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Abstract

The rapid global expansion of wind energy underscores the need for robust methods
to assess its potential under diverse legal, spatial, and technical conditions. This study
presents a Geographic Information System (GIS)-based framework designed to analyze
land eligibility and evaluate the techno-economic potential of onshore wind energy. The
developed approach combines regulatory, spatial, and technological factors to examine
how turbine class and setback distances from residential buildings influence both technical
feasibility and economic performance. The framework consists of two modules: (1) a land
eligibility and turbine allocation module that accounts for spatial, legal, and technological
restrictions and (2) a techno-economic assessment module estimating the Levelized Cost
of Electricity (LCOE) using a standardized formulation consistent with methodologies
adopted by international energy agencies. The method’s applicability is demonstrated
through a comprehensive national case study of Poland, highlighting its potential for appli-
cation in other regions and planning contexts. Results for Poland indicate that 3.11–3.72%
of the country’s territory is suitable for turbine installation depending on the scenario.
Relaxing setback restrictions (e.g., to 500 m) and deploying Class III (IEC) turbines sig-
nificantly increase both technical and economic potential, reducing average generation
costs by approximately €6/MWh compared to Class II turbines. Across all scenarios, the
LCOE remains below €46/MWh. The developed GIS-based framework offers a versatile
and transferable tool to support evidence-based national and regional strategies for the
sustainable expansion of onshore wind energy.

Keywords: onshore wind energy; energy transition; energy policy; techno-economic
potential; GIS analysis; LCOE

1. Introduction
Achieving climate neutrality remains one of the most pressing global challenges of the

twenty-first century. Regardless of the scale at which climate policies are implemented—whether
international, national, or regional—a substantial and steadily increasing share of renewable
energy constitutes an essential component of all decarbonization strategies. According to the
International Energy Agency (IEA), achieving the Net Zero by 2050 targets requires renewables
to account for 61% of total electricity generation by 2030 and 88% by 2050 [1]. Similarly, recent
projections for the European Union (EU) by ENTSO-E (European Network of Transmission
System Operators for Electricity) and ENTSOG (European Network of Transmission System
Operators for Gas) Ten-Year Network Development Plans (TYNDP) indicate that a renewable
energy share of approximately 80–90% in total electricity consumption is necessary to reach

Energies 2025, 18, 6230 https://doi.org/10.3390/en18236230

https://doi.org/10.3390/en18236230
https://doi.org/10.3390/en18236230
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9578-8299
https://orcid.org/0009-0007-3382-0047
https://orcid.org/0000-0001-7514-8761
https://doi.org/10.3390/en18236230
https://www.mdpi.com/article/10.3390/en18236230?type=check_update&version=1


Energies 2025, 18, 6230 2 of 23

carbon neutrality by 2050, depending on the scenario considered [2]. These targets are
especially challenging for countries such as China, India, and Poland and Germany in the EU,
where energy systems have historically relied on fossil fuels [3–5].

In this context, wind energy plays a crucial role, not only due to its low levelized cost
of electricity (LCOE), but also because of its potential for local generation, which enhances
energy security and decreases reliance on fossil fuels [6,7]. Recent studies emphasize that
onshore wind remains one of the most technically mature and cost-effective renewable tech-
nologies capable of delivering substantial capacity additions when spatial and regulatory
conditions are favourable [6,8]. Consequently, despite the rapid expansion of onshore wind
power both globally and across Europe, there is an increasing need to evaluate whether the
share of wind energy required to fully transition away from fossil fuels can realistically be
achieved under current policy and land-use constraints.

A key step in assessing wind power potential involves performing a land eligibility
analysis using Geographic Information Systems (GIS) [9–11]. Identifying suitable areas for
new wind turbines serves as the cornerstone for estimating both installable capacity and
potential energy output [12,13], which subsequently provides the foundation for assessing
the economic viability of onshore wind farms. Previous research has demonstrated that
even at the early stage of excluding certain land categories, it is essential to consider the
multidimensional aspects that govern wind energy development [14,15].

In this regard, land eligibility assessments must capture the interplay between spatial,
legal, and technological constraints that collectively define the feasible scope for onshore
wind expansion. Spatial factors include topography, proximity to existing infrastructure,
and grid accessibility [16,17]; legal factors establish minimum allowable distances from
protected areas and residential zones [18,19]; and technological factors concern the expected
specifications and performance parameters of modern turbines—such as hub height, rotor
diameter, and efficiency [13,20]. Integrating these dimensions enables a realistic estimation
of the geographical, technical, and economic potential of wind energy under specific
national conditions [15,16].

In this context, this article proposes a two-module GIS-based framework that enables
an integrated assessment of the future potential of onshore wind energy. The approach
combines land availability analysis with estimates of installable capacity, expected energy
production, and generation costs, while considering spatial, legal, and technological restric-
tions. The framework is applied to the case of Poland to demonstrate its applicability and to
verify its potential use in national-level planning processes. The selection of Poland as the
case study is motivated by its substantial yet underexploited onshore wind potential, to-
gether with national energy policy targets and regulatory conditions that critically shape the
country’s actual capacity for infrastructure development. A detailed discussion of previous
works and the methodological gaps that motivate this study is provided in Section 1.1.

1.1. Related Research

The growing importance of assessing wind energy potential has driven research
efforts to develop comprehensive methods for analyzing the factors influencing wind
energy development. Recent studies have highlighted the use of GIS tools and data-driven
approaches to evaluate spatial and regulatory conditions affecting wind energy potential.

Among recent studies, ref. [21] analyzed the spatial distribution of onshore wind farms
in Cameroon by integrating the Analytic Hierarchy Process (AHP) with GIS tools. The
authors adopted a comprehensive approach by considering technical factors (wind speed,
terrain morphology), economic factors (proximity to the grid and roads), and social factors
(distance from settlements, population density). In addition, they introduced five weighted
criteria and performed a sensitivity analysis of these weights, facilitating the calibration of
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assumptions depending on the study’s objective. However, the study did not include an
evaluation of energy generation potential or economic viability, and the weighting process
was characterized by a considerable degree of subjectivity.

Similarly, ref. [22] proposed a method that accounts for the diversity of land exclusion
criteria in a non-standard manner. The authors developed multiple scenarios based on
various configurations of land eligibility restrictions, distinguishing between static and
flexible parameters. The proposed model, combined with ERA5 data and 28 wind turbine
power curves, enabled the calculation of the LCOE for wind energy in Indonesia. Although
the approach provided valuable insights into the most favorable turbine siting locations,
the authors did not address regulatory constraints relevant to turbine placement, and the
employed LCOE formulation was specific to the case study considered.

