ECONOMICS AND ENVIRONMENT ~ 3(94) » 2025 eISSN 2957-0395 @ ]

Dominik KATARZYNSKI  Patrycjusz ZAREBSKI

SMART CITIES POWERED BY WIND:
ANALYZING THE POTENTIAL AND STRATEGIC
DEVELOPMENT DIRECTIONS FOR POLISH
CITIES

Dominik KATARZYNSKI (ORCID: 0000-0001-6036-4066) — Koszalin University of Technology
Patrycjusz ZAREBSKI (ORCID: 0000-0002-2774-9180) — Koszalin University of Technology

Correspondence address:
Eugeniusza Kwiatkowskiego Street 6e, 75-343 Koszalin, Poland
e-mail: dominik katarzynski@tu.koszalin.pl

ABSTRACT: This article examines the potential for integrating wind energy into the development of smart cities in Poland. The
analysis combines a synthetic measure of smart city potential, a wind energy availability index, and GIS-based spatial analysis,
drawing on data from the Central Statistical Office (GUS) and the Energy Regulatory Office (URE). The study offers a novel con-
tribution by linking renewable energy planning with the spatial dynamics of urban transformation. A central focus is placed on
inter-municipal cooperation, particularly between rural municipalities hosting wind farms and urban centres, supported by Inte-
grated Territorial Investment (ZIT) mechanisms. Such collaboration could facilitate the incorporation of wind energy into urban
energy strategies. The study identifies key challenges, including insufficient wind potential near cities, high energy transmission
costs, and limited spatial availability. While wind power is predominantly generated in northern regions — particularly along the
Baltic coast — southern urban areas also receive this energy, albeit at a higher cost. The potential for smart city development is
regionally differentiated: northern and western cities may benefit from smart energy infrastructure, whereas southern regions
might prioritise solar or nuclear energy and focus on governance or quality of life enhancements. Ultimately, the research under-
scores the role of wind energy in advancing sustainable urban development and advocates for region-specific, cooperative
approaches to support the smart transformation of Polish cities.
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Introduction

The transition toward renewable energy sources is increasingly recognised as a cornerstone of
sustainable urban development, particularly in the face of rapid urbanisation and global climate chal-
lenges. Among these sources, onshore wind energy plays a critical role, offering a clean, scalable, and
increasingly cost-effective solution. In Poland, the rapid growth of the onshore wind energy sector
reflects broader European Union and national policy efforts aimed at decarbonization, as well as
favourable natural conditions for wind power generation.

Between 2018 and 2020, substantial growth in installed capacity was achieved, driven by the
success of auctions for renewable energy projects exceeding 1 MW. This growth was further acceler-
ated by geopolitical tensions and supply chain disruptions in 2022, prompting a redefinition of
energy security strategies across Europe. In response, Poland revised its national energy policy to
prioritise a dynamic transition toward renewables and nuclear energy, while promoting decentral-
ised, prosumer-based electricity generation systems. These developments have underscored the
growing importance of local energy systems - an essential element in the infrastructure of smart
cities (Zarebski & Katarzynski, 2023).

Smart cities rely on integrated energy systems that enable real-time coordination of production,
distribution, and consumption. Wind energy, particularly when linked to distributed microgrids and
supported by smart data architectures, contributes significantly to reducing emissions and enhanc-
ing energy efficiency (Chatfield & Reddick, 2016; Ramli & Bouchekara, 2020). Additionally, research
highlights the role of smart infrastructure in optimising wind energy deployment in urban environ-
ments, including urban wind resource assessments and turbine placement strategies (Simdes &
Estanqueiro, 2016; Nishimura et al., 2015).

Despite the momentum, the role of wind energy in shaping smart cities remains underexplored,
particularly in the Polish context. Existing studies emphasise the environmental and efficiency bene-
fits of integrating renewable sources into smart urban systems (Cirella et al., 2021; Geo et al., 2023;
Vukovic et al,, 2023), yet few address spatial and regional disparities, infrastructural constraints, or
the potential of inter-municipal cooperation in leveraging wind farms for smart city development.

