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Abstract

:

Urban sprawl is a process that shapes contemporary urban spaces. Generally, this process is associated with negative effects due to the generation of high costs. However, not all the effects of urban sprawl should be considered in the context of the increasing costs of the use of space; some of them should be regarded as cost cutting factors, for example, the possibility of the use of roofed areas in generating energy from sunlight. Solar energy is believed to be one of the sources of clean energy that reduce pollution and greenhouse gas emissions into the atmosphere. However, solar energy generation necessitates the development of large areas for the purpose of installing photovoltaic modules and substantial funds for creating large solar farms. For this reason, a significant role in state energy policies is played by small dispersed installations mounted on the roofs of buildings. There is a gap in existing research on the assessment of urban sprawl in terms of the potential use of rooftops for solar installations in suburban areas. This research gap has not yet been filled, either conceptually and methodologically. Hence, the contribution of the research to the development of the current state of knowledge involves the identification of economic and environmental benefits of usually negatively perceived urban sprawl. The proposal of a method for the identification of suburban housing potential for solar energy generation constitutes another addition to the state of knowledge. The main objective of this article is to analyse the energy generating potential of buildings located in suburban and urban areas characterised by the confirmed occurrence of urban sprawl phenomena. CityGML data were used to conduct an analysis of the exposure of roofs to sunlight using algorithms based on vector data. The authors estimated the dynamics of changes in time and referred the existing photovoltaic installations to the total potential of a selected area. The use of the energy potential of the analysed roofs of buildings was used to evaluate the external costs and benefits of spatial planning. The discussion presented the current conditions of the energy sector and energy policies in Poland and the EU. In addition, recommendations were proposed for local spatial policies concerning the mitigation of the effects of suburbanization in the context of developing the system of PV micro-installations.
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1. Introduction


Urban sprawl is a spatial phenomenon observed in the urban areas of many countries, both industrialised and developing [1,2,3]. Urban sprawl relates to the process of deconcentrating land use in the areas surrounding cities as a result of the impact of cities [4,5]. The effects of this process are as follows [6,7,8]: chaotic dispersion of buildings, low population density rates, the lack of spatial continuity of built areas, and the dependence of communities and businesses on road and railway transport. The issue of the negative impact of this phenomenon was addressed in the 1960s [9,10]. On the other hand, the results of many contemporary research studies point to the possible positive economic effects of urban sprawl [11,12,13]. The problem of urban sprawl has also been discussed in Poland [14,15,16]. In addition, attention has been given to differences in the impact of urban sprawl in Poland and other countries. In Poland, it mainly relates to the location of built areas in the municipalities that surround core cities and not in cities themselves [17,18,19]. In China, the phenomenon is usually recorded in cities due to the fact that their administrative areas are much larger than their actual built areas [20,21]. In the USA, is it sometimes mistakenly identified with suburbanization [22], one of the spatial development strategies for large cities and their housing policies [23]. From the perspective of a settlement system, urban sprawl in Poland is characterised by the exuberant and unplanned development of residential areas, and it is usually regarded as a negative phenomenon [16,24,25].



Land development can have a negative impact on the existing technical and social infrastructure. Another issue is an increase in the costs of satisfying the needs of technical infrastructure [26]. Problems arise on the border between private property and public goods [27]. Independently of systemic solutions in spatial policies, externalities have an impact on market systems. They affect multi-level spatial structures and multi-dimensional social relations. They are caused by a number of factors, but the original driver of this process is the unavoidable presence, universality, and multiplier effects of positive and negative externalities. These effects relate to social costs and various implications for public policies, including energy policies. The social, universal, and unquestionably negative effect is the impact of externality generators on public goods, because public entities tend to claim compensation to a larger degree than private organizations [28,29].



The reorganization of land use and the increasing complexity of the structure of factors related to functional systems are accompanied by general changes in the existing spatial systems. Economic and political factors resulting from implemented spatial policies are affected by legal and administrative solutions [30]. In addition, they are influenced by institutional conditions. Their impact on spatial structures can be identified with the effects on the efficiency of social spatial management activities. In simple terms, it can be assumed that spaces that are planned and organized in an optimal way are under a dominant impact of the positive externalities of implemented spatial, socioeconomic, and energy policies. They are permanently linked to the urban sprawl process and changes related to spatial conditions, referred to as urbanization, suburbanization, and metropolization [31]. In addition to that, we observe negative and positive feedbacks generated within the framework of spatial and socioeconomic governance. Therefore, spatial governance can be a useful tool in a synthetic evaluation of economic, environmental, and social governance. It is also strongly correlated with the commonly occurring externalities. The urban sprawl process leads to considerable losses (benefits) in the natural and economic environment. It is assumed that spatial losses are reduced (incurred) losses or not achieved social benefits (lost opportunities) related to the use of resources and spaces. The externalities of urban sprawl represent a significant part of externalities generated as a result of satisfying socioeconomic needs in a given space. The evaluation of these effects depends on individual marginal utility, in which individual benefits do not always generate positive social externalities. On the other hand, positive externalities at the level of an entire community can generate negative externalities for individual users [32].




2. Literature Review


Urban sprawl is generally viewed as a negative phenomenon due to the costs it generates. However, its effects can also be positive. Debates over urban sprawl give little attention to possible benefits that, due to much criticism of related costs, are marginalised [17]. These benefits are as follows [11,33,34,35,36,37,38,39,40,41,42]: increased productivity of regional economies, lower unemployment rates, availability of housing, proximity of workstations, and improvements in the quality of life. Literatures identify social, environmental, and economic costs generated by urban sprawl processes.