In a related study, ref. [23] estimated the potential of onshore wind energy while
incorporating climate impacts. The authors applied a Multi-Criteria Decision-Making
(MCDM) approach combined with AHP, accounting for multiple categories of constraints,
including technical, economic, social, and environmental factors. Historical and climate
scenario data were used to evaluate land availability and calculate the LCOE, while also
considering regional variations in wind speed across China and assigning weights to the
criteria. The methodology therefore combined several analytical tools; however, it did not
explicitly address the process of turbine placement or spatial allocation.

In recent years, several studies have focused on evaluating wind energy potential
in Europe, as shown by [24]. This research examined both the technical and economic
potential of onshore wind energy using a GIS-based method and cost–potential curves.
After identifying suitable areas and applying land suitability factors (to account for areas
partially appropriate for development), as well as selecting turbines from 60 possible
configurations, the authors calculated the LCOE for wind energy. Their findings indicated
an annual European potential of approximately 20 PWh, with costs ranging from 0.06 to
0.50 €/kWh. The countries with the highest potential and lowest LCOE were the United
Kingdom, Poland, and Sweden. For Poland, the generation potential was estimated at
nearly 1.5 PWh per year, with the entire output achievable at costs below 0.20 €/kWh.
However, it should be noted that the wind speed extrapolation between different hub
heights may have influenced the accuracy of the results. Additionally, the comprehensive
scope of the analysis was achieved at the expense of omitting national regulatory constraints
governing turbine siting.

The development prospects of onshore wind energy in Europe, considering the evolu-
tion of turbine technology, were examined by [20]. The authors proposed a methodology to
determine the economic potential of wind energy, which included land eligibility analy-
sis, turbine placement and characterization, simulation of turbine performance, and cost
assessment of wind power plants. Turbine locations were selected based on land avail-
ability and the minimum required distance between turbines. By analyzing technological
and meteorological trends, it was assumed that future turbines would be taller and have
larger rotor diameters than those currently in use. Although the study mainly focused on
Europe, it also reported data for individual European countries. For Poland, approximately
183,000 potential turbine locations were identified, with a total technical potential of nearly
2 PWh and 750 GW. The study also highlighted the projected decrease in the LCOE of wind
energy by 2050—estimated not to exceed €0.06/kWh for most of Europe. However, it did
not account for local factors such as legal or social barriers, focusing solely on cost-related
and technological aspects.

In a later study, the authors of [9] used a similar land eligibility assessment method but
supplemented their research with an estimation of the share of agricultural and forested
areas within the total available land—calculated for Europe as 49% and 37% (for Poland
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68% and 30%), respectively. It is worth noting that forest areas were often excluded in
studies conducted by other authors [24–26]. The article also showed that the geographical
potential of onshore wind energy is especially sensitive to factors such as minimum wind
speed, maximum terrain slope, and distances from transmission lines and settlements. In
both aforementioned studies, land availability constraints related to existing wind power
plants were not considered. At the same time, these studies did not estimate the potential
in terms of installable capacity, expected energy generation, or associated generation costs.

In a more recent work focused exclusively on Poland, ref. [25] demonstrated the high
sensitivity of theoretical wind potential to variations in the permitted distance between
wind turbines and residential buildings, based on analyses of eligible land area, maximum
installable capacity, and expected electricity generation for different setback distances from
dwellings (500 m, 700 m, 1000 m, 1200 m, 1500 m, and 2000 m). For the technical analysis,
a single wind turbine model was adopted, with its spatial distribution defined similarly
to the approach in [20]. Land availability decreased by approximately 45%, 80%, 90%,
97%, and over 99% compared to the 500 m scenario as the minimum setback distance
increased. Despite these declines, the study concluded that wind energy in Poland still has
very high potential—implementing a 1000 m buffer zone could theoretically meet about
91% of the country’s electricity demand. However, the author limited the analysis to land
availability, installable capacity, and energy generation potential, without conducting an
LCOE assessment.

A similar analysis was conducted by the authors of [27], whose primary objective
was to assess the feasibility of meeting the EU’s climate policy goals by 2030. The study
examined several potential setback distances between turbines and residential areas and
considered two scenarios: one permitting turbine installation on forested land and another
excluding it. Energy production simulations were performed using the technical param-
eters of existing turbines and approximately 600 turbine models to determine optimal
configurations. Ultimately, areas with the lowest energy generation costs were selected,
and turbines were geographically distributed to meet the EU’s renewable energy targets for
future years. The study showed that Poland could reach its projected goals with a relatively
low LCOE. However, expanding wind energy would require relaxing spatial restrictions to
secure sufficient available land and gain greater social acceptance. It is important to note
that the study used a simplified method for LCOE calculation and relied on low-resolution
wind data (20 × 20 km), which may have impacted the accuracy of the results.

The study by the authors of [26] presented a methodology for identifying suitable
wind farm locations in Poland by integrating theoretical wind potential with terrain-related
factors (surface structure) and socio-spatial constraints (setback distances from residential
areas). The authors used the multi-criteria decision-making tools AHP and TOPSIS, con-
sidering wind speed, distance to the transmission network, topography, and proximity to
protected and populated areas. This approach allowed them to identify the most suitable
turbine locations while accounting for existing installations, revealing that the available
land constitutes 2.34% of Poland’s total territory and could potentially add 103.55 GW to
the national power system. However, the results did not provide estimates of potential
energy generation or generation costs. Additionally, the process lacked automation and
did not incorporate turbine technical specifications into spatial allocation.

Building upon these spatial and technical assessments, ref. [19] offered a qualitative
analysis of the multidimensional context of onshore wind energy development in Poland,
focusing on legal and regulatory aspects related to new wind farm construction. The author
pointed out that although Polish law lacks coherent and practical landscape protection
instruments in the context of wind energy development, the absence of local spatial plans
and lengthy, complicated planning procedures further hinder investment efforts.
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Despite the diversity and advancement of methods employed in the aforementioned
studies, several important research gaps remain. First, most studies rely on generalized
assumptions that provide a strong basis for cross-country comparisons but fail to account
for country-specific legal, spatial, and social factors influencing wind energy development.
This limitation reduces their practical applicability for national planning and decision-
making, despite their methodological value. Second, only a few approaches integrate the
multidimensional aspects of wind energy within a single coherent model, often treating
technical, economic, and regulatory factors separately. Third, many studies either omit
LCOE calculations or apply formulations that are difficult to replicate or adapt to different
contexts. Finally, although recent works have improved the understanding of spatial and
regulatory constraints in Poland, they still lack a comprehensive, data-driven method
that jointly evaluates spatial eligibility, turbine technology, and techno-economic feasibil-
ity. These shortcomings highlight the need for a reproducible and integrated GIS-based
framework that simultaneously considers land eligibility, technical parameters, and LCOE
evaluation. The present study addresses these gaps by developing and applying such a
framework to the case of Poland, demonstrating its capacity to combine spatial, regulatory,
and techno-economic analyses within a unified methodological approach.