This study aims to fill this gap by assessing the potential for integrating wind energy into smart
cities in Poland, with a particular focus on spatial conditions, infrastructure, and regional cooperation
mechanisms. The research contributes a novel perspective by combining spatial analysis (via GIS),
synthetic indicators, and policy context to identify regionally differentiated pathways for smart urban
transformation through renewable energy.

In conclusion, wind farms play a crucial role in the sustainable development of smart cities by
providing clean and renewable energy sources, reducing carbon emissions, and enhancing energy
efficiency. The integration of wind energy into smart city infrastructure aligns with the goal of pro-
moting environmental sustainability and addressing energy challenges in urban areas.

This study addresses the intersection of wind energy and smart urban development in the Polish
context through four guiding research questions:

1. What s the potential of Polish cities in terms of “smartness”?

2. Do cities in Poland possess potential in smart energy development based on wind energy?

3. What are the main barriers to locating wind farms within or near smart cities?

4. How to differentiate smart city development strategies in the context of utilising wind farm
energy?

By exploring these questions, the research provides a multidimensional assessment of how wind
energy can support smart city transformation in Poland. It highlights both opportunities and con-
straints - such as spatial limitations, uneven wind potential, and high transmission costs - while
emphasising the need for regionally tailored strategies.
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Literature review

What is a smart city?

From an organisational standpoint, the concept of a smart city can be understood in two distinct
ways. The first is the top-down approach, where the development of the smart city is driven by the
intervention of municipal institutions, the flow of information, and research facilities. This approach
primarily revolves around a straightforward planning concept. On the other hand, the bottom-up
approach defines a smart city by the contributions of local residents, their innovative potential, and
their mutual interactions, which they leverage to design the city (Exner, 2014).

Gracias et al. (2023), conducting a systematic literature review on smart cities, concluded that
among the many definitions of this concept, it is most commonly noted that “Smart cities use digital
technologies, communication technologies, and data analytics to create an efficient and effective ser-
vice environment that improves urban quality of life and promotes sustainability.” The above defini-
tion suggests that for cities to be “smart,” they should leverage digital technologies and big data ana-
lytics to manage urban areas in a responsible and sustainable manner.

Smigiel (2018) points out that the term “smart” encompasses the utilisation of information and
communication technologies to enhance urban operations and services. This approach involves col-
laborative efforts among various urban actors, including public administrators, entrepreneurs, citi-
zens, and research institutes, to explore innovative configurations for energy systems, food provision,
mobility, and housing through experimental projects like urban living labs (Raven et al.,, 2017). By
embracing smart technologies across different dimensions such as waste management, smart light-
ing, and intelligent transportation systems, cities can enhance public services and resource manage-
ment, ultimately improving the quality of life for residents (Chu et al., 2021).

The evolution of smart cities involves the deployment of a range of technologies and systems,
including urban operating systems, smart grids, sensor networks, and smart parking solutions
(Coletta et al., 2018). These initiatives aim to create more sustainable and resilient urban environ-
ments while enhancing competitiveness and attractiveness for citizens and businesses (Goess et al.,
2016). Furthermore, the concept of smart cities emphasises the integration of ICT to drive local pros-
perity and competitiveness through multi-sectoral and multi-level urban development strategies
(Paskaleva, 2009). Evaluation of smart city services requires a holistic approach that integrates tech-
nological and social innovation to assess their impact effectively (Paskaleva & Cooper, 2018).

Consequently, when discussing a smart city, its key elements can be identified as illustrated in the
graphic below (Figure 1).

Smart city components

Source: authors” work based on various literature
positions.

The smart infrastructure component
of the smart city is of critical importance
I in the context of this study. This compo-
nent encompasses topics related to the
N 7~ smart grid, which focus on energy sys-
tems that efficiently manage electricity
supply and demand, integrating renewa-
e ~ ble energy sources and allowing for real-
time monitoring and management (Nef-
I fati et al,, 2021). This not only pertains to
the acquisition and distribution of elec-
tricity but also includes managing water
distribution infrastructure and wastewa-
ter collection, ensuring access to gas, and
maintaining urban heating networks
(Rathi & Gola, 2024).
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What is smart energy in a smart city?