Social costs are as follows [43]: reliance of inhabitants on vehicle transport and a negative impact on public health. These social costs are interdependent, so their impact is greater. The frequent use of cars by the inhabitants of suburbs reduces their physical activity, adversely affecting their physical fitness. Research studies of the impact of urban sprawl on physical health identify such effects as [43,44,45] asthma, type 2 diabetes, cardiovascular diseases (hypertension), arthritis, rheumatism, breathing, movement and neurological disorders, chronic migraines, spine disorders, and cancers. Some studies suggest correlations between urban sprawl and obesity [43,46] as well as mental health [47].



Research studies give more attention to environmental effects [33,39,43,48,49,50,51,52,53,54,55,56]: low air quality, higher temperatures, natural and agricultural losses (reduced agricultural output, reductions in natural facilities, threats to agriculture-related activities), a negative impact on the ecosystem (a decrease in wooded and farmland areas as well as open spaces), and hydrology-related costs (low groundwater level, flooding, and deteriorating quality of drinking water).



So far, the use of solar energy has not been analysed in the context of the environmental effects of urban sprawl. Renewable sources of energy can reduce the above costs in such areas as low air quality and higher temperatures. Air pollution resulting from urban sprawl relates to the previously mentioned dependence on automobiles, higher fuel consumption, and, consequently, higher emissions [48,49,50].



The extensive growth of cities, increasing the use of automobiles, is a source of such pollution as carbon monoxide, ozone, sulphur dioxide, nitrogen oxides, and particulate matter. Pollution hinders the growth of plants, creates smog and acid rain, contributing to higher temperatures in suburban areas [51]. This is a heat island effect, an area with temperatures that are 3.5–4.5 °C higher than in the surrounding terrain [50]. Along with urban sprawl, heat islands spread along built areas and roads [43]. Simultaneously, higher temperatures in urban sprawl areas have an indirect impact on air pollution; rising temperatures increase demand for electricity in connection with air-conditioning systems. Because a large number of power plants use fossil fuels, increased energy generation contributes to emissions [33], hence the use of solar energy not only in household air-conditioning units but also in charging electric and hybrid vehicles.



Most attention in exploring the effects of urban sprawl has been traditionally given to the economic impact of this phenomenon. Analyses of the costs of urban sprawl were undertaken in the first half of the 20th century [9,10,35,39,57,58,59,60,61,62,63]. The major economic costs include the following [33,44,64,65,66,67,68]: excessive public spending on infrastructure servicing and public services, a negative impact on household budgets, a negative market impact on city centres, and reduced energy efficiency.



Solar energy can be seen as a remedy for the environmental and economic costs of urban sprawl, particularly in periods of the inefficient use of energy. In the context of analysing urban sprawl, the inefficient use of energy relates to two categories of losses. The first one is the excessive use of fuel by automobiles (previously mentioned in connection with environmental costs). The second group of losses relates to the increased costs of electricity transmission. With regard to the latter case, analyses stress the fact that the lower density and dispersion of buildings in suburban areas increase the length of transmission lines, the costs of construction works, and the maintenance of energy transmission networks [44]. Apart from that, other costs are incurred as a result of the losses of energy transmitted to consumers. Energy losses are proportional to transmission distances [33]. Household solar installations can reduce transmission losses.



Climate change has been a debated issue for several decades, but the intensity of research on global warming has gained significant momentum over the past 20 years. The alarming information about the increasing average global temperature, as well as about extreme weather events, rising sea and ocean levels, and melting glaciers has been being reported, among others, by the Intergovernmental Panel on Climate Change (IPCC) established at the request of the United Nations with the involvement of the World Meteorological Organization (WMO) and the United Nations Environment Programme (UNEP). Global warming is one of the greatest challenges of the 21st century because it can lead to a variety of consequences for the natural environment and further cause serious socio-economic and political consequences. An example of an international strategy to limit carbon dioxide emissions is the Kyoto Protocol to the United Nations Framework Convention on Climate Change adopted on 11 December 1997. The carbon market created in 2005 allows for the enforcement of the social costs of unwanted emissions. Europe is being subjected to various processes negatively affecting climate, biodiversity, natural resources, etc. The problem of limiting global warming and balancing sustainability is the subject of various policies enshrined, among others, in the Territorial Agenda 2030, the Agenda 2030 Sustainable Development Goals, the New Leipzig Charter, the Urban Agenda for the EU, the European Green Deal, and the European Climate Pact.



Various studies draw attention to the art of compromise as a result of widely understood limitations and sacrifices of today’s users of space for the benefit of future generations. Further questions arise as to whether currently proposed constraints are socially beneficial, whether it is worth sacrificing consumption to combat global warming, how to establish intergenerational equity, and whether we have finally identified the scale of potential threats to humanity [69,70,71,72].



The economics of global warming has received a lot of attention in research studies. Assuming that climate change is a negative phenomenon, limiting these negative externalities can provide benefits for current and future generations. Reduced (lost) consumption today may become a kind of investment and ensure less environmental damage in the future, but with one caveat. Authorities must be concerned about reducing negative externalities, and therefore it becomes necessary to implement effective instruments that mitigate climate change and to spread information about the effects of global warming [73]. In seeking an optimal solution serving the needs of local communities, we should bear in mind that it is not possible to eliminate all costs and effects of spatial management activities. Our main objective is to mitigate the impact of negative externalities. Spatial management, regardless of implemented planning systems and policies based on various standards, generates externalities. According to definitions, externalities are generated when an entity creates costs or benefits for other individuals who do not have economic incentives to accept them [74]. In other words, externalities occur when an individual’s actions have an impact on a third party who does not pay for it or does not receive any compensation [28]. Usually, an entity’s economic activity or consumption has an indirect impact on the economic effectiveness, consumption, or utility of other entities that do not have significant relationships with this entity [75]. In this situation, positive and negative externalities occur as a result of consumption processes (e.g., the use of energy by households and the industrial or service sector), or during the production process itself (including spatial management processes).



