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Abstract


The rapid development of electromobility increases the need for fast, accessible and robust charging stations devoted to EVs (electric vehicles). Planning a network of such stations poses new challenges—amongst others, a power supply that may power such chargers. One major concept is to utilise wind energy as a power source. The paper analyses meteorological data gathered since 2001 in several stations across Poland to achieve quantitative indexes, which summarise (a) wind power density (WPD) as a metric of energy amount, (b) long-term (multiannual) time trends of amount of energy, (c) short-term stability (and thus predictability) of the wind power. The indexes that cover the abovementioned factors allow the authors to answer the research questions, where the local wind conditions allow the authors to consider the integration of a wind powerplant and a network of EV chargers. Additionally, we investigated locations where the amount of available energy is sufficient, but the variability of wind power impedes its practical exploitation. In such cases, the power system may be extended by an energy storage system that acts as a buffer, smoothing power fluctuations and thereby improving the robustness and reliability of downstream charging systems.
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1. Introduction


An increasing amount of renewable energy sources, as well as rapid transformation of the branch of transportation, challenge European countries in terms of planning and stability of energy systems. The development of infrastructure for EV charging is increasing, but its operation is dependent on power sources that must be stable and accessible locally—both in terms of presence and costs. Therefore, the identification of locations where renewable energy resources are not only abundant but also stable over long time horizons has become a key planning challenge for EV charging infrastructure. In many countries, including Poland, wind power plays a key role in this process as a pillar of balanced energy mix and is treated as the main factor that enables a reduction in CO2 emissions and divergence from fossil fuels [1,2].



The importance of wind power in the context of electromobility increases not only due to its low emissions but also because of the possibility of partially balancing local power consumption. As the EV fleet expands, the demand for electric power increases accordingly. Eventually, the demand for effective and affordable systems of electric energy distribution will explode, mainly in cities and agglomerations as well as in areas of uneven daily consumption. The integration of charging infrastructure with local power sources (including wind turbines) and energy storage systems is believed to be one of most effective ways of (a) improving resistance to overloading and (b) reducing energy costs, both for suppliers and consumers [3].



Despite the rapidly growing number of analyses covering energy production forecasting and modelling, as well as cost assessments and statistical analyses of wind speed, only a few studies have focused on charging infrastructure planning in relation to local wind energy conditions. Most of available studies cover one of two following topics [4,5]:




	
Modelling the production of wind energy around a country or a region.



	
Analysis of the optimal location of charging stations, including spatial, economic and environmental constraints.








There still is a lack of comprehensive studies that join both approaches, the so-called ‘wind-first’ approach. In this case, resources of wind energy dictate the potential location of charging stations, not reversely. Essentially, it means including several factors, including year-to-year wind speed variation, local topographic conditions, itineracy of resources and limitation of power network integration, amongst others. Another advantage of the wind-first approach is related to the increasing variability of electricity prices in Europe, including Poland. Fluctuations in energy costs, including the growth of wholesale prices during recent energy crises (since 2021) and the widening gap between peak and off-peak prices, support the direct use of renewable energy in charging infrastructure, which may result in significant economic benefits.



Many researchers emphasize that the integration of electric vehicles and renewable energy sources is one of the most promising ways to improve the energy efficiency of such systems, as it can reduce transmission losses and minimize emissions. [6].



In relation to Poland conditions, it is also crucial to include the spatial distribution and time variation in wind energy resources. Northern regions of the country are characterized by a high and stable wind energy potential, whereas southern regions exhibit greater variability in wind conditions. Due to this unevenness, performing detailed studies for specific locations is needed, which cover not only yearly averaged energy resources but also parameters of wind for specific for months, decades or seasons, respectively [7]. This allows us to identify whether a given location can be supplied with wind-powered chargers alone or whether additional support in the form of energy storage systems or grid connection is required.



Some positions from this topic of the literature indicate the growing importance of synthetic quantitative parameters, e.g., Wind Stability Index (WSI) or Seasonal Stability Index (SSI), which evaluate long-term aspects of the stability of energy resources [8]. These indexes gather information about the wind speed, its variation and power density, which eventually lead to objective evaluation of the proposed location.