Smart city projects are designed to promote sustainability, resilience, quality of life, and compet-
itiveness within urban systems (Janssen et al., 2017). By adopting a Quadruple Helix approach involv-
ing stakeholders from various sectors, cities can co-produce monitoring and assessment frameworks
to measure the impacts of smart and sustainable solutions effectively (Caragliu & Bo, 2021). The
transition towards smart cities involves addressing environmental sustainability challenges along-
side regional development, as seen in initiatives like smart specialisation and participatory processes
in green path renewal projects (Manitiu & Pedrini, 2016). These efforts aim to create symbiotic sys-
tems that link people, institutions, technology, and physical infrastructure to meet citizens’ needs
sustainably (Parjanen & Rantala, 2021).

An intelligent energy system in a smart city is a network that integrates various technologies,
information, and communication systems to optimise energy generation, distribution, and consump-
tion (March & Ribera-Fumaz, 2016). Smart cities leverage innovative solutions like urban smart grids
to revolutionise the interactions between energy utilities, users, and other stakeholders, reshaping
the traditional energy supply and demand dynamics (Parks, 2018). These systems are part of a
broader concept of smart urbanism, where the focus is on enhancing energy efficiency through the
implementation of EU policies promoting smartification (Varr6 & Bunders, 2019). The development
of intelligent energy systems in smart cities involves diverse projects tailored to specific urban con-
texts, such as sustainable energy management technologies, green energy initiatives, and community
engagement programs (Nicholds et al.,, 2016).

In the realm of energy systems, smart cities focus on mitigating carbon emissions through big
data analytics and innovative technologies (Paskaleva et al., 2021). By leveraging sensor systems and
enhancing data integration, cities can optimise energy usage and reduce environmental impact (Falco
et al,, 2018). The development of intelligent grids and renewable energy sources plays a crucial role
in transforming urban energy landscapes and promoting sustainability (Rose et al., 2022). Addition-
ally, the deployment of renewable energy technologies like solar photovoltaic systems contributes to
reducing carbon emissions and advancing energy efficiency (Giest, 2017).

In conclusion, an intelligent energy system in a smart city represents a comprehensive approach
to optimising energy management through the integration of innovative technologies, data-driven
solutions, and stakeholder collaboration. By leveraging smart grids, renewable energy sources, and
advanced analytics, smart cities can enhance energy efficiency, reduce carbon emissions, and create
more sustainable urban environments. The evolution of smart cities involves a multidimensional
strategy that encompasses social, economic, and environmental aspects to promote resilience, qual-
ity of life, and competitiveness. Through continuous innovation, stakeholder engagement, and strate-
gic planning, smart cities can pave the way for a more sustainable and intelligent future.

What are the main barriers to locating wind farms in the context of a smart city?

In the context of a smart city, there are several barriers to locating wind farms efficiently. One of
the primary challenges is finding suitable locations within urban areas that are already congested
(Negari, 2023). Urban areas present limitations due to existing infrastructure and congestion, mak-
ing it difficult to find appropriate spaces for large-scale wind farms. Additionally, the impact of wind
farms on wildlife, particularly birds, poses a significant barrier. Siting turbines on cropland sites
instead of native rangelands can lead to challenges in balancing the demand for sustainable energy
with wildlife conservation efforts (Kuvlesky et al., 2007). Proper micro-siting design can help miti-
gate these impacts, such as burying power lines underground and separating turbines from sensitive
zones like migration corridors (Herbert-Acero et al.,, 2014).

Moreover, the optimisation of wind farm layouts is crucial for maximising efficiency and reducing
costs. Factors such as wind speed, land cover, slope, and proximity to urban areas and roads play a
vital role in determining the suitability of a location for wind farm development (Elmahmoudi et al.,
2020). The placement of wind turbines within a wind farm is a complex optimisation problem that
requires considering conflicting criteria and handling large-scale optimisation tasks (Ramli &
Bouchekara, 2020). Furthermore, the increasing need to expand wind farms into remote and chal-
lenging locations due to saturation in ideal onshore sites in Europe leads to higher logistics costs and
lower average wind speeds, posing logistical and economic barriers (Verstraeten et al., 2019).
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In summary, the main barriers to locating wind farms in the context of a smart city include chal-
lenges related to finding suitable spaces in urban areas, mitigating the impact on wildlife, optimising
wind farm layouts for efficiency, and addressing logistical and economic constraints associated with
expanding into remote locations.