A crucial role is played by the complexity of this process, enhanced by the diversity of factors that generate a given externality. In addition to that, market deficiencies, which usually manifest themselves during spatial management processes (e.g., inappropriately defined ownership rights or economically unjustified resource allocations), can lead to multidimensional effects (externalities), affecting large groups of land users. A decisive factor is a type and intensity of externalities in such areas as spatial planning and policy, real estate management, natural, environmental and agricultural conditions, and technical infrastructure. Generated externalities affect spatial management systems, individuals, and society at large.



Because externalities are commonly regarded (a simplified approach) to be the effects of actions of individual entities, changing the level of utility of other space users, it will be necessary to present a reliable identification of parties to the exchange process, which initiates a transaction. Our analysis should consider both immediate and more distant recipients of generated externalities. Distant recipients include individuals or groups of individuals, e.g., the inhabitants of a housing estate, neighbours, and all those affected by externalities. The effects of the process are costs and benefits resulting from actions in a given space under spatial management programmes, performed by a specific entity. When identifying externalities, we must first confirm the existence of expected costs or benefits. Undoubtedly, it is a difficult task because we do not always have sufficient knowledge about potential benefits or threats. Externalities are recognizable when we start to identify them, e.g., when we evaluate relationships between affected and generating entities (a manufacturing entity, local communities, users, etc.). In addition, attention should be given to our evaluations, which are not always unbiased. It results from the existing interactions in space to which we are simply accustomed and which, as such, do not attract our attention [76,77].



A precise attribution of costs and benefits to society at large, even at a local level, can be very difficult or not feasible [78,79]. We should also consider how local conditions are optimised in the context of local societies’ behaviours after the occurrence and reception of externalities.



In the context of these considerations, a significant role is played by the phenomenon of the movement of externalities, particularly with regard to positive externalities. This problem has been analysed in a number of studies on economic growth [80,81]. The observed availability of benefits encourages users to remain in this state of affairs and invites (attracts) new users despite high costs. Moreover, the identified geographical proximity increases the dispersion of externalities, especially in the context of positive externalities, contributing to the development of a given spatial entity. The literature on the subject stresses the significance of introducing improvements in an entity for the benefit of other users. For example, an entity’s technological externalities increase the productivity of other entities without any compensation [82]. Therefore, the process of identifying externalities can be supported by the evaluations of individuals not related to the generation of externalities.



Spatial monocultures generate more negative externalities than diversified spaces [83,84,85]. However, this issue seems to be less significant in the context of the possible use of solar energy in areas affected by urban sprawl. There is no clear and unequivocal need for locating entities representing various sectors in a given space. It can be assumed that negative externalities generated by spatial monocultures will be counterbalanced (but not fully) by externalities resulting from solar energy generated by these monocultures. This process will be accompanied by urbanization- and localization-related externalities. They will be more strongly correlated with the issue of localization rather than spatial growth, and a clear identification of their occurrence is a complex process.



It is assumed that an externality derives from various actions and all entities generating externalities contribute to creating costs. Another issue is the establishment of ownership rights. The recipients of externalities always face the problem of determining the price of a single externality. The problem arises of establishing principles and conditions for externality market trading.



Spatial management and real estate management are also related to ecological and environmental externalities, as well as aesthetic and proximity externalities [86]. Transaction costs resulting from operations generating real estate costs, documentation costs, etc., are inherent in spatial management processes. Ordinary space users are not aware of such costs or regard them as a less important aspect of transactions. The reactions of real estate market participants, and various planning processes which accompany transaction costs, are linked to the internalization of spatial management externalities. Transaction costs are affected by social, economic, natural, and cultural factors, and spatial management externalities are additionally correlated with planning procedures. Implemented spatial policies based on relevant plans advises space users on the profitability of their actions. Documents establishing local laws or determining spatial policies allow for anticipating possible externalities resulting from investment projects (for example, expected energy efficiency of buildings, interdependencies of different investment projects or their impact on climate, landscape, etc.). In the spatial management process, space can be treated as an anthropogenic source of externalities. The implementation of spatial policies adjusted to local conditions is likely to reduce external costs generated by users [32,87].



The urban sprawl process comprises interactions that lead to degrading fundamental natural goods. The transformation of space as a result of various forms of land use and land management frequently results in irrevocable changes in its components. Usually, such changes have a negative impact on the quality of human life. Ecological, natural, environmental, and agricultural externalities, apart from most space-related externalities (including urban sprawl and real estate management), have long-lasting impacts. Obviously, we are aware of externalities that lose their original significance at the moment of completing execution of a given process, e.g., construction works. External costs are incurred during the manufacture of building materials and then in the course of construction works (CO2 emissions, the use of natural resources or electricity). In connection with the above and in light of the presented considerations, it should be noted that the first stage of identifying technical structure externalities should focus on determining the size and character of a generating entity’s impact on affected parties. This process is very difficult due to the delayed occurrence of externalities. Delays are sometimes very long; an entity stops generating externalities, while effects (also benefits) are observed by affected entities after a certain lapse of time. Moreover, if we treat identifying recipients as a process, we should first identify a group of the potential recipients of externalities and only then indicate the external costs/benefits of technical infrastructure.