Although the concept of joining EVs and local wind turbines has gained popularity, there still is a lack of long-term analyses including data gathered for over two decades. Recent studies have demonstrated that long-term meteorological data analysis constitutes a reliable basis for optimising wind energy generation and strategic energy planning, particularly when multiannual variability and trends are explicitly considered [9]. Such analyses should present the impact of climate change, anomalous seasons, extreme years, and long-term trends on the stability of wind energy resources and, consequently, on infrastructure planning. The goal of the present paper is to fill this knowledge gap by an analysis of wind energy trends in Poland since 2001 and by evaluation of the quality of some selected locations in terms of EV charging stations and energy storage systems. This research is based on data gathered by IMGW for 15 meteorological stations. For each station, the yearly and seasonal wind power density (WPD) for the altitude of 100 m above ground level has been calculated. The synthetic indexes of resource stability have been obtained as well. These parameters help to indicate which locations have the most beneficial conditions to integrate EV charging stations and wind turbines.



The novelty of this study lies in integrating two usually separated research domains: long-term wind energy assessment and spatial planning of EV charging infrastructure. Unlike previous works, which either analyse wind resources or optimise charger locations in isolation, this paper applies a wind-first approach based on 24 years of high-resolution meteorological data from IMGW. By calculating multiannual WPD trends, resource stability indicators (CV, deficit index) and two synthetic siting metrics (WSI and SSI), we provide the first long-term, data-driven ranking of sites in Poland suitable for wind-powered EV chargers and energy storage systems. This comprehensive methodology enables the identification of locations where wind resources are not only abundant but also sufficiently stable to support practical electromobility needs, a perspective previously absent in earlier studies.




2. Literature Review


The dynamic growth in the number of EVs caused an explosion in demand for densely distributed, robust and evenly exploited networks of charging stations. The development of such networks is a complex optimisation problem, which must include investment and operational costs, users’ comfort, energy network limits and environmental factors [10,11,12]. The multicriteria models utilised for this purpose rely on, e.g., genetic algorithms, mixed-integer linear programming and greedy algorithms based on submodular set functions. These models most often integrate road maps, electric energy distribution infrastructure and forecasts of charger’s demand into one data frame [13,14,15]. The analyses based on GIS (Geographic Information System) clearly show spatial unevenness—the charging stations are concentrated in city centres and along main transport routes. Meanwhile, suburban areas are not sufficiently covered by the chargers [16,17,18]. It is seen that the broad spread of EVs may increase the peak power of electric systems by tens of percent, especially in the evenings when domestic chargers are dominant [19,20]. Eventually, the importance of advanced power demand forecasting methods will increase, along with the development of smart charging strategies that reduce grid overload and improve voltage stability [21,22]. The challenge of variability and noise in energy-related time series has also been highlighted in studies on electrical load forecasting, where robust statistical models are required to ensure reliable system operation under fluctuating conditions [23]. Simultaneously, researchers are extensively developing concepts of charging infrastructure and renewables, mostly hybrid PV–wind–energy storage systems and micro networks with local energy management systems [24,25]. It is shown that correctly designed systems may significantly reduce network energy consumption, exploitation costs and CO2 emissions—especially if V2G technology and advanced control algorithms are applied [26,27].



In this context, wind energy is one of the major components in the Polish energy mix and the greatest single source among renewables, with the participation of 10–12% in electric energy generation [28,29]. The most beneficial wind conditions appear along the seashore and in north-western Poland, whereas in southern regions one may observe lower but usually more stable energy potential [30,31]. ERA5 data has been found useful to characterise the wind climate on the country scale and confirmed significant seasonality—wind energy amount is greater in winter than in summer [32].



In the case of Europe and the world, numerous papers indicate significant spatial and time variation in the wind power density (WPD), a so-called stilling phenomenon partially modified by climate changes and modification of terrain coverage [33,34,35]. Climate simulations suggest a decrease in global WPD in many areas of Europe, with increased seasonal variability; however, perspectives for the Baltic Sea region are relatively favourable [36,37].