Research methods

This study applies a spatial-quantitative approach to examine the relationship between wind
energy availability and smart city potential in Poland. Given the spatial nature of the research prob-
lem, Geographic Information System (GIS) tools were the primary analytical method used (Maguire
etal, 1991).

Step 1: Spatial Analysis of Wind Farm Distribution

The study began with mapping and analysing the spatial distribution of existing wind farms in
Poland in relation to major urban centres (population >100,000). GIS was used to assess the proxim-
ity and density of wind installations near these cities.

Step 2: Development of Wind Energy Availability Indicator

To quantify wind energy accessibility for each city, a custom Wind Energy Availability Indicator
(I) was developed based on the capacity and spatial proximity of nearby wind farms. The formula
used reflects the assumption that proximity improves the effective availability of wind-generated
power. The indicator produces positive values, with higher values indicating better access to wind
energy (Zarebski et al., 2024).

[=yn b (1)

i=1d_il

where:

I - theindicator,

n - the number of municipalities,

P; - the power capacity of wind farms in the i-th municipality (fori=1, 2, ..., n),

d; - the distance from the i-th municipality to the nearest large city with a population of at least
100,000 inhabitants.

Step 3: Data collection and identification

The following stage of the analysis required identifying and collecting statistical data (Table 1)
that serve as indicators of the smart potential of Polish cities with populations exceeding 100,000
residents. The data were obtained using the publicly available local data bank platform administered
by the Polish Central Statistical Office (GUS).

Variables used in the synthetic smart city potential indicator

Variable Substantiation Source

The wind energy availability indicator reflects a city's ability to utilise Own calculation based

x1 ~wind energy availability renewable energy sources, which is crucial for sustainable development ' on Urzad Regulacji

indicator (1)

and CO, emission reduction. Energetyki
x2 - bus (including trolley- ' The densnylof public transport stops is a measure of the agcessmlhty Bank Danych Lokalnych
bus) and tram stops per and convenience of public transport, which supports sustainable devel- QUS
1,000 inhabitants opment and reduces pollution and congestion in the city.

The planned civic budget amount per capita reflects the municipality's
x3 - Planned civic budget commitment to involving citizens in the allocation of public funds, Bank Danych Lokalnych
amount per capita: which is essential for fostering community engagement and ensuring ~ GUS

that the needs and priorities of residents are addressed.
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Variable Substantiation Source

The area of protected zones per capita shows how the city cares for

x4 - area (.)f 'eg"?”y protected nature conservation and biodiversity, which is essential for the quality Bank Danych Lokalnych
zones per inhabitant . . . GUS

of life of residents and sustainable development.
5 G g [ ol cpt e bl 11, sl
staff) per 10,000 inhabitants gahigh quality GUS

residents.

The number of entities registered in the REGON database per 10,000

inhabitants indicates the level of economic activity and the city'seco-  Bank Danych Lokalnych
nomic development potential, which is crucial for its innovation and GUS

competitiveness.

Source: authors’ work based on www.stat.gov.pl [26-07-2024].

x6 - Entities registered in the
REGON database per 10,000
inhabitants:

Step 4: Smart city potential index construction and comparative classification of cities

The subsequent step in the analysis involved standardising the collected statistical data using the
method of linear ordering of standardised aggregate data. For the purpose of this study, equal weights
were assigned to the six selected variables that represent various elements of a smart city in the
synthetic indicator model. The procedure starts with standardisation by normalising one-dimen-
sional variables according to the following formula:

xj; = —min_ 10, (2)

Xmaxj~Xminj

where:

x';j - the normalised feature j in spatial unit i,
J - the next feature number,

i — the next spatial unit number,

x;; — the value of feature j in spatial unit i.

