area suitable for the location of wind turbines, from
0.63% to 1.44% of the Małopolska voivodeship.

Reducing the distance to 500 m increases the suitable area to
218.82 km2, or 1.44% of the voivodeship’s total area. For a 500 m
distance, plots over 1,000 ha are available in nowotarski,
miechowski, krakowski, brzeski, tatrzański, proszowicki,
dąbrowski, and olkuski poviats.

3. The potential annual reduction of CO2 emissions in
Małopolska was calculated to be 505,752,584 kg,
representing 0.44% of the annual CO2 emissions in Poland
from fuel combustion installations producing electricity or
electricity and heat in 2022.

Changing the distance criterion from 700m to 500 m can double
CO2 emission reductions. With the 700 m criterion, Małopolska
could reduce CO2 emissions by 505,752,584 kg, accounting for
0.44% of Poland’s 2022 emissions from fuel-based electricity
production. At 500 m, the reduction potential is
1,174,520,304 kg, or 1.03% of Poland’s total.

The findings of the study suggest that the specific local
conditions prevalent in the Małopolska region restrict the
potential for establishing wind farms. The principal constraint
identified is however the nationwide requirement for wind
turbines to maintain a certain distance from residential
structures. Modifying the minimum distance requirement from
these buildings, could potentially double the available land area
and, consequently, contribute to a reduction in carbon dioxide
emissions by facilitating the construction of additional wind farms.
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