Polish power systems already undergo issues related to consuming an increasing amount of wind-produced energy—episodes of high production, especially in winter, may not be synchronised with peak energy demand, which leads to a reduction in energy production or forces the system to export excessive energy [38,39]. The literature suggests the development of a hybrid solar–wind energy storage as a solution, as well as improving the connection of wind sources with local energy receivers, including EV charging infrastructure [40,41].



Previous studies of wind power focused mainly on the prediction of available power, assessment of energy resources and optimisation of design and location of powerplants. One may observe a rapid development of algorithms that rely on machine learning and deep learning, exploiting measurement data and reanalyses (ERA5, WRF) to improve predictions accuracy in different time horizons [42,43,44]. Simultaneously, the broad literature covering aspects of EV charger planning is available. The studies include multicriteria models, GIS analyses and integration with photovoltaics and energy storages [18,24,25,45].



On the other hand, there still is a lack of studies where a long-term analysis of wind power resources would be utilised for charging infrastructure planning. Typically, researchers treat wind energy as one of the inputs for renewables network optimisation, but they do not assess possible locations based on stability and efficiency of wind resources [42,46,47]. The concept of siting suitability index was developed mostly for wind farms and PV devices, but they rarely include specific requirements of EV charging infrastructure, which must include wind resources, road network, local energy demands and power system constrains [48,49]. Moreover, there is a lack of studies which consider specific conditions of energy transformation in Poland and utilise multiannual timings of wind power density obtained for specific locations to calculate siting suitability indexes and eventually assess and select the most beneficial locations in the country or region [29,38]. Most studies that are concerned with the integration of renewables and EV chargers rely on PV profiles or generic charging profiles, without including time and spatial variation in WPD explicates [24,50]. The analysis proposed in the present paper fills this gap using the wind-first approach: multiannual meteorological data have been used to calculate WPD in several locations across Poland. This was used to achieve siting suitability (WSI/SSI type) indexes and eventually to grade included locations as possible locations of EV charging infrastructure or energy storage systems, in the context of the stability and efficiency of wind power usage as well as energy costs. Such an approach allows us to switch the classical question ‘where the energy is needed and how to supply it’ into ‘where the wind conditions are most beneficial to locate charging infrastructure’. It means a qualitatively new step into the integration of wind powerplants with electromobility needs.




3. Materials and Methods


3.1. Input Data and Included Locations


The paper exploits long-term meteorological data gathered by IMGW (Instytut Meteorologii i Gospodarki Wodnej, Institute of Meteorology and Water Management) between 2001 and 2024 in several selected locations, limited to possible wind powerplant locations placed in different areas of Poland.



Problem formulation: The problem addressed in this study is to identify locations in Poland where wind resources can support wind-powered EV charging infrastructure.



Hypothesis: We hypothesise that sites with high wind energy potential and favourable long-term trends are more suitable for wind-powered charging. In contrast, sites with high interannual variability and scarcity risk require energy storage to ensure reliable operation.



Solution approach: The solution is obtained by calculating wind power density (WPD) and trend/stability indicators from long-term measurements, standardising the inputs, and constructing two synthetic indices (WSI and SSI) used to rank the analysed locations.



In each point, the following parameters were measured or calculated:




	
Wind speed;



	
Air temperature;



	
Atmospheric pressure (at elevation of the station and at mean sea level);



	
Air density;



	
Wind power density.








The analysis included wind speed data gathered directly at the station level, without elevation reduction. We did so to obtain representative data for local wind conditions in measurement points.



For each included station, a set of indexes, which describe level, stability and time trend of wind energy resources, as well as the energetic and economic efficiency, has been calculated.



The locations included in the present paper are the following: Białystok, Gdańsk–Świbno, Jelenia Góra, Katowice-Muchowiec, Kołobrzeg–Dźwirzyno, Kraków–Balice, Krosno, Lublin–Radawiec, Łódź-Lublinek, Mława, Piła, Suwałki, Zielona Góra, Warszawa–Okęcie and Wieluń. The map of analysed stations is presented in Figure 1.



The data gathered for each station were logged every 1 h.




3.2. Calculation of Wind Power Density


The amount of kinetic energy is typically defined with the wind power density (WPD), which is defined as a power of the flow passing through a unitary area [52]:


  W P D   =      P   A      =     ∫  0   ∞    0.5 × ρ ⋅   V   3   × f  (  V  )    d V    



(1)




where



V—wind speed;



ρ—air density;



f(V)—probability density of the wind speed.