If the nature of the variable is different, such as destimulants or nominants, the stimulant substi-
tution procedure should be used. Nevertheless, the selected variables were identified as stimulants.

Following standardisation, a Synthetic Smart City Potential Index (W) was constructed by aggre-
gating the standardised variables using equal weights, according to established procedures for com-
posite index development (Mitek, 2020), using the formula presented below.

W = Z?zl w; X Zi; (3)

where:

W - the synthetic indicator,

w; - the weight of the variable,

Z; - the value of the standardised variable of unit i.

Finally, the values of indicators W and I were compared using a four-field matrix with mean val-
ues as threshold boundaries. This classification yielded four city types, differentiated by high/low
smart potential and high/low wind energy availability, supporting the identification of strategic
directions for energy-smart urban development.

Results of the research

Utilising GIS analysis on spatial data concerning cities with populations exceeding 100,000
inhabitants, outlining the immediate vicinity of non-urban municipalities, along with the locations
and installed capacities of wind farms in Poland, the following map (Figure 2) has been generated. It
depicts the distribution of both large cities and wind farms across Poland.
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Figure 2. The distribution of wind farms and cities with a population above 100,000 in Poland
Source: authors’ work based on www.stat.gov.pl and www.ure.gov.pl [26-07-2024].

As shown in the above map (Figure 2), there is no clear correlation between the location and
power capacity of wind farms and their proximity to large cities. However, it is noticeable that wind
farms with high power generation capacities are located in the northwest of the country. This is likely
influenced by the proximity to the Baltic Sea coastline, which results in strong sea winds. Another
area with a relatively high concentration of high-capacity wind farms is the Zutawy Wislane region.
This area is characterised by exceptionally flat terrain and close proximity to the Baltic Sea in the
Gdansk Bay area.

Additionally, the southern part of the Greater Poland Voivodeship stands out as an area with a
high density of wind farms, albeit with relatively low power capacities. This region is characterised
by significant use of land for agriculture, resulting in large open spaces due to the nature of the agri-
cultural fields. This sharply contrasts with the eastern part of the country, where agriculture is frag-
mented into small-scale farms, complicating investment plans for larger capacity wind farms.

Furthermore, the map (Figure 2) reveals a significant disparity between the locations of large
cities and wind farms. Large cities are predominantly situated in the south, whereas wind farms are
mainly located in the north. This discrepancy poses a key challenge in terms of the efficiency and
economic feasibility of transporting green electricity from the north to the south. The locations and
population densities of large cities of the south are influenced by economic and historical factors,
particularly in regions with a historically strong mining and heavy industry sector. In contrast, the
northern location of wind farms is driven by natural conditions, such as strong coastal winds, and the
relative ease of siting wind farms in sparsely populated areas.

The subsequent steps in the research methodology involved developing an indicator for wind
energy availability in large cities, along with selecting and standardising data to introduce a synthetic
indicator for smart city potential. These processes led to the creation of the results table below (Table
2) and the classification of cities based on the obtained indicator values.
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Table 2. Classification of Polish Cities into Smart City Strategy Types Based on Synthetic Indicators of Smart City
Potential (W) and Wind Energy Availability (1)

Ly of sTt);zfegy w : el of ;):gfegy w !
Bydgoszcz | 64.77 52.00 Rybnik | 31.72 4176
Elblag | 63.48 51.02 Rzeszow Il 27.02 42.64
Gdanisk | 56.72 50.94 Warsaw | 40.68 52.11
Gdynia | 54.26 48.96 Biatystok Il 30.11 34.71
Egg(ﬂivvie" ! 53.54 4675 | Bielsko-Biafa I 2729 4017
Koszalin | 84.68 58.52 Bytom Il 35.49 24.99
tod? | 53.28 47.41 Chorzéw Il 33.43 23.77
Plock ! 57.39 4766 gg'f;?!;: Il 3325 2155
Poznan | 60.74 52.75 Gliwice Il 35.33 34.70
Szczecin | 53.38 48.34 Radom Il 37.27 30.89
Torun | 08.14 46.05 Ruda Slaska Il 33.61 17.47
Wroctaw I 45.88 46.57 Sosnowiec II 3218 15.09
Zielona Géra | 45.55 53.51 Tarnow 1l 26.47 34.62
Czestochowa Il 418 41.68 Tychy 1l 30.88 30.53
Katowice Il 3211 51.87 Watbrzych 1l 38.12 34.04
Kielce Il 34.34 54.96 Zabrze If 35 28.08
Krakéw I 27.98 4218 Olsztyn v 49.26 40.23
Lublin Il 29.59 4273 Wioctawek \% 67.64 36.28
Opole | 39.58 50.10