Because published literatures have reported that solar energy generation does not generally pollute the environment (except for the manufacture and recycling of solar panels for energy collection along with appropriate installations), it is considered to be a source of clean energy. The only currently recorded deficiency of solar energy collection is its low efficiency of energy collecting devices. Currently available PV modules are between 15% to 20% efficient, and the most technologically advanced are up to 26% efficient [88]. A relatively low efficiency affects the surface of energy generating panels. Satisfactory power of PV installations for individual purposes (prosumer) requires a surface of one to several dozen square meters.



To maximise the use of available space in buildings, users most frequently mount panels on roofs. Roofs have a very important feature required for the efficient work of installations; they are often the least shaded places. In addition, the shape of roofs reduces mounting costs because panels installed on roofs do not require structural support. Buildings in urban sprawl areas are dispersed, and if not covered with trees provide a perfect location for installing panels. It is estimated [89] that 25% of energy consumed in the EU could be generated by individual installations mounted on the roofs of buildings.



The issue of estimating the amount of energy that could be generated by the roofs of buildings has been undertaken by various disciplines. Many studies are based on data collected on the basis of LIDAR (a detection system which uses laser-based scanning) [90,91,92,93,94]. An example of a more advanced method of estimating the potential of solar energy is the use of machine learning, which facilitates more accurate estimations based on a large number of variables related to the location of PV installations [95,96,97]. Good results are also achieved as a result of combining LIDAR data with photogrammetric products [98]. Many studies point to the use of 3D roofs. In this case, CityGML models can be used with the level of detail of at least LOD2, which are often available for large cities [99]. From the perspective of CityGML data accuracy, they are the best choice for estimating the potential of solar energy in large areas (when available).



The undertaking of this research problem is justified by a knowledge gap in empirical research; urban sprawl is not evaluated from the perspective of benefits resulting from the possibility of installing solar panels on the roofs of dispersed buildings in suburban areas. Polish researchers are aware of the gap in evaluating the impact of urban sprawl [100], which affects the development of national spaces. This work was undertaken to estimate the potential of solar energy in three selected cities in Poland, namely Krakow, Warsaw, and Olsztyn. These cities represent the areas with identified urban sprawl processes. They are located at three different latitudes, representing Poland’s longitudinal extent and different sunlight conditions. The analyses were based on CityGML data. In addition, we estimated the solar potential of municipalities surrounding the cities (suburban areas). Based on data from different periods (2012–2017), we estimated the impact of the identified urban sprawl in selected cities on increasing the energy potential of their agglomerations.



The main objective of the article is to estimate output energy in urban sprawl areas. A sub-objective is to present an economic justification for the use of roofs for energy generation. Section 2 reviews the literature, and Section 3 describes the Polish energy sector and its policies. Section 4 presents the methodology of the analyses, and the results are discussed in Section 5. Section 6 is the discussion of results. The article ends with concluding remarks.




3. The Characteristics of Poland’s Energy Sector and Energy Policy


The possibility of the use of solar radiation in the energy sector is strongly correlated with natural and particularly climate conditions. In this context, the most significant feature of climate is direct sunlight, which indicates the amount of total solar radiation reaching the earth’s surface. The average annual exposure to the sun of Poland’s territory, determined for the years 2007–2016 and for an optimal surface inclination using data from the Satellite Application Facility on Climate Monitoring project (SAF CM), amounts to 1273 kWh/m2 [101]. This value is lower than that (1470 kWh/m2) determined for EU areas located to the south of parallel 65°01′30″ N, for which SAF CM data is collected.



Among all EU member states, 15 countries are characterised by a higher level of annual exposure to the sun than the one determined for Poland [101,102]. Poland’s neighbouring countries such as Germany, Czech Republic, and Lithuania record slightly lower sunlight levels, while in Slovakia the respective level is higher by 49 kWh/m2. Considering exposure to the sun and the location of buildings in particular EU countries, Poland ranks 6th (after France, Germany, Italy, Spain, and Romania) in terms of the technical potential for generating PV electricity on roofs, amounting to more than 30,000 GWh/p.a. [89]. The achievement of this level of electricity generation from PV panels corresponds to nearly 20% of the total electricity consumption in Poland in 2019. However, estimates indicate that electricity generated by PV units in Poland in 2019 reached the level of 730 GWh [103]. This value is lower than in 15 other EU countries, including Czech Republic, the Netherlands, or Belgium, which have a lower solar energy potential.



Special attention should be given to disproportions in solar energy output between Poland and neighbouring Germany, despite similar sunlight conditions in the two countries [89,104]. Solar energy output in Germany in 2019 was estimated at 47,517 GWh, accounting for 9.3% of electricity consumption (the highest level in the EU), while in Poland solar energy represented merely 0.5% of the total consumption (only four countries recorded lower levels) [103,105].



In 2019, the capacity of installed PV panels per one inhabitant in the EU amounted to 262 MW. In Poland, the respective value was only 35 MW per inhabitant, lower than in 23 other EU countries, including Finland and Sweden [103]. Germany, again, reached the highest value amounting to 590 MW per inhabitant.