1.2. Research Aim, Questions, and Contributions

Based on the reviewed literature, the observed disparity in estimated onshore wind
energy potential can be attributed to methodological inconsistencies, limited integration of
spatial, legal, and technological constraints, and the absence of standardized procedures
linking land eligibility with economic assessments. Existing approaches often rely on
oversimplified spatial exclusion criteria or neglect regulatory provisions that determine
where turbines can legally be installed. Moreover, several studies assess either the technical
or the economic potential of onshore wind energy in isolation, without accounting for the
interdependence between legal constraints, technological parameters, and cost structures.
As a result, their estimates frequently diverge and offer limited support for policy design,
grid planning, or investment decisions.

Accurately quantifying the technical potential for onshore wind energy requires a com-
prehensive framework capable of representing these interconnections within a consistent
methodological structure. This need is particularly relevant for countries where regulatory
frameworks lag behind the pace required to achieve energy transition and decarbonization
goals. In such contexts, spatial restrictions—such as minimum setback distances from
residential areas, land-use exclusions, or environmental factors—can significantly reduce
the available land for wind development and alter the economics of potential projects.

The novelty of this study lies in the development of an integrated GIS-based frame-
work that unifies national regulatory constraints, high-resolution land eligibility analysis,
and future turbine parameters, including larger rotor diameters, updated IEC classes,
and wind-direction-based spacing rules, within a single techno-economic assessment. By
embedding forward-looking turbine characteristics directly in the spatial allocation and
LCOE evaluation, and by demonstrating the approach for the evolving regulatory context
of Poland, the study delivers a robust and policy-relevant method for assessing national
onshore wind potential.

The overarching aim of this study is to bridge the methodological gap between land
eligibility analysis and economic feasibility evaluation by developing and demonstrating
a comprehensive, data-driven assessment framework that integrates spatial, legal, and
techno-economic dimensions of onshore wind energy assessment.
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In line with this aim, this study explores the following key questions:

• In countries where regulatory frameworks lag behind the pace required for decar-
bonization, how do distance restrictions between wind turbines and residential areas
affect the development potential of onshore wind energy?

• How does the selection of turbine technology influence the technical potential of
wind energy?

• How does the cost of energy production evolve with technological advancements and
under varying regulatory conditions?

Unlike previous studies that examined these aspects independently or through general-
ized assumptions, the proposed framework explicitly incorporates regulatory constraints,
site-specific turbine configurations, and economic feasibility criteria. It therefore provides a
reproducible and policy-relevant methodology for evaluating national wind energy potential.

The contributions of this study are as follows:

• It develops a GIS-based framework that supports land-use planning and infrastructure
development through the assessment of land eligibility and the identification of
suitable wind turbine locations. The framework estimates installable capacity and
energy output while accounting for future turbine specifications (rotor size) and wind
conditions (prevailing wind direction).

• It integrates an economic feasibility component based on a Levelized Cost of Energy
(LCOE) formulation that is methodologically robust, scalable across regions, and
suitable for evaluating the financial performance of onshore wind energy within
spatially eligible areas.

• It demonstrates the proposed framework through a national-scale case study of Poland,
analyzing multiple scenarios to quantify the share of eligible land, potential turbine
numbers, total installable capacity, annual energy generation, and corresponding
LCOE values.

The research activities in this study involve the development and implementation of a
full GIS-based computational workflow, including data preprocessing, spatial exclusion
modeling, turbine allocation procedures, and techno-economic evaluation. These activities
also encompass scenario design, spatial analysis, turbine placement, and LCOE outputs for
the Polish case study.

The remainder of this paper is structured as follows. Section 2 introduces the GIS-based
analytical framework developed to evaluate land eligibility and conduct a techno-economic
assessment of onshore wind energy. Furthermore, this section describes the datasets used in
the study, along with the case study area and scenario assumptions. Section 3 presents the
results of the spatial and techno-economic analyses, including estimates of the technically
installable capacity and the corresponding levelized cost of electricity. Section 4 summarizes
the main findings and discusses the methodological implications as well as the prospects
for onshore wind energy deployment in Poland.

2. Materials and Methods
This section presents a spatio-temporal framework for identifying suitable areas for

onshore wind farm deployment. The workflow comprises two stages: (i) a GIS-based land
eligibility and turbine allocation stage, which identifies suitable land, assigns turbine locations,
and determines installable capacity, and (ii) a techno-economic assessment stage, which
estimates annual energy production and the LCOE for the chosen sites. It is important to note
that the framework integrates high-resolution spatial data and techno-economic assumptions
consistent with contemporary wind energy research. Additionally, this section introduces the
study area, the datasets used, and the scenario assumptions applied in the analysis.
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2.1. Computational Framework

With recent advancements in cloud computing and the surge in geospatial data avail-
ability, the development and use of GIS and big data platforms have become essential
for assessing renewable resources and planning large-scale renewable infrastructure. As
discussed in Section 1, the urgent need to decarbonize energy systems in recent years has
driven the development of innovative approaches to de-risking renewable energy siting. In
this context, this study develops a computational approach adaptable to diverse regional
settings. The approach builds on the model previously developed by Benalcazar et al.
for utility-scale PV installations [28] and on the works of [9,20], by incorporating turbine
placement procedures, high-resolution spatial data related to wind power technologies,
regulatory constraints, and techno-economic assumptions tailored to the current Polish
context. The framework also follows an LCOE breakdown consistent with those commonly
adopted by international and national energy agencies [29,30].

Furthermore, using Poland as a case study, this research addresses two key aspects
of the current public discourse on wind energy development. First, the computational
model includes a module that evaluates land suitability by applying exclusion constraints
based on local technical, economic, and regulatory conditions, allowing for the estimation
of the total area suitable for potential onshore wind turbine deployment. Second, the
approach includes a module that estimates the technical potential for onshore wind turbine
capacity across the country, taking into account the trend toward larger turbines with higher
power ratings and/or optimized for low-to-moderate wind speeds—particularly evident
in Europe and China. Figure 1 provides an overview of the method used in this study.

Figure 1. General schematic of the methodology applied in this study.

A key factor in deploying onshore wind power is identifying suitable sites where land
use and environmental conditions support development while complying with legislation.
To achieve this, this study employs a computational method that conducts two separate
procedures—one for raster datasets and another for vector datasets—that convert exclusion
constraints, buffer zones, and land specifications into binary values. This process produces
a Boolean map in raster format with a spatial resolution of 100 m.