Source: authors’ work based on www.stat.gov.pl and www.ure.gov.pl [26-07-2024].

In the final stage of the study, which is partially illustrated in the proposed typology for cities in
Table 2, a four-field matrix (Figure 3) was constructed. Each field in this matrix represents one of the
four types of cities, into which all analysed municipalities were classified.

Type Il Type [
Gdansk
Warsaw Poznan
Krakow " Gdynia Bydgoszcz
k| e ¥ Zielona Géra ° Koszalin
£ Rzeszow Lublin ® Opole ] .e e Elblag
% Rybnik SfWrocaw, S Plock Torun
[ . Y
5 L) i
=] ® Giiwicn Czs;stnchowi Olsztyn
=] A ;
b Bielsko-Biala ° « & Watbrzych Szczecin ® Wioctawek
@ ;i
L ® Tychy € Radom L6dZ
Tarnow ® Zabrze )
[ 2 Bytom Gorzow Wielkopolski
Bialystok ®  Chorzéw
® Ruda Slaska
Dabrowa Gornicza
Sosnowiec
Type 111 Type IV

Wind Energy Availability

Figure 3. Smart city strategy matrix
Source: authors’ work based on www.stat.gov.pl and www.ure.gov.pl [26-07-2024].

DOI: 10.34659/€is.2025.94.3.880



ECONOMICS AND ENVIRONMENT 3(94) = 2025 9

As illustrated in Figure 3, four distinct smart city development strategies are identified for the
analysed cities. This typology is based on the synthetic smart city potential indicator (W) and the
wind electricity availability indicator (I). The boundaries between the types are determined by the
mean values of indicators I and W, with values below the mean classified as low and values above the
mean classified as high. Thus, the top-right corner of the matrix represents high values for both indi-
cators, while the bottom-left corner signifies low values for both indicators.

Type I (high I and W) - comprising 35% of all analysed cities, primarily located in northern and
western Poland, with the exception of L6dz. Cities in Type I not only benefit from their geographical
location but also feature high values for both wind energy availability and the synthetic smart city
potential indicator. This indicates significant potential for developing smart cities based on smart
energy and renewable energy sources. The development strategy for Type I should emphasise lever-
aging the geographical advantages of these areas, focusing on harnessing wind energy to drive smart
city growth.

Type 11 (low I; high W) - representing 24% of the cities, including Warsaw, Krakéw, and Kielce.
This strategy should be based on other smart city components, depending on the city’s potential
strengths. The focus should be on utilising high smart city potential while exploring alternative com-
ponents, given the low wind energy availability.

Type III (low I and W) - making up 35% of the cities, mainly in southern Poland and the Silesian
agglomeration, characterised by high population density. The smart city development strategy in
these areas cannot rely on wind energy due to spatial constraints. Given the high demand for electric-
ity, it is recommended to focus on alternative energy production methods, such as nuclear power,
particularly in the form of Small Modular Reactors (SMRs), when aspiring to catch up with smart
energy components.

Type IV (high I; low W) - comprising only two cities, Olsztyn and Wtoctawek. These cities are
located in windy areas but have low values for the synthetic smart city potential indicator. The devel-
opment strategy should emphasise advancing other smart city components, as the deficiencies in
these areas are too significant to fully realise smart city initiatives despite favourable smart energy
conditions.