Electricity generation in Poland is growing steadily, reaching 157.7 TWh in 2020. A favourable trend is a decrease in the share of coal in the energy mix, which in 2020 was the lowest in the history of more than 100 years of the country’s electric power industry (electricity output from hard coal fell to 46% (71.6 TWh), while the share of lignite shrank to 24% (38.3 TWh).



The weaker position of Poland’s mining industry is also confirmed by its more than 4.3 bn PLN loss in 2020. Coal extraction in many Polish mines is less competitive than coal imports; in 2019, average coal extraction costs in Polish coal mines amounted to 346 PLN per tonne, while ARA Rotterdam prices were 44% lower. Simultaneously, the share of other sources of energy increased; in 2020, natural gas was 10% (16 TWh), wind energy was 10% (15.7 TWh), biomass/biogas was 5% (8.2 TWh), water was 2% (2.9 TWh), and solar energy was 1.2% (2 TWh) [106].



In 2020, the total capacity of all Polish power stations exceeded 51.8 GW [107]. The structure of electricity generating units is currently dominated by power stations and power and heat generating plants, which use hard coal and lignite, accounting for 66% [107] of the total capacity of 90 coal units (70 of them exceeded their life expectancy [108], being in operation for 30–40 years).



Moreover, subsidies received since 2021 under the market aid programme will be cancelled after the year 2025, and the inefficiency of subsequent modernization programmes will make them purposeless. The total installed capacity of wind turbines in Poland has increased to 6.4 GW (12.3% of the installed capacity in 2020), which is also true of PV installations; their total installed capacity amounts to 3.96 GW (7.6%) [106].



An efficient electricity transmission system is crucial to the country’s energy security. The National Power System (KSE) comprises, apart from generating units (power stations and heat and power generating plants), transmission and distribution networks, ensuring the transmission of energy from producers to recipients. Electric power transmission lines of the highest voltage, i.e., 220 kV, 400 kV, and 750 kV, are the Polish Electric Power Networks SA (PSE)—Poland’s Transmission System Operator. The lines are located across the country’s entire territory. Currently, the total length of these lines amounts to 15,316 km, including 750 kV—114 km, 400 kV—7822 km, and 220 kV—7380 km [109]. The national transmission network (400 kV and 220 kV), along with a large part of the 110 kV distribution network, functions as a closed multi source power supply system. The system requires NN stations, a large number of WN switchboards, and transformer stations at which medium voltage (10 kV–30 kV used for distribution purposes) is converted to low voltage for end-users (230/380 V). All these facilities, i.e., electric power lines and stations, constitute an electric power system. The network of Poland’s largest electricity distributors consists of state-controlled companies: Tauron Dystrybucja, PGE Dystrybucja, Energa-Operator, and Enea Operator, and a private firm Innogy Stoen Operator. Problems are posed by the slow pace of investment projects and network recovery in distribution companies, necessary activities related to the energy transformation process, particularly for the needs of renewable energy sources. At the end of 2017, the age of more than 40 years was reached by 42% of WN, 37% of SN, and 31% of NN networks [110].



From a technical perspective, the functioning of the entire system is determined by an increasing demand for electricity and by weather conditions; record high and low temperatures are reflected in demand spikes and limited possibilities of integrating voltage from different sources. A power station’s installed capacity does not guarantee its continuous use.



The entire national electric power system has the achievable capacity of 50.2 GW (96% of the installed capacity), which is not available at any time. In recent years, a much higher demand for electricity has been recorded in summer than in winter. The efficiency of an electric power system is determined by so called demand peaks, which occur in limited periods of time. In Poland, prolonged and higher demand for electricity occurs in winter evenings. In spring and autumn, it usually lasts for one hour, around 8 pm, while morning peaks are lower but longer. In summer, demand peaks occur around noon. A higher demand in summer also results from climate change. Higher average temperatures in summer result in more frequent use of more powerful air-conditioner and cooling systems [111]. The correlation between peak demand for electricity and the highest level of solar energy output in connection with sunlight is a solid argument for using solar energy to meet demand on hot days [112] and for increasing the number and capacity of PV systems.



A key role in balancing the capacity of the national electric power system is played by the purchase and sales of electricity on the integrated European electricity market. Energy is imported when it is offered at a lower price than on the domestic market. In the case of the domestic energy sector, which relies heavily on hard coal, emission costs translate to electricity prices, and it should be noted that in September 2021, CO2 emission allowances exceeded a record of 60 € per tonne. Poland became a net importer in 2014. Electricity wholesale prices on the Polish stock exchange are usually the highest in Europe. In 2020, Poland imported 13.1 TWh of electricity (from Sweden, Germany, Czech Republic, Lithuania, Ukraine, and Slovakia), while the country’s export to these markets reached the level of 1.6 TWh. Considering the adopted trend in transforming the electric power industry (Green Deal), it is necessary to invest in RES, which is also confirmed by the energy balance structure.



The energy security of Poland, along with ensuring the competitiveness of the state economy, energy efficiency, and reducing the environmental footprint of the energy sector, are the statutory objectives enshrined in the state energy policy. Pursuant to Articles 12,13–15 of the Energy Law, the state energy policy is developed by the minister responsible for energy, climate, and environment. Its current form is strongly affected by the European Union’s climate and energy policy, aiming to achieve climate neutrality in the European Union by 2050 and using regulatory mechanisms stimulating the achievement of climate targets in the coming decades (2020, 2030). Another important document recently influencing the state energy policy was Regulation (EU) 2018/1999 of the European Parliament and of the Council on the Governance of the Energy Union and Climate Action. Poland, adapting national policies to EU requirements, adopted for implementation the Energy Policy of Poland until 2040 (repealing the 2009 Energy Policy of Poland until 2030) and the National Energy and Climate Plan for the years 2021–2030. The EPP2040 is crucial for the low carbon energy transition, while the NECP aims to implement energy union. Several entities, in particular the Minister of Energy and Climate and the Council of Ministers, are responsible for shaping and implementing these policies in Poland.