Although the framework is designed to generate the Boolean map in a single compu-
tational step, avoiding repeated processing for each data layer, it also enables the analysis
of how land availability changes at each successive exclusion stage. It is important to note



Energies 2025, 18, 6230 8 of 23

that eligibility constraints are a major source of variation across studies. As a result, several
international research efforts emphasize the need to establish common frameworks for
land eligibility constraints [31,32]. Consequently, even locally developed frameworks—as
opposed to those established at the European level—can facilitate meaningful comparisons
between studies and make replication more straightforward.

This paper aligns the exclusion constraints with established literature and prevailing
practices while also accounting for relevant national regulatory requirements. Beyond
identifying suitable sites for wind power, the computational method enables the evaluation
of potential technical capacity scenarios using representative reference turbines that could
be deployed in the future. As power ratings for land-based wind turbines increase—for
example, from Poland’s current average of around 2–3 MW to 6 MW turbines, in line with
global trends [29,33]—there is a growing need to assess the available power potential within
administrative units. In this regard, the method also supports a geospatial assessment of
both the number and distribution of turbines that can be installed within eligible areas,
taking into account their geometric dimensions.

The spacing between adjacent turbines is determined based on the predominant wind
direction across the analyzed region (in this case, at the national level) and is expressed as a
multiple of the rotor diameter, which characterizes each turbine model. The framework
assumes uniform power and geometric characteristics for turbines within a single Inter-
national Electrotechnical Commission (IEC) class. After positioning the turbines within
the study area while maintaining the minimum spacing along both the dominant and
crosswind axes, an eligibility check is performed. Ultimately, only turbines located in areas
classified as available are included in the estimation of onshore wind power potential.

The implementation of the GIS-based procedure described above serves as the basis
for calculating annual electricity production (AEP)—both at individual turbine sites and
across the entire country. Spatial variation in wind conditions across the study area is
captured by assigning each turbine site to a 250 m resolution raster cell containing data on
that cell’s average annual capacity factor. The equation used to calculate the annual energy
output of a single wind turbine is given in Equation (1).

AEP = C ·CF · 8760 (1)

The value of AEP, determined from the rated power of an individual turbine (C)
installed within the eligible land area and the capacity factor (CF), is used to assess both
the technical and economic potential. The main economic indicator used to evaluate
the cost performance of the analyzed wind installations is the LCOE. Its estimation is
performed using Equation (2), following the method described in [29], where CAPEX
represents investment costs (including grid connection and overnight capital expenditures),
and OPEX denotes operational expenses. In the present study, grid-connection costs are
treated as spatially uniform due to the lack of publicly available, high-resolution datasets
describing their spatial distribution.

LCOE =
C · (CAPEX · FCR + OPEX)

AEP
(2)

Aligned with this study’s contributions, the formulated LCOE provides a clear and
consistent representation of the key cost components, reflecting the overall economic
performance of the analyzed installations. Its generalized formulation allows the equation
to be easily adapted to different spatial and regulatory contexts, enabling comparative and
large-scale techno-economic evaluations of onshore wind energy.

The Fixed Charge Rate (FCR), which converts total capital investment into an equiv-
alent annualized cost—ensuring consistency with the AEP in Equation (2)—represents
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the portion of annual revenues needed to cover all carrying costs associated with the
investment (including financing, taxes, and depreciation), as defined in Equation (3).

FCR = CRF · ProFinFactor (3)

The Capital Recovery Factor (CRF) is a common economic measure used to determine
the recovery of an initial investment through equal annual payments over the project’s
lifetime. The CRF, shown in Equation (4), converts capital expenditure into an equivalent
series of annualized costs, where i represents the discount rate and A denotes the project
lifetime [34]. The Project Finance Factor (ProFinFactor) reflects the ratio of the LCOE for a
project financed under typical project finance assumptions to that of an equivalent project
financed through corporate finance assumptions.

CRF =
i · (1 + i)A

(1+i)A − 1
(4)

This framework, when paired with suitable input data, serves as a flexible tool for
analyzing any geographical region. This study demonstrates its application using the case
of Poland, whose regulatory, economic, and meteorological characteristics are described in
the next section. A pseudocode summarizing the full workflow is included in Appendix A.

2.2. Study Area

The applicability of the developed framework is demonstrated through a case study of
Poland, a Central European country with diverse wind conditions ranging from high wind
energy potential in the northern and coastal areas to moderate conditions in the central and
southern regions. Currently, the country has over 5000 onshore wind turbines [35] with a
total installed capacity of 10.39 GW [36]. Although the share of renewable energy sources
in Poland’s energy mix continues to grow, the country still faces regulatory challenges
related to onshore wind development. Since 2023, a revised version of the Wind Farm
Investment Act has been in effect, setting the minimum distance between wind turbines
and residential buildings at 700 m, compared to the previous rule requiring a distance
equal to ten times the turbine’s total height. Additionally, discussions are ongoing about
a further reduction to a 500 m rule [37]. Poland’s ambitious energy transition targets are
reflected in the National Energy and Climate Plan (NECP), which projects a total installed
wind capacity of approximately 20–35 GW by 2040, depending on the scenario [38].

Despite the already significant installed capacity, Poland’s onshore wind sector still
exhibits considerable technical and economic potential, as reflected in the national energy
policy targets. The purpose of this study is therefore to identify additional areas suitable for
future wind energy development without modifying or relocating the sites of existing wind
farms. The combination of favorable climatic conditions, a relatively large land area, the
availability of high-resolution spatial data, and ongoing regulatory changes makes Poland a
representative and timely case study for demonstrating the functionality of the GIS-based
framework developed to assess the technical and economic potential of onshore wind energy.

2.3. Datasets

The calculations were based on GIS data concerning topographic features, land cover
types, wind conditions, and the capacity factors of wind turbines across Poland. For clarity,
the datasets (listed in Table 1, together with information on their sources) corresponding
to individual categories are hereinafter referred to as layers. For the layers representing
excluded areas, a buffer zone was defined to approximate the actual spatial limitations for
the siting of new wind power plants.
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Table 1. Geospatial data used in the analysis.