Commonly, the probability density of given wind speed V can be expressed using the Weibull distribution [53]:


  f  (  V  )    =      k   c       (     V   c     )    k − 1   × e x p  (  −    (     V   c     )    k    )   



(2)




where



k—shape parameter;



c—scale parameter.



Thus, Equation (1) may be re-formulated to combine WPD with parameters of the Weibull distribution of the wind speed [54]:


  W P D   =   0.5 × ρ ⋅   c   3   × Γ  (  1   +      3   k     )   



(3)







The WPD values have been obtained for each measurement station for each year since 2001.



We used data gathered in weather reports using the following approach:



We calculated wind speed at the elevation of 100 m above ground level, using Hellman’s law:


       V   s t a t i o n _ e l e v a t i o n       V   100 m        =      (     s t a t i o n _ e l e v a t i o n     100     )    α    



(4)




where the value of α = 0.17 has been set, which, according to Polish standards [55], represents an open terrain with low vegetation and isolated obstacles like trees or houses.




	
We found the Weibull distribution of the wind speed at 100 m, using the same method as in previous studies [53], i.e., maximum likelihood estimation (MLE).



	
We calculated air density at the station level using the ideal gas equation:










  ρ =    p   r T     



(5)




where p is the atmospheric pressure and T is the air temperature. We assumed that both these parameters are the same at the station level and the elevation of 100 m. In Equation (3), the annually averaged air density was used.



A reference height of 100 m was adopted to ensure consistency across all locations. The assessment of other hub heights (e.g., 80 m and 120 m) was beyond the scope of this study and is identified as a direction for future research.



Furthermore, we calculated indices describing the mean level of energy resources, their temporal trends, and their stability, which are discussed in the following sections.




3.3. Calculation of Wind Energy Resources Indexes


For each location, we obtain a set of the following indexes, gathering yearly WPD values in the years 2001–2024.



The annual mean wind power density for station s is calculated as follows.


    WPD   a v , s   =    1     N   s        ∑  t = 1     N   s      W P     D   s , t    



(6)




where



   N s    —number of samples (years) available for station s.



	(1)

	
Coefficient of variance (CV)









  C   V   s   =    σ  (  W P   D   s    )      WPD   a v , s       



(7)




where



  σ ( W P   D   s   )   —standard deviation of yearly WPD values for station s.



	(2)

	
Scarcity








   s c a r c i t   y   s   =      WPD   a v , s     −   m i n   t   W P   D   s , t       WPD   a v , s        



(8)





Higher values of scarcity mean increased risk of years with reduced wind energy potential.




	(3)

	
Yearly amount of wind energy per 1 m2 (reference energy)











    E   s   = W P   D   s , 2024   × 8760 / 1000  



(9)








	(4)

	
Economic value of wind energy











  V a l u   e   s   =     E   s   × C  



(10)




where C—average energy cost in Poland in 2024.




3.4. Calculation of WSI and SSI Indexes


The purpose of synthetic indexes was to create objective, quantitative measures of location quality:



WSI (Wind Siting Index)—assessment of location suitability in the context of wind-powered EV chargers.



SSI (Storage Suitability Index)—assessment of location suitability to install energy storage combined with local wind powerplant.



The weighting factors used in the WSI and SSI were selected to reflect the relative importance of energy availability, long-term reliability and short-term variability from the perspective of EV charging infrastructure planning. Long-term trends were assigned higher weights, as they directly influence future resource availability. In contrast, variability-related parameters were emphasised in the SSI to capture the operational need for energy storage. The adopted weights follow a pragmatic engineering approach commonly applied in multi-criteria assessments, prioritising robustness and interpretability over formal optimisation.



In both cases, a set of parameters defining mean level of parameter, its variation and long-term time trends is used. To make a direct comparison between different parameters and stations possible, a z-score standardisation of all inputs has been performed.