Apart from significant delay in the process of decarbonization of the Polish economy and slow growth of green solutions, including RES (unmet target of 15% share of renewable sources in the gross final energy consumption in 2020), the weakness of the national energy management system is a frequent replacement of entities responsible for energy policy implementation, including development and use of renewable energy sources. Only in the last six years (2016–2021), these entities were the Minister of Energy (from 1 December 2015 to 14 November 2019), the Minister of State Assets (15 November 2019 to 20 March 2020), the Minister of Climate (from 21 March 2020 to 5 October 2020), the Minister of Climate and Environment (from 6 October 2020).



The energy transformation process within the framework of the national energy policy, although necessary, is very challenging for the economy, both in terms of financial and social costs as well as time needed to implement the intended changes. The overall cost, the scale of investment, and the high volume of greenhouse gas reductions all contribute to this challenge.




4. Methods and Results


4.1. Research Area


The study comprised the areas with identified urban sprawl. Polish research studies on urban development processes usually make use of the delimitation of the so called Urban Functional Areas [113]. However, the delimitation process is designed to meet the requirements of the government document which establishes the principles for managing Poland’s territory—the Concept of Spatial Development of the Country 2030 [114]. The delimitation process is based on the ratios which show functional relationships between core cities and suburban municipalities. Polish researchers’ attachment to this delimitation method results from its commonly approved usage.



The issue of the delimitation of urban sprawl in Poland is undertaken by [115]. The authors propose a methodological concept of the delimitation of urban sprawl. They use statistical characteristics from several years that correspond to the components of the following definition of urban sprawl: spontaneous changes in suburban spatial structure that are the result of rapid urbanization uncontrolled by spatial policy. The authors make use of three types of ratios which refer to the definition. The first ratio relates to building processes (ratios: new buildings, apartments per 1k residents). The second one refers to the degree of control over development processes, exercised by public authorities (ratios: area of municipality for which Land Spatial Development Plans exist, development decisions in the absence of LSDPs). The third one describes migrations from cities (ratios: resident removals from the city, internal migration balance or residents, newly registered firms). It enables the authors to create a set of municipalities surrounding cities—regional capitals or core cities. Municipalities in the external zones of capital and core cities include 50 urban, 221 rural, and 99 urban–rural entities.



It should also be clarified that in Poland, there is a three-tier administrative division of the country. The largest territorial unit is the region, known in Poland as “voivodeship”, and there are 16 voivodeships in Poland in total. The second tier unit is the district, sometimes called the province. The total number of provinces in Poland is 380. The smallest unit is the commune, which is also called the municipality. It should be noted that Poland has three types of municipalities: urban (cities), rural-villages with a low level of urbanization, and urban–rural areas—cities surrounded by rural areas. There are 2477 municipalities in Poland.



The conducted study comprised three selected urban areas. The choice was determined by two factors. The first one related to weather conditions, including sunlight in different parts of the country. The second one was the lack of full data at the minimum level of LOD2 for Poland’s entire territory. Therefore, we decided to choose urban areas representing the north of the country (Olsztyn), the south (Krakow), and central Poland (Warsaw). Importantly, Warsaw is the capital city and the largest area under urban sprawl. The analysed area is shown in Figure 1.




4.2. Spatial Data Used in the Analysis


The presented analysis made use of CityGML data [116], collected in 2018 on the basis of LIDAR and registration information [117] as at 2017. The complete LOD2 data covers most of Poland’s territory. This level allows for mapping the realistic shapes of roofs. The sunlight correction coefficient in accordance with roof shape was calculated using selected roof surfaces in 111 municipalities in urban sprawl areas around Krakow (26 entities), Warsaw (77 entities), and Olsztyn (8 entities). The analysed data is presented in Table 1, and the scheme of the research procedure is presented in Figure 2.




4.3. Limitations of the Set of Data


Sunlight data refers only to roof surfaces which meet specific requirements. A minimum part of roofs designed for installations is confined to 10 m2 [118]. The geodetic azimuth for roofs with a higher roof pitch than 9.5 degrees is confined to a range from 67.5 to 292.5 [118,119]. The values of roofs with a roof pitch up to 9.5 degrees were treated as flat roofs. The data concerning all roofs with a greater pitch than 60 degrees were filtered. The above values were selected with consideration given to the results of current studies on the economics of solar energy collection.




4.4. The Weather Data


Solar energy calculations should be based on the typical meteorological year (weather data), which presents average data for every day of a given year. Many programs for energy calculations make use of various databases, which differ in accuracy levels [120]. An example can be a comparison of three sets of data: IMGW data for 30-year observations [121], internal Autodesk Ecotect data (currently integrated with Revit), and IWEC data based on 18-year observations of cloud cover [122]. Data from Ecotect and IMGW are similar (984 and 978 kWh/m2, respectively, for Warsaw’s horizontal plane). IWEC data differ considerably from the other sources (1294 kWh/m2 for Warsaw’s horizontal plane).