GIS Layer Reference Buffer Distance [m]

Existing wind turbines [35] 5× rotor diameter
Flood hazard areas [39] 0
Terrain slope (>17°) [40] 0
Elevation (>2000 m) [40] 0

Forests (woodlands, groves) [35] Rotor diameter
Inland waters [35] 100

Wetlands [35] 100
Reeds [35] 0
Rivers [35] 100

Streams, brooks, or creeks [35] 0
Canals and drainage ditches [35] 0

Permanent crops [35] Rotor diameter
Roads (motorways, expressways,

main roads, local roads) [35] 50

Airports, airfields [35] 3000
Excavation and dumping sites [35] 200

Tall technical structures (excluding
power poles and wind turbines) [35] Rotor diameter

Military training areas [35] 500

Extra-high-voltage power lines [35] Max (3× rotor diameter,
2× total turbine height)

High-voltage power lines [35] Rotor diameter
Residential buildings [35] Scenario-based

Non-residential buildings [35] 700
Natural monuments [41] Rotor diameter

National parks [41] 10× total turbine height
Landscape parks [41] Rotor diameter
Nature reserves [41] 500

Protected landscape areas [41] Rotor diameter
Natura 2000 sites (habitats

and bird areas) [41] Rotor diameter

Natural-landscape complexes [41] Rotor diameter
Documentary sites [41] Rotor diameter

Ecological sites [41] Rotor diameter
Ecological corridors [41] Rotor diameter

Other small areas (<4 ha) - 0
Wind speed (<4 m/s) [42] 0

Capacity factors
for turbine classes [42] -

The capacity factor (CF) data were obtained from the Global Wind Atlas v3 (DTU
Wind Energy/World Bank), which provides long-term mean wind conditions derived from
ERA5 reanalysis data for the 2008–2017 period, with full national coverage. To maintain
spatial consistency with the turbine layout, each turbine location was overlaid on the 250 m
resolution CF raster, and its corresponding value was extracted using nearest-neighbor
point sampling [16]. Consequently, all subsequent calculations performed according to
Equations (1)–(4) were conducted at the native 250 m resolution. However, the graphical
presentation in the Section 3 shows spatially aggregated indicators to emphasize regional
patterns and ensure clarity at the national scale; hence, visually uniform regions reflect in-
tentional averaging for presentation purposes rather than the granularity of the underlying
computational workflow.

The buffer distances applied for national parks, nature reserves, extra-high-voltage
transmission lines, and residential buildings (in the baseline scenario) were determined
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in accordance with current national legislation [43]. The geometric parameters of wind
turbines (hub height and rotor diameter) were based on data used in [42] to determine
power coefficients for individual turbine classes, defined according to the IEC 61400-1
standard [44,45]. The classification of turbines was also applied to define their reference
rated power—assumed as 2 MW for class II and 3 MW for class III—corresponding to
the average values characterizing existing wind farms described in [46]. Additionally,
parameters required for LCOE calculations were adopted from the Wind Energy Cost
Review (2024) [29]. A summary of the techno-economic parameters used in this study is
presented in Table 2.

Table 2. Techno-economic assumptions adopted in the study.

Parameter Value References

CAPEX [EUR/kW] 1695 [29]
FCR [%] 6.5 [29]

OPEX [EUR/kW/year] 37 [29]
Turbine rotor diameter (for turbine IEC class II/III) [m] 126/136 [42]

Turbine hub height (for turbine IEC class II/III) [m] 100/100 [42]
Reference turbine capacity (for turbine IEC class II/III) [MW] 2/3 [46]

Prevailing wind direction [-] West [25,47]

2.4. Scenarios

The set of scenarios considered in the analysis was designed to evaluate the impact
of selected technical and regulatory parameters on wind energy potential in Poland. All
possible configurations of the parameters listed in Table 3 were included. The minimum
distance between turbines was defined as five or eight times the rotor diameter in the
prevailing wind direction across the country, and three or four times the rotor diameter
in the perpendicular direction, following the approaches implemented in similar stud-
ies [20,25,42]. The prevailing wind direction was assumed to be west, in accordance with
the literature [25,47].

Table 3. Scenarios’ assumptions.

Distance Between Turbines
Distance

from Residential
Buildings [m]

Turbine
Class

5× rotor diameter (for the prevailing
wind direction), 3× rotor diameter

(for the perpendicular direction)
500 II

600
8× rotor diameter (for the prevailing
wind direction), 4× rotor diameter

(for the perpendicular direction)
700 III

To assess the impact of the Wind Farm Investment Act, three minimum setback
distance values from residential buildings were examined: a baseline setback (the currently
mandated distance of 700 m) and two additional variants representing potential future
regulatory relaxations (intermediate setback (600 m) and low-distance setback (500 m)).
Additionally, the analysis of onshore wind energy prospects, accounting for advancements
in wind turbine technology, is based on two IEC turbine classes (II and III), which are
most likely to be deployed in the near future due to their suitability for the moderate wind
conditions typical of Central Europe.
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3. Results
This section provides an overview of the results obtained from applying the developed

framework to the case study of Poland, aimed at conducting a geospatial assessment of the
conditions and prospects for onshore wind energy development. The outputs generated by
the framework enable a comprehensive evaluation of both the geographical distribution
of suitable areas and the magnitude of the national wind energy potential. Specifically,
the results include indicators describing the available land, the number and capacity of
potentially installable turbines, the corresponding annual energy yield, and the resulting
LCOE. Together, these outcomes illustrate the spatial extent and economic feasibility
of onshore wind deployment under varying regulatory and technological assumptions,
enabling the identification of regions with the highest development potential.

Furthermore, these outputs directly support the study’s objective of integrating spatial,
regulatory, and techno-economic parameters within a unified GIS-based assessment. They
provide a quantitative basis for addressing the research questions introduced in Section 1,
allowing the interactions between planning regulations, turbine technology, and economic
performance to be examined consistently across Poland. A summary of the main quantita-
tive results is presented in Table 4. The following sections present a detailed analysis of
land eligibility (Section 3.1), technical potential (Section 3.2), and energy production costs
(Section 3.3).

Table 4. Estimated energy potential in Poland.