	(5)

	
WSI








   W S   I   s   = z  (  W P   D   s , l a t e s t    )  + 0.5 × z  (  s l o p   e   s    )  − 0.3 × z ( C   V   s   )   



(11)





The WSI includes three key parameters which characterise the possibility of EV charging with the use of wind power:




	
Resource level   W P   D   s , l a t e s t    



	
Multiannual trend   s l o p   e   s    



	
Annual variation   C   V   s     that should be treated as a factor that reduces source stability.








The greatest WSI values indicate the most useful location of wind-powered EV chargers.



	(6)

	
SSI








   S S   I   s   = 0.8 × z  (  C   V   s    )  + 0.6 × z  (  s c a r c i t   y   s    )  + 0.2 × z ( − s l o p   e   s   )   



(12)





The value of the SSI shows these locations, where significant variation or deep suppression of wind energy causes increased need to supply the wind turbine with energy storage. The greatest values indicate the locations, where the energy storage



	
is most reasonable in operational meaning;



	
compensates scarcity and fluctuation of energy resource at most.






A qualitative sensitivity analysis, performed by varying the weighting factors within ±20%, confirmed that the ranking of the highest-scored locations remains stable.




3.5. Trend Analysis and Standardisation


Long-term trends have been obtained for each station with the use of linear regression fit of yearly WPD values:


  W P   D   s , t   =   s l o p e   s   t   +   b   s    



(13)




where



    s l o p e   s     —average year-to-year difference in wind power density for station s.



All parameters used to obtain indexes presented above, (  W P   D   s , l a t e s t    ),   s l o p   e   s    ,   C   V   s    ,   s c a r c i t   y   s    , have been standardised with the z-score transform:


  z  (  x  )  =    x − μ   σ     



(14)







The purpose of the z-score normalisation was to ensure comparability of parameters expressed in different units and ranges. This transformation does not alter the relative ordering of locations for individual indicators but only rescales them to a standard, dimensionless form. The validity of the normalised parameters was verified by confirming the consistency of rankings and qualitative interpretations before and after standardisation, ensuring that the applied normalisation did not affect the study’s conclusions.



That allows us to directly compare values achieved for different stations, which are significantly different in terms of energy resource and stability.




3.6. Ranking of Locations


Based on values of the WSI and SSI, two rankings have been prepared:



Ranking of potential locations of EV chargers—sorted by WSI (advantageous, stabile wind conditions);



Ranking of locations preferred to install energy storages—sorted by SSI (strongly variable wind conditions—produced energy should be stored to increase robustness and performance).




3.7. Comparison of Energetic Potential and Its Economic Value


To estimate practical usefulness of wind energy resources, we analysed the relations between the following:




	
Yearly energy potential of a given location (measured by amount of energy per 1 m2 of wind turbine);



	
Selling price of this energy.








This relation shows how much the WPD brings in income in the case of local wind-powered EV chargers or energy storage. Moreover, this relation enables the following:



Finding locations with the greatest economic potential;



Assessment of resources stability and risks of scarcity to estimate the possibility of continuous work.





4. Results


4.1. Energy Indexes


As previously mentioned, to comprehensively analyse the usefulness of included points as EV charger locations, we calculated a set of indexes that describe the amount of wind energy (WPD) and its variation and stability.



We included the following:




	
Latest value of yearly WPD from reference year (2024);



	
Mean value of WPD, averaged from the period 2001–2024;



	
Trend slope, obtained with the least squares method;



	
Coefficient of variation;



	
Scarcity risk;



	
Yearly amount of produced energy (per 1 m2 of turbine area);



	
Selling prices of produced energy (per 1 m2 of turbine area).








These parameters were used to construct WSI and SSI. Table 1 summarises the calculated parameters for each analysed location.



All parameters presented in Table 1 were calculated according to Equations (1)–(5) and (7)–(13) described in Section 3.



For selected stations, missing or incomplete long-term datasets prevented the calculation of some indicators; such cases are marked as “nan” in Table 1 and were excluded from the ranking analysis.



To illustrate the practical meaning of the proposed indices, two representative numerical examples are provided. Kraków–Balice station is characterised by a high mean wind power density (93.9 W/m2), moderate interannual variability (CV = 0.99), and a stable long-term trend, resulting in one of the highest values of the Wind Siting Index (WSI = 1.802). This combination indicates that local wind resources are both sufficient and stable enough to support wind-powered EV charging infrastructure without the necessity of additional energy storage.