Given data accuracy and the accessibility of many locations, this work made use of data provided by the Ministry of Investment and Economic Development, prepared for building energy calculations [123]. The data reflect typical meteorological years and climate-related statistical data observed over many years in the entire territory of Poland. Most of the data were collected in the period of 30 years from 1971 to 2000. In the entire database (61 weather stations), as many as 43 stations had data from uninterrupted 30-year measurements. In the case of the remaining stations, measuring years ranged from 11 to 29, but it should be noted that they were not continuous years (e.g., stoppages resulting from weather station failures).



Further analysis made use of data files from Kraków Balice (50°05′ N 19°48′ E), Warsaw Okęcie (52°10′ N 20°58′ E), and Olsztyn (53°46′ N 20°25′ E).




4.5. Energy Correction Algorithm Related to Roof Geometry


Because meteorological data represent flat surfaces, it is necessary to adjust sunlight values for each day according to the azimuth and the angle of each roof surface.



Sunlight correction is based on anisotropic model calculations, described in this work [124]. Calculations are based on a formula developed by Hay and Davies [125], and then improved by Reindl et al. [126], which presents a method of determining total sunlight (IT), which is the sum of direct, diffuse, and reflected sunlight:


   I T  =  (   I b  +  I d   A i   )   R b  +  I d   (  1 −  A i   )   (    1 + cos β  2   )   [  1 + f s i  n 3   (   β 2   )   ]  + I  ρ g   (    1 − cos β  2   )   



(1)







Ib indicates the calculated or measured value of direct sunlight, Id is the value of dispersed sunlight, β is the angle of inclination, and    ρ g    is albedo, i.e., the measure of the refection of solar radiation from the analysed surface. In addition, f is calculated as the root of the relation between direct and total sunlight (I):


  f =      I b   I     



(2)







The correction coefficient of the angle of the sun’s rays Rb can be calculated as follows:


   R b  =  θ   θ z     



(3)






      θ = sin δ sin φ cos β − sin δ cos φ sin β cos γ + cos δ cos φ cos β cos ω       +    cos  δ  sin    φ sin β cos γ cos ω + cos δ sin β sin γ sin ω      



(4)






   θ z  = cos φ cos δ cos ω +    sin  φ sin δ  



(5)







In Formulas (4) and (5),  δ  indicates sun declination,  φ  is latitude,  β  is angle of inclination,  γ  is azimuth of the surface in relation to the south (from 0° to 180° towards the west and from 0° to −180° towards the east),  ω  is hour angle (15°-clock hour—positive values after 12 o’clock, negative values prior to this time, and the value of 0° for the south).



Declination is calculated using Cooper’s formula [127], in which the subsequent day of the year is used (n):


  δ = 23.45 sin  (  360   284 + n   365    )   



(6)







Anisotropy index of the atmosphere for direct sunlight Ai is calculated as the relation between observed direct sunlight Ib and the model value of sunlight Io:


   A i  =    I b     I o     



(7)







Model value of sunlight    I o    can be calculated according to the following Formula (8):


       I o  =   12 ∗ 3600  π   G  s c    (  1 + 0.033 cos   360 n   365    )        ∗  (  cos φ cos δ  (  sin  ω 2  − sin  ω 1   )  +   π  (   ω 2  −  ω 1   )    180   sin φ sin δ  )       



(8)







In Formula (8), Gsc is the solar constant, namely 1361 W/m2. The use of the above formulas allows for calculating the value of solar radiation for any surface with possible PV installations.



The correction procedure was based on the Python programming language [128], the QGIS program [129]. The final result of calculations presented an average value of energy reaching a given surface for one year.



The calculations do not consider the impact of shaded surfaces in surrounding areas on particular roof surfaces. Such a procedure would require complex calculations that go beyond the adopted scope of this work. Moreover, shaded areas can have a limited impact on roofs because of their high location, or this impact is negligible, particularly in less urbanised regions [130]. The shadowing effect is significant in city centres, especially in the case of the diversified heights of buildings and in the analyses of the walls of buildings [131].




4.6. Basic Statistics of Solar Energy


We first calculated the basic statistics of the particular identified areas under urban sprawl: a minimum, maximum, and average annual exposure to the sun per 1 m2 of surface. We also calculated the amount of energy that could be collected from roofs that are suitable for solar panel installations. A simplified version of Formula (9) was used, in which P indicates the energy potential of a given roof surface,  τ  is the efficiency of PV panels that could be installed, A is the surface of solar panels, and G is the value of annual solar energy per 1 m2 of roof surface (after azimuth- and inclination-related corrections).



The calculations assume a 21% efficiency of PV panels. The results are presented in Table 2.


  P =  (    τ ∗ A ∗ G   100 %    )   



(9)







The potential of solar energy output was calculated and broken down into urban municipalities—the centres of urban sprawl areas, their entire surroundings included in a given area, accounting for differences in the energy potential between 2014 (the oldest uniform records of buildings in selected areas) and 2017 (current CityGML data).




4.7. ROI Calculation


The following Formula (10) was used to calculate the ROI for 25 years:


  R O I =   ∑   t = 1  n    C  F t       (  1 + r  )   t    −  I 0   



(10)







In Formula (10), CFt is the cash flow in the period t, r is the discount rate, I0 is the initial investment in period zero, and t is the subsequent periods (usually years) of the investment exploitation.



The data allowed an approximate ROI to be determined. The calculation assumed the following costs: a single panel of 400 W rated power and 1.7 m2 surface—1900 PLN [132], 40 kw inverter—13,350 PLN, 25 kW inverter—10,700 PLN [133], and labour and additional equipment (installation and wiring)—700 PLN per kW [134]. We assumed the availability of an appropriately adjusted energy network.