Scenario (Turbine
Spacing Rule

-Distance from
Residential
Buildings

-Turbine Class)

Share of
Eligible Land

in the Total
Area of
Poland

[%]

Number
of

Installed
Turbines

[-]

Total
Installed

Capacity of
New

Turbines
[GW]

Total
Annual
Energy

Production
[TWh]

LCOE
[EUR/
MWh]

5×/3×-700-II 3.25 43,712 87.4 282.2 45.61
8×/4×-700-II 20,160 40.3 130.1 45.63

5×/3×-600-II 3.48 46,805 93.6 301.8 45.65
8×/4×-600-II 21,836 43.7 140.7 45.68

5×/3×-500-II 3.72 50,205 100.4 323.4 45.70
8×/4×-500-II 23,377 46.8 150.4 45.75

5×/3×-700-III 3.11 36,751 110.3 411.5 39.44
8×/4×-700-III 16,722 50.2 187.4 39.40

5×/3×-600-III 3.33 39,702 119.1 444.6 39.44
8×/4×-600-III 17,976 53.9 201.4 39.42

5×/3×-500-III 3.55 42,228 126.7 472.0 39.51
8×/4×-500-III 18,934 56.8 211.6 39.50

3.1. Land Eligibility

The land eligibility assessment is the first quantitative result derived from applying
the framework, showing the outcome of excluding all considered GIS layers. The iterative
process allows for tracking intermediate stages of terrain suitability. Selected stages of
excluding individual GIS layers for the scenario with a minimum distance of 700 m from
residential buildings and turbine Class III are presented in Figure 2. Figure 2a illustrates land
availability (in light blue) after the first round of exclusions, which accounts for flood hazard
areas as well as regions of high elevation and slope (in dark blue). The combined share of
these excluded areas in Poland’s total surface amounts to 6.83%. Figure 2b presents the result
of combining the previously mentioned exclusions with areas covered by forests, inland
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waters, wetlands, reeds, rivers, water streams, channels, drainage ditches, and permanent
crops. It is worth highlighting that at this stage—following the order of the listed land cover
types—the most significant decrease in land eligibility occurs after processing the forest
layer, amounting to 174,812 km2, which corresponds to approximately 56% of the country’s
total area. The difference between the land availability shown in Figure 2b,c results from the
application of formal environmental constraints (i.e., the exclusion of all areas identified in
the GDEP database). The effect of the exclusion constraints considered in this study—while
disregarding minor areas smaller than 4 ha—is shown in Figure 2d. It should be noted that
the criterion of minimum mean annual wind speed does not affect land eligibility, as the
lowest value within the identified available area of Poland exceeds 4 m/s [42].

Figure 2. Stepwise exclusion of unsuitable areas to assess land eligibility for onshore wind develop-
ment (700 m distance scenario, Class III turbines).

Furthermore, the results show that between 3.11 and 3.72 % of Poland’s total
area—equivalent to 9700–11,600 km2—is suitable for wind turbine installations depending
on the scenario considered. The available land decreases as the minimum legal distance
between turbines and residential buildings increases. For instance, reducing the current
setback by 100 m increases the suitable area by 7.1% for both Class II and Class III turbines,
while a 200 m reduction leads to increases of 14.5% and 14.1%, respectively. Differences are
also observed between turbine classes: Class III turbines have a smaller potential area due
to the buffer zones defined for certain spatial layers (Table 1). The geographical distribution
of suitable land under the 700 m setback–Class III scenario, representing the outcome of
the multi-stage exclusion process shown in Figure 2, is presented in Figure 3. The highest
concentration of suitable cells is found in the west-central regions of Poland. These results
reflect the completion of the spatial eligibility analysis, which included the full implemen-
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tation of all exclusion layers and buffer constraints defined in Section 2.3. The findings
address the first research question, confirming that regulatory constraints—particularly the
minimum setback distance from residential buildings—play a crucial role in determining
both the amount and the spatial distribution of land suitable for wind development. This
outcome illustrates how spatial and legal conditions jointly shape the technical potential of
onshore wind energy, validating the framework’s capability to represent regulatory impacts
at the national scale.

Figure 3. Land eligibility for scenario 700 m and turbine Class III.

Differences in land availability resulting from the reduction of the minimum distance
between wind turbines and residential buildings are presented in Figure 4. Although the
figure and the proportion of affected areas may suggest a minor impact, the results for
installed capacity potential and annual energy production indicate that the differences
between the 700 m, 600 m, and 500 m scenarios are substantial, as shown in Table 4.

Figure 4. Differences in land eligibility for turbine Class III.

3.2. Number of Placements, Capacity and Energy Generation Potential

An additional feature of the developed framework is the estimation of the number of
turbines that can be installed on the designated eligible land. The potential wind turbine
locations are determined by several factors—such as the distance criteria from residential
buildings, the turbine class considered, and the method used to define the minimum
spacing between turbines.
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The use of two different spacing definitions from the literature (8×/4× and 5×/3×)
shows a significant effect of turbine-to-turbine distance on the overall energy potential
of installations. Increasing the spacing between turbines by three rotor diameters in the
prevailing wind direction and by one rotor diameter in the perpendicular direction results
in more than a twofold reduction in the number of possible turbine locations. This change
directly leads to a decrease in achievable installed capacity and technical potential. The
turbine siting outcomes confirm that the turbine-allocation procedure, including spacing
rules and class-specific geometric parameters, was carried out as specified in Section 2.1.
As a result, the highest technical potential—both in total installed capacity and annual
energy production—and the largest number of placements within scenarios including only
Class III turbines were found in the 5×/3×–500–III scenario. This confirms that increasing
turbine density, reducing the setback distance from residential buildings to 500 m, and
using Class III turbines have a positive impact on onshore wind energy potential in Poland.
Furthermore, the estimates of annual energy production demonstrate that capacity-factor
assignment and raster-based production calculations were fully executed for all eligible
turbine locations.

The distribution of annual energy production for different setback distances from
residential buildings and turbine classes is shown by the histograms in Figure 5. For
Class II turbines (top left panel), the spread of values is noticeably narrower, and the most
frequent capacity factor is approximately 0.39, while for Class III turbines (bottom left
panel), it is around 0.45. This suggests that Poland has the potential to achieve significantly
higher energy yields when using Class III turbines. The left-skewed shape of the histograms
indicates more locations with lower energy production compared to the most frequent
value, leading to a difference between the average and the mode. Another key observation
is that as the distance from residential buildings decreases, the frequency of lower energy
production values increases—especially for Class II turbines, as shown by the left tail of the
top left panel.

Figure 5. Distribution of annual energy production (left) and LCOE distribution (right) for the
5×/3× scenario group.
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The impact of regulations defining the minimum distance between wind farms and
residential buildings on the assessed potential also varies across different regions of Poland.
The spatial distribution of the calculated annual energy production volume, along with the
corresponding number of turbines installed within individual NUTS 2 regions, is illustrated
in Figure 6a,b for the 5×/3×–700–III and 5×/3×–500–III scenarios, respectively.

Figure 6. Wind energy potential in Poland for scenarios (a) 5×/3×–500–III and (b) 5×/3×–700–III
(annual energy production—color scale; number of turbines—values shown on the map).