Discussion/Limitation and future research

To comprehend the concept of an intelligent energy system in a smart city - particularly in the
context of wind farms - it is essential to analyse how renewable energy sources like wind power are
integrated into urban energy infrastructures. Wind farms are key to sustainable energy generation
and, when effectively incorporated into smart city frameworks, they contribute to energy efficiency,
resilience, and carbon emission reduction (March & Ribera-Fumaz, 2016).

Several key studies have employed similar approaches to explore the role of wind energy in smart
urban systems. For example, Parks (2018) investigates the deployment of smart grids and their
capacity to manage variable renewable energy sources, including wind, within urban environments.
His research demonstrates how smart grids can balance supply and demand dynamically, improving
energy optimisation in real time.

Similarly, Glaum et al. (2024) emphasise the strategic importance of offshore wind farms in diver-
sifying the urban energy mix, highlighting their potential to support decentralised, low-carbon energy
systems. This study also shows how large-scale wind integration requires robust digital infrastruc-
ture to manage production and distribution efficiently.

Moreover, Zhou et al. (2016) have provided a comprehensive analysis of how smart grids,
demand-side management, and wind forecasting technologies have been implemented in European
smart city pilot projects. Their work illustrates how these tools collectively enable cities to integrate
intermittent wind energy without compromising grid stability.

These studies affirm that the integration of wind farms into smart energy systems is not only
technologically feasible but also crucial for achieving long-term urban sustainability goals. Their
findings support the growing consensus that smart grid infrastructure and digital energy manage-
ment tools are indispensable in enabling wind energy to play a central role in smart city develop-
ment.
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The research findings presented in this study largely confirm the position of many researchers
that the greatest barriers to the development of wind energy within the framework of a smart city are
dense urban development (Jung & Schindler, 2021), the availability of land for investment (Diogenes
etal, 2020), and the availability of wind (Cai et al., 2022). It is worth noting that the results indicate
that cities with high potential for the development of smart infrastructure (energy) components
within a smart city are most often located in northern and western Poland, which is associated with
the strength of the available wind as well as the available space for such investments (Zarebski et al.,
2024). On the other hand, cities in southern and eastern Poland, due to the aforementioned barriers,
are forced to rely on other strategies to achieve smart city goals, which has also been addressed in the
analysis.

In conclusion, integrating wind farms into the intelligent energy system of a smart city represents
a significant step towards achieving energy sustainability, reducing carbon emissions, and promoting
environmental conservation. By leveraging advanced technologies, smart grids, and stakeholder
engagement, cities can effectively harness wind energy to enhance their energy resilience and con-
tribute to a more sustainable urban future.

The conducted study was limited by the availability of data, and as a result, the analysis was
restricted to cities with populations of 100,000 and county status for which the data were available.
Future research should aim to give a better insight regarding other components characterising smart
cities by including additional variables, in order to classify Polish cities as accurately as possible. This
is particularly relevant for cities categorised as Type 3 in order to identify their strengths in smart
city development strategies.

Conclusions

In conclusion, the most significant barriers to the development of wind energy within the frame-
work of a smart city are the lack of sufficient wind power, the costs associated with energy transmis-
sion, and the insufficient space in the immediate vicinity of cities. It is worth noting that, although
most of the wind-generated electricity is produced along the Baltic Sea coast, this does not mean that
southern agglomerations do not receive it. Energy does reach these areas, but at a higher cost due to
the need to maintain transmission networks, among other factors. It should also be noted that large
cities in Poland have the potential to develop as smart cities; however, this potential is highly depend-
ent on the specific conditions of each city. Therefore, northern and western cities might achieve
“smartification” through the use of smart infrastructure (energy), while southern cities could lever-
age other strengths, such as smart governance or smart living or focus more on alternative energy
sources, such as nuclear or solar.

The development of wind farms in rural areas creates new opportunities for cooperation between
rural municipalities and large and medium-sized cities. The potential to harness the energy capacity
of wind farms can be an integral part of smart city strategies, implemented through integrated terri-
torial investment (ZIT) strategies. Based on this context, future research directions can be proposed
to effectively utilise the potential of wind farms in integrated development strategies.