In contrast, Kołobrzeg–Dźwirzyno station exhibits substantial interannual variability (CV = 1.574) and a high scarcity index (0.991), resulting in a high Storage Suitability Index value (SSI = 1.814). Although the available wind energy is non-negligible, the strong fluctuations and risk of energy deficits suggest that integrating an energy storage system is required to ensure the reliable and robust operation of EV charging stations.



In economic terms, the contrast is equally pronounced: Kraków–Balice achieves an annual economic value of approximately 588 PLN/m2, compared to less than 20 PLN/m2 for the majority of the remaining locations, indicating differences exceeding one order of magnitude.



Presented results show significant differences in energy potential between covered locations. The greatest energetic and economic parameters have been observed in Kraków-Balice, Jelenia Góra and Lublin-Radawiec stations, where both averaged WPD and yearly produced energy are significantly higher than for other stations. The WSI, which joins amount of wind energy, its stability and time trend, achieved the greatest values for Kraków-Balice (1.802), Jelenia Góra (1.499), Lublin-Radawiec (1.253) and Warszawa-Okęcie (1.021), indicating that these stations are the most promising locations for wind-powered EV charging stations. On the other hand, the greatest values of the SSI, which indicate the need for energy storage due to increased fluctuations and risk of energy scarcity, have been observed for Kołobrzeg-Dźwirzyno (1.814), Zielona Góra (0.949) and Kraków-Balice (0.75). On the opposite end of the spectrum, where the lowest values have been observed, one may place Warszawa-Okecie (−4.257).




4.2. Wind Power Parameters


The results presented in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6 were obtained using the equations described in Section 3, including wind power density calculation (Equations (1)–(3)), trend estimation (Equation (13)), variability indicators (Equations (7) and (8)) and synthetic indices WSI and SSI (Equations (11) and (12)).



Figure 2 shows the yearly averaged WPD levels for all included stations over the entire study period (2001–2024).One may observe a clearly decreasing trend, especially since 2010, when most of the stations indicate WPD reduction of 30–60% in relation to initial values. The greatest amount of wind power density in first decade of the 21st century is observed, amongst others, in Jelenia Góra, Kraków-Balice, Lublin-Radawiec and Kołobrzeg-Dźwirzyno, but since 2010 the WPD in these stations has been reduced as well. That reflects both climate changes and increased yearly variation of wind change. On the other hand, Warszawa-Okęcie, Zielona Góra and Jelenia Góra are characterised by relatively stable but lower, as in previous years, amount of WPD. That confirms higher resilience for seasonal variation in wind speed.



Generally, the plots present that despite an overall decreasing trend for all included locations, a difference between respective stations remains. That justifies the implementation of the WSI and SSI and ranking the respective locations.



In the years 2001–2010, most of the included locations indicated relatively high and stabile values of wind power density, with a clearly visible maximum in the years 2004–2007. Since 2012, one may observe a clear reducing trend, especially in lowlands. This also reflects higher values of scarcity, which means an increasing risk of a lack of energy. In the whole analysed set of locations, one may pay attention to Jelenia Góra and Kraków-Balice, where the WPD level is the greatest and most resistant to losses. Warszawa-Okęcie and Zielona Góra also show beneficial wind conditions. Meanwhile, Katowice-Muchowiec, Łódź-Lublinek and Kielce indicate a significant reduction in energy resources.



The WSI was implemented as a comprehensive metric of usefulness of a given location as a wind-powered EV charger. The rank of analysed location, presented in Figure 3, clearly identifies places where the local amount of wind may be successfully utilised as a power supply of EV charging stations, without loading the electric power network. The highest values of the WSI correspond to high wind power density combined with low fluctuations and a favourable economic profile, which makes such locations particularly attractive for practical implementation.



The rankings show that Kraków-Balice and Jelenia Góra dominates. It is worth seeing the following at Warszawa-Okęcie: despite moderate amount of energy, this location has a good WSI result due to very good stability and almost no long-term changing. In contrast, Kołobrzeg and Mława have negative WSI—strong fluctuations and adverse trends strongly reduce the possibility of using wind-powered EV chargers.