Comparing the 5×/3×–700–III and 5×/3×–500–III scenarios shows an increase in
both the annual energy production potential and the number of turbine installations
with smaller setback distances from residential buildings. When the setback distance
is maintained at 700 m, the national average annual energy production is 411.5 TWh,
representing 87% of the value for the 500 m distance. The influence of setback distance
reduction is particularly evident in regions characterized by favorable wind conditions
and lower residential building density. In contrast, for the voivodeships of Małopolskie,
Świętokrzyskie, Podkarpackie, and Śląskie, as well as the areas surrounding Poland’s
capital, the impact of reducing the distance from residential buildings is minimal, likely
due to high population density and moderate wind conditions. The most suitable region
for wind turbine installations is the Greater Poland (Wielkopolskie) Voivodeship, where
the share of turbines relative to the national total amounts to 13.8% and 12.1% for the
5×/3×–500–III and 5×/3×–700–III scenarios, respectively.

The largest increase in potential annual energy production, due to the extensive avail-
able area and favorable wind conditions, occurs in the West Pomeranian, Greater Poland,
and Masovian voivodeships (excluding the vicinity of Warsaw). In terms of the number of
turbines, the greatest absolute difference was identified for the Lubusz Voivodeship (31%),
while the highest relative difference was observed for the West Pomeranian Voivodeship
(759 turbines). This indicates that these regions are particularly sensitive to the analyzed
regulatory conditions.

These results address the second research question concerning the influence of turbine
technology and spacing assumptions on achievable capacity and generation potential.
The observed differences between Class II and Class III turbines demonstrate that tech-
nological advancement substantially increases energy yield and reduces generation costs.
This confirms that the developed framework successfully captures technology-driven
improvements in technical potential and their interaction with spatial planning constraints.

3.3. LCOE

The values established in the previous stages form the basis for assessing the economic
efficiency of the allocated turbines. This part of the analysis addresses the third research
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question, which examines how energy production costs evolve under different technological
and regulatory conditions. Significant differences in the obtained LCOE values are evident
when comparing various IEC turbine classes. The ability of Class III turbines to harness
higher wind energy potential under Poland’s meteorological conditions results in better
economic performance—the average generation cost for this turbine technology is roughly
6 EUR/MWh lower. These findings align with the data published by IRENA [6].

The distribution of LCOE values (Figure 5, right panel) contrasts with that of energy
production, showing a larger number of relatively high-cost occurrences compared to
the dominant generation cost level. Tightening the setback distances between turbines
and residential buildings leads to a slight decrease in LCOE, likely due to the selection of
areas with more favorable wind conditions. However, the observed differences in annual
energy production and installed capacity clearly indicate a reduction in technical potential
when greater setback distances are applied. The resulting LCOE patterns indicate that the
complete techno-economic evaluation, including CAPEX, OPEX, and FCR integration, was
implemented in accordance with the framework assumptions.

The LCOE assumptions used in the calculations make its value inversely proportional
to annual energy production and the capacity factor. Consequently, the color intensity on
the map in Figure 7a represents the inverse of the color scale shown in Figure 6b. Regardless
of turbine class (comparing scenarios 5×/3×–700 m–III in Figure 7a and 5×/3×–700 m–II
in Figure 7b), the southern and southwestern regions of Poland exhibit significantly less
favorable wind conditions—both technically and economically—than the rest of the coun-
try. The LCOE results provide an economic perspective on the spatial and technological
variability of wind potential. Class III turbines consistently achieve higher capacity factors
and lower generation costs, confirming that technological progress enhances economic effi-
ciency under identical regulatory settings. In contrast, the Małopolskie, Opolskie, Silesian,
and Podkarpackie voivodeships exhibit the lowest capacity factors and the highest LCOE
values, reflecting their comparatively modest wind resources. These regional patterns
reinforce the main findings of the analysis, demonstrating that the integration of regulatory,
spatial, and techno-economic dimensions provides a realistic and policy-relevant represen-
tation of national wind development potential. They also reflect the full execution of the
high-resolution spatial aggregation and regional summarization steps of the framework.

Figure 7. Wind energy LCOE in Poland for scenarios (a) 5×/3×–700–III and (b) 5×/3×–700–II
(LCOE—color scale; capacity factor—values shown on the map).

4. Conclusions
This paper develops a method for determining key parameters relevant to the devel-

opment of onshore wind energy while accounting for spatial, regulatory, and technological
factors. The analysis is based on a two-module computational framework designed to eval-
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uate land eligibility and to estimate both the technical and economic potential of onshore
wind power. The effectiveness of the proposed framework was demonstrated through its
application to a case study of Poland, where the energy sector faces an urgent need for new
investments in renewable energy due to its heavy reliance on fossil fuels.

The results indicate a high sensitivity of land eligibility for new onshore wind installa-
tions in Poland to both regulatory and technological aspects. Scenarios assuming a reduced
setback distance from residential buildings and turbine characteristics corresponding to
Class II (IEC) show a positive impact on the availability of land and the number of turbines
that can be installed. Conversely, increasing these parameters leads to an overall rise in
both total installable capacity and annual energy production potential. Consequently, the
highest technical potential was obtained for the 5×/3×–500–III scenario. Furthermore, the
spatial distribution analysis of potential across the country demonstrates that the most
favorable regions for onshore wind development are the Greater Poland (Wielkopolskie)
and Kuyavian-Pomeranian (Kujawsko-Pomorskie) voivodeships.

From an economic perspective, the estimated LCOE varies across scenarios, with
the largest differences observed between the two turbine classes. The use of Class III
turbines—designed for moderate wind conditions—reduces energy generation costs by
approximately 6 EUR/MWh compared to Class II turbines. This finding highlights the po-
tential to compensate for less favorable wind conditions through appropriate technological
selection. Regardless of the scenario considered, the results show that onshore wind energy
production costs in Poland remain below 46 EUR/MWh.

The developed framework enables not only the assessment of the specific case of
Poland but also provides a reproducible and versatile tool capable of integrating geographic,
technical, and economic aspects in evaluating the feasibility of onshore wind energy
projects at different scales. The integration of geospatial analysis with legal constraints and
the technological characteristics of future wind energy investments allows for a realistic
representation of actual development conditions. Moreover, the framework supports the
use of alternative datasets and parameter configurations, thereby enabling comparative
studies and analyses of potential development pathways within the examined sector.

The findings of this study provide a solid basis for practical recommendations to
policymakers, grid operators, and private investors in the wind energy sector. The analysis
shows that moderate relaxation of setback regulations can significantly increase both the
installable capacity and the annual energy production potential of onshore wind in Poland,
without compromising spatial planning consistency. Therefore, policymakers are encour-
aged to review existing distance regulations and integrate evidence-based spatial criteria
when defining zoning and permitting procedures. The developed GIS-based framework
can support authorities and developers as a decision-support tool for preliminary site
screening, cost-effectiveness evaluation, and strategic grid expansion planning. From an
industry perspective, the deployment of turbine technologies optimized for moderate
wind conditions should be prioritized to improve generation efficiency in inland regions.
Implementing these recommendations could accelerate investment processes, enhance the
cost competitiveness of onshore wind energy, and contribute to achieving Poland’s national
and EU decarbonization targets.