One direction involves spatial analysis and planning of wind farm locations, including studies
aimed at identifying optimal locations for wind farms, considering spatial, wind, and environmental
conditions, as well as assessing the impact of wind installations on biodiversity and rural ecosystems.
Another area of focus is research on the economics and financing of integrated investments, including
financing models for inter-municipal cooperation and studies on the economic aspects of collabora-
tion, with a cost-benefit analysis for both types of municipalities.

Technologies and innovations in wind energy represent another important direction, encom-
passing the development of energy storage technologies and research on integrating wind farms with
urban energy systems, including smart grids. Social and cultural aspects of cooperation also consti-
tute a significant research area, covering studies on the socio-cultural conditions for the acceptance
of wind farms and mechanisms for involving local communities in decision-making processes, as well
as analysing the impact of wind farm development on the quality of life for residents in both rural and
urban areas.
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In the realm of policy and management, studies are needed on the legal frameworks supporting
inter-municipal cooperation in renewable energy development and research on effective ZIT man-
agement models that can facilitate the implementation of joint energy projects. Analysing successful
inter-municipal cooperation projects in the context of wind farms, identifying key success factors and
potential barriers, as well as researching mechanisms for knowledge and technology transfer
between rural and urban municipalities, are important areas that can provide valuable insights for
future initiatives.

These research directions can contribute to a better understanding and effective implementation
of inter-municipal cooperation strategies in the context of wind energy development, and support
the achievement of sustainable development goals and the improvement of quality of life in both
rural and urban areas.
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INTELIGENTNE MIASTA ZASILANE WIATREM: ANALIZA POTENCJALU
| KIERUNKOW STRATEGICZNEGO ROZWOJU POLSKICH MIAST

STRESZCZENIE: Artykut analizuje mozliwosci integracji energii wiatrowej z rozwojem inteligentnych miast w Polsce. W bada-
niu wykorzystano syntetyczny miernik potencjatu smart city, wskaznik dostepnosci energii wiatrowej oraz analize przestrzenng
oparta na systemach informacji geograficznej (GIS), bazujac na danych Gtéwnego Urzedu Statystycznego (GUS) i Urzedu Regu-
lacji Energetyki (URE). Praca wnosi nowg perspektywe, taczac planowanie odnawialnych Zrédet energii z przestrzenng dynamika
przemian miejskich. Szczegéing uwage poswiecono wspdtpracy miedzygminnej, zwtaszcza pomiedzy gminami wiejskimi, na
terenie ktérych znajduja sie farmy wiatrowe, a osrodkami miejskimi, przy wykorzystaniu instrumentu zintegrowanych inwestycji
terytorialnych (ZIT). Taka wspétpraca moze utatwi¢ witgczenie energii wiatrowej do miejskich strategii energetycznych.Wska-
zano gtéwne wyzwania, takie jak niewystarczajacy potencjat wiatrowy w poblizu miast, wysokie koszty przesytu energii oraz
o graniczona dostepno$¢ terenéw. Obecnie energia wiatrowa jest gtéwnie produkowana w pétnocnych rejonach kraju — szcze-
gdlnie wzdtuz wybrzeza battyku — podczas gdy potudniowe aglomeracje otrzymuja ja po wyzszych kosztach. Potencjat rozwoju
inteligentnych miast jest zréznicowany regionalnie: miasta pétnocne i zachodnie moga skorzystac na rozbudowie inteligentnej
infrastruktury energetycznej, podczas gdy regiony potudniowe moga skoncentrowaé sie na wykorzystaniu energii stonecznej lub
jadrowej oraz na poprawie jakosci zarzadzania i jakosci Zycia mieszkaricéw. Badanie podkresla role energii wiatrowej w zréwno-
wazonym rozwoju miast oraz wskazuje na potrzebe wdrazania regionalnie dostosowanych, partnerskich strategii wspierajgcych
inteligentng transformacje polskich osrodkéw miejskich.

StOWA KLUCZOWE: inteligentne miasto, inteligentna energia, energia wiatrowa, zréwnowazony rozwdj
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