Another analysis is focused on the SSI. In contrary to WSI, this index grants highly predictable and a stable amount of generated energy and a low risk of a steep reduction in generated energyIn such cases, the energy storage system can operate under stable conditions, without undergoing deep charge–discharge cycles. Eventually, the SSI will indicate locations with the greatest robustness and work regularity in the long term.



The SSI rankings show (Figure 4) Kołobrzeg-Dźwirzyno as a location where energy storage may be most beneficial. In this case, it is a result of high fluctuations of energy and deep, periodic losses of WPD that—ironically—becomes an advantage: more ‘fickle’ wind means a greater need of storing energy and entails better work conditions (low risk of deep discharge or overload). High SSI values have also been calculated for Zielona Góra and Kraków-Balice, where variation and character of oscillations create advantageous conditions of storage work that favour effective balancing of short losses of generated energy. Essentially, it means that these locations are most promising if a local wind powerplant powers the receivers in a stable manner and the storage plays the role of a filter.



To analyse both indexes together, we put them in common plot (see Figure 5). It shows which locations offer the greatest amount of energy (points shifted to the right—high WSI values) and best stability (points shifted downwards—least SSI indexes). Points located in the lower-right part of the plot represent locations with both high wind energy suitability and low variability, whereas points shifted upwards indicate an increasing need for energy storage to ensure reliable operation. One may see that the SSI has much less discrepancy that the WSI. This leads to the conclusion that the stations that are characterised by the highest wind energy offer also good stability—no energy storage is necessary.



Higher WSI values indicate locations with high wind energy potential and stability suitable for wind-powered EV charging stations, while higher SSI values indicate locations where significant variability and scarcity of wind resources justify the use of energy storage systems.



A dependency between yearly energy potential and economical value of generated energy is a pillar to judge the profitability of wind energy in electromobility solutions. Even despite similar levels of WPD, a difference in energy fluctuations may lead to a difference in achieved economical profits. A similar effect concerns local prices of energy or structural differences in seasonal timings of WPD. Figure 5 illustrates the relationship between energetic potential and the economic value of the generated energy available for charging stations or energy storage systems, allowing beneficial and unstable locations to be identified.



Figure 6 is based on analytically calculated annual wind energy per unit area and its corresponding economic value, derived according to Equations (9) and (10); no external simulation software or numerical solver was used.



Figure 6 clearly shows the dominancy of three points, Kraków-Balice, Jelenia Góra and Lublin-Radawiec, where both the greatest amount of energy and the highest potential incomes have been achieved. It means that it generates the amount of energy which allows us to practically apply it into empowering EV charging stations. In contrast, most of the included stations achieved much lower results, with annual energy below 20 kWh/m2/year and with economical value below 20 PLN/m2/year. These results indicate that, in other locations, the available energy is insufficient for practical solutions supporting electromobility, regardless of local electricity prices or other site-specific constraints.





5. Conclusions


The analysis of long-term wind energy resources in Poland in 2001–2024 clearly show that local wind conditions are significantly diversified both in time and space domains. Most stations exhibit a decreasing trend in wind energy since 2010, which confirms the stalling phenomenon described in the literature, as well as an increase in seasonal variability of wind resources. Despite this trend, energetic potential in many locations is sufficient to empower the EV chargers or local energy storage.



Most beneficial wind conditions—both in terms of wind power density and yearly averaged energy per 1 m2—have been achieved in the cases of Kraków-Balice, Jelenia Góra and Lublin-Radawiec meteorological stations. These locations consequently dominate the rankings: they achieve the highest WSI values, are most resistant for seasonal fluctuations and generate economically useful amounts of wind energy. Moreover, in the context of integration with the electric network, such powerplants may play the role of a local energetic hub that reduces loading of the network and supports electromobility.



Meanwhile, the SSI shows three of the most advantageous locations in terms of energy storage: Kołobrzeg–Dźwirzyno, Zielona Góra and (again) Kraków–Balice. In this case, strong fluctuations and significant WPD losses occur; therefore, energy storage is required to efficiently support the overall performance and robustness of the system. It should be underlined then that a location with irregular wind energy resources is typically rejected, but if a proper supporting infrastructure could be included, they could be effectively exploited.