Nevertheless, certain limitations of the proposed approach should be acknowledged.
The framework does not account for social factors or the risk that a particular area, although
identified as suitable, may ultimately prove unfeasible due to unique local conditions—an
outcome stemming from limited data availability. Such factors may affect the practical
feasibility of project implementation. Future research should therefore incorporate addi-
tional socio-spatial layers, including population movements, public acceptance indicators,
and municipal spatial development plans, to better capture the evolving demographic and
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planning context influencing onshore wind deployment. Another simplification concerns
the consideration of only two representative turbine types, whereas real-world investment
processes typically involve a broader range of technological options. Finally, the omis-
sion of areas characterized by exceptionally low economic viability could be addressed
in future enhancements of the framework. A further limitation concerns grid-connection
costs, which—although included in CAPEX—are assumed to be spatially uniform. In
reality, these costs vary across regions; therefore, future work should incorporate spatially
distributed connection cost estimates to capture their influence on LCOE more accurately.

Author Contributions: Conceptualization, P.B., M.T. and J.K.; data curation, P.B. and M.T.; method-
ology, P.B., M.T. and J.K.; software, P.B. and M.T.; validation, P.B. and J.K.; writing—original draft
preparation, P.B. and M.T.; writing—review and editing, P.B. and J.K.; visualization, P.B. and M.T.;
supervision, J.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: This study was conducted within the statutory research of the Mineral and
Energy Economy Research Institute of the Polish Academy of Sciences. During the preparation of
this study, the authors used Grammarly and ChatGPT 5.0 in order to improve the English quality of
the manuscript. The authors have reviewed and edited the output and take full responsibility for the
content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AEP Annual Energy Production
AHP Analytic Hierarchy Process
BDOT10k Topographic Object Database
CAPEX Capital Expenditures
CF Capacity Factor
CRF Capital Recovery Factor
EU European Union
ENTSO-E European Network of Transmission System Operators for Electricity
ENTSOG European Network of Transmission System Operators for Gas
FCR Fixed Charge Rate
GDEP General Directorate for Environmental Protection
GIS Geographic Information System
GLAES Geospatial Land Availability for Energy Systems
IEA International Energy Agency
IEC International Electrotechnical Commission
LCOE Levelized Cost of Energy
MPZP Local Development Plan
NECP National Energy and Climate Plan
OPEX Operational Expenditures
PV Photovoltaic
ProFinFactor Project Finance Factor
RES Renewable Energy Source
TOPSIS Technique for Order Preference by Similarity to an Ideal Solution
TYNDP Ten-Year Network Development Plan
UE European Union



Energies 2025, 18, 6230 20 of 23

Appendix A

Table A1. Notation used in the pseudocode.

Symbol Description

D Rotor diameter of the selected turbine class (m)
H Hub height of the selected turbine class (m)
C Rated electrical capacity of the selected turbine class (MW)
k1, k2 Multipliers defining turbine spacing along prevailing and crosswind directions
Spw Turbine spacing in prevailing-wind direction: Spw = k1D
Scw Turbine spacing in crosswind direction: Scw = k2D
DB Dataset being pre-processed in QGIS (vector or raster)
L Exclusion layer (vector) after QGIS harmonization
B(L) Scenario-dependent buffer distance applied to exclusion layer L
BUFL Buffered version of exclusion layer L using GLAES
RL Rasterized exclusion mask corresponding to BUFL (100 m resolution)
E Land-eligibility mask (binary raster), 1 = eligible, 0 = excluded
W Wind-speed raster used for minimum wind constraint (4 m/s)
G Regular point grid generated from spacing rules
p Candidate turbine point in the grid G
T Final turbine layout (set of feasible turbine positions)
CF(t) Capacity factor sampled at turbine location t
CFt Capacity factor value for turbine t
Ct Rated capacity of turbine t (MW), equals C for all turbines in a scenario
AEPt Annual energy production of turbine t (MWh/yr)
LCOEt Levelized cost of energy for individual turbine t (EUR/MWh)
L List of all turbine-level LCOE values
Ctot Total installed capacity for a scenario (MW)
Etot Total annual energy production for a scenario (MWh)
LCOE Average LCOE over all turbines in scenario (EUR/MWh)

Algorithm A1 Pre-processing and Land Eligibility

1: QGIS Pre-processing
2: Load all raw GIS datasets (vector and raster)
3: for each dataset DB do
4: Reproject DB to EPSG 3035
5: Clip DB to Poland’s national boundary
6: end for
7: Export harmonized datasets to GLAES environment

8: GLAES Land Eligibility Assessment
9: Create 100 m resolution raster grid over Poland

10: Initialize eligibility mask: E ← 1
11: for each exclusion layer L do
12: Determine buffer distance B(L) (scenario-dependent)
13: BUFL ← GLAES.BUFFER(L, B)
14: RL ← GLAES.RASTERIZE(BUFL)
15: E ← E ∧ (¬RL)
16: end for
17: Load wind-speed raster W
18: E ← E ∧ (W ≥ 4 m/s)
19: return land-eligibility mask E
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Algorithm A2 Turbine Allocation Using Spacing Rules

1: Inputs: eligibility mask E , scenario parameters
2: Retrieve turbine class parameters (D, H, C)
3: Define spacing rules:

Spw = k1D, Scw = k2D

4: G ← GLAES.CREATEPOINTGRID(Spw, Scw)
5: Rotate G to prevailing west-to-east wind direction
6: Initialize turbine set: T ← ∅
7: for each point p ∈ G do
8: if E(p) = 1 then
9: if p satisfies residential setback constraint then

10: T ← T ∪ {p}
11: end if
12: end if
13: end for
14: return turbine layout T

Algorithm A3 Techno-Economic Assessment

1: Inputs: turbine layout T , CF raster, CAPEX, OPEX, FCR
2: Initialize:

Ctot ← 0, Etot ← 0, L ← [ ]

3: for each turbine t ∈ T do
4: CFt ← CF(t)
5: Ct ← C
6: AEPt = 8760 · Ct ·CFt

7: LCOEt =
Ct(CAPEX·FCR+OPEX)

AEPt
8: Ctot ← Ctot + Ct
9: Etot ← Etot + AEPt

10: Append LCOEt to L
11: end for
12: LCOE← mean(L)
13: return (Ctot, Etot, LCOE)
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