The relationship between energetic potential and economic value indicates that, in most of the analysed locations, the available energy is insufficient to supply EV chargers independently. Most of the locations lie below the 20 kWh/m2/year threshold, which in practice means limited usefulness. On the other hand, three dominant stations generate values above this level, which suggests that they may be considered to implement in solutions based on EV–wind energy integration.



In general, the achieved results confirm that long-time meteorological data may become a valuable base to select a location of charging infrastructure and energy storage. The wind-first approach proposed in this paper, which combines the analysis of WPD, energy variation and its time trend, as well as its selling price, allows us to identify locations where wind resources may effectively support energetic transform and electromobility development. The results presented in this paper are a starting point to further research, aimed at integration with the electric power network, modelling of the energy storage work and optimisation of charging points in local and mesoscale approaches.
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The following abbreviations are used in this manuscript:
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Figure 1. Locations of analysed stations [51]. 
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Figure 2. Wind power density trends for 2001–2024. 
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Figure 3. Ranking of locations for EV charging stations (WSI). 
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Figure 4. Ranking of storage suitability (SSI). 
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Figure 5. Combination of WSI and SSI indexes. 
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Figure 6. Relationship between annual wind energy potential and economic value. 
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Table 1. Wind energy parameters and indexes for covered location.






Table 1. Wind energy parameters and indexes for covered location.





	Station
	Reference Year
	WPD (Ref. Year) [W/m2]
	Mean WPD [W/m2]
	Trend Slope [W/m2/rok]
	CV [−]
	Deficit Index [−]
	Annual Energy [kWh/m2/rok] |
	Economic Value [PLN/m2/rok]
	WSI
	SSI





	BIAŁYSTOK
	2024
	1.228
	31.172
	−3.767
	1.079
	0.961
	10.757
	14.306
	−0.4
	0.512



	GDAŃSK-ŚWIBNO
	2024
	0.0
	113.887
	−1.778
	0.874
	1.0
	0.0
	0.0
	−0.028
	0.033



	JELENIA GÓRA
	2024
	34.185
	45.861
	−4.92
	1.073
	1.0
	299.461
	398.283
	1.499
	0.651



	KATOWICE-MUCHOWIEC
	2024
	0.0
	0.0
	0.0
	nan
	nan
	0.0
	0.0
	nan
	nan



	KOŁOBRZEG-DŹWIRZYNO
	2024
	0.292
	31.201
	−6.17
	1.574
	0.991
	2.556
	3.399
	−1.205
	1.814



	KRAKÓW-BALICE
	2024
	50.437
	93.907
	−10.52
	0.99
	0.987
	441.826
	587.628
	1.802
	0.75



	KROSNO
	2024
	0.0
	108.82
	−10.032
	0.734
	1.0
	0.0
	0.0
	−1.059
	0.181



	LUBLIN-RADAWIEC
	2024
	27.819
	75.542
	−6.046
	0.705
	0.984
	243.692
	324.111
	1.253
	−0.141



	MŁAWA
	2024
	0.0
	121.892
	−9.67
	0.872
	1.0
	0.0
	0.0
	−1.124
	0.469



	PIŁA
	2024
	0.0
	54.415
	−1.884
	0.496
	1.0
	0.0
	0.0
	0.272
	−0.801



	SUWAŁKI
	2024
	0.0
	128.036
	−7.76
	0.611
	1.0
	0.0
	0.0
	−0.641
	−0.219



	WARSZAWA-OKĘCIE
	2024
	1.228
	1.233
	−0.001
	0.004
	0.004
	10.758
	14.308
	1.021
	−4.257



	WIELUŃ
	2024
	0.0
	71.479
	−6.577
	0.831
	1.0
	0.0
	0.0
	−0.659
	0.204



	ZIELONA GÓRA
	2024
	0.0
	51.34
	−6.986
	1.155
	1.0
	0.0
	0.0
	−0.987
	0.949



	ŁÓDŹ-LUBLINEK
	2024
	0.0
	2.251
	−1.027
	0.941
	1.0
	0.0
	0.0
	0.02
	0.141
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