The calculations allowed for determining an approximate period of return on investment, including an annual profit. The following assumptions were made in the calculations:




	
the decrease in PV cell efficiency over time was not considered;



	
price changes of electricity over time were not considered (the wholesale market price of 383 PLN per MWh was assumed for all three analysed areas, valid as of November 2021), and therefore the annual cash flow from a solar PV installation was assumed constant;



	
the discount rate (r) was set at 1.25%;



	
no subsidies or discounts were considered;



	
the lifetime of the PV installation was assumed to be 25 years;



	
the initial PV installation cost (I0) was divided into three parts:




	1.

	
PV panel cost (avg. roof surface area/1.7 * 1900 PLN),




	2.

	
PV inverter price dependent on the max. nominal power of PV installation (40 kW—13,350 PLN or 25 kW—10,700 PLN),




	3.

	
cost of installation and wiring dependent on the max. nominal power of PV installation.















4.8. Results


Table 2 presents statistics of solar energy in selected urban sprawl areas, and Table 3 introduces the values of potential solar energy generated for one year separately for the central cities of urban sprawl areas and the surrounding municipalities.



The calculations allowed for determining differences in roof solar energy potential by MOF municipalities. The result is presented in the form of a cartogram in Figure 3 and Figure 4.



Due to the diversity of municipalities in terms of the degree of urbanization, the authors developed their own ratio (Equation (11)), which indicates the amount of solar energy per one building erected in a given municipality. It was calculated using the following formula:


    g r o w t h   i n   e n e r g y   p o t e n t i a l   n u m b e r   o f   b u i l d i n g s    



(11)







The value of growth in solar energy potential was based on the results of previous calculations, as well as the number of buildings erected in 2014–2017. The results are presented in Figure 5.





5. Discussion


Table 4 presents the comparison of potential solar energy and energy consumed by households in 2017 [135].



It should be noted that potential energy generated during one year by all possible (optimal) roof surfaces is several times as high as households’ demand for energy (excluding the use of energy by the industrial sector and transport and business activities). Due to the aggregation of statistical data, the total consumption of energy does not refer to entire voivodeships. Simultaneously, a comparison of potential energy in urban sprawl areas and the consumption of energy in an entire voivodeship (urban sprawl areas represent only 1/5 of voivodeship areas) (Table 5) leads to the conclusion that in the areas of Krakow and Warsaw, consumption slightly exceeds potential energy output. The urban sprawl area of Olsztyn is an exception; its surface its much smaller than that of the entire voivodeship. The presented values indicate that solar energy output from all possible roof surfaces in a given voivodeship would exceed demand for energy.



However, the above reasoning has some weaknesses; at the present moment it is based on theoretical considerations. First, energy generation is changeable during the year, even for one day, so it cannot be a substitute for demand in winter months and after the onset of darkness. Simultaneously, in summer months and during the day, the achievement of a maximum potential leads to a huge surplus of energy. This problem could be solved by utility warehouses [136,137], but this solution also has a number of disadvantages [138].



The main problem lies in high costs and energy losses, making this solution economically unviable. Perhaps energy storage can be less expensive and more beneficial in the future.



The solar energy potential in all the analysed urban sprawl areas is concentrated in core cities (Figure 3). Municipalities surrounding Krakow and Warsaw, contrary to the case of Olsztyn, have great energy potential. It results from the dominance of rural areas and, consequently, a lower level of urbanization.



Figure 4 presents growth in solar energy potential resulting mainly from urban sprawl and a higher level of urbanization in municipalities surrounding a core city. Municipalities surrounding Krakow are characterised by very slight changes in energy potential in 2014–2017, while those surrounding Warsaw and Olsztyn record high and average growth in solar energy potential. In Olsztyn, solar energy potential increases in a similar way to surrounding municipalities, while the urban areas of Krakow and Warsaw are characterised by very high increases in solar energy potential as a result of new buildings.



Figure 5 shows the amount of energy per building from 2014 to 2017. The municipality of Dobczyce near Krakow records very high values. It may be the effect of the optimal location of roofs (inclination and azimuth) in buildings erected in this period.



Percentagewise, the highest growth in solar energy potential is recorded in municipalities around the Urban Functional Area of Olsztyn (5.6%), and its dynamics is greater than in the city itself (1.4%). Urban sprawl in this area contributes greatly to an increase in energy potential, unlike in Krakow and Warsaw, which are characterised by a higher growth in potential than surrounding municipalities.



The conducted analyses indicate that the selected urban sprawl areas have a high solar energy potential. The use of databases allows for calculating an average roof surface per one building in its entirety and by single-family houses (Table 6) and an annual profit (Table 7).



The longest ROI time is recorded for urban sprawl areas located in the least favourable locations in terms of solar energy collection; currently, in the case of a single-family house with a fully utilised roof for energy collection, it is more than 20 years. The percentage and amount of reimbursement after 25 years of operation of the PV installation is presented in Table 8.



The best result is achieved by Krakow’s urban sprawl area, in which ROI time is 21 years for an average single-family house, and 20 years for an average building (total). From the perspective of general benefits for communities and the environment, we should note a considerable reduction in CO2 emissions. However, from the point of view of investors, alternative options would be more favourable in terms of rates of return (a possible profit from PV installations earned after as many as 20–25 years). According to the work of Muhammad-Sukki et al. [139], in Malaysia the payback period of PV systems was similar (21 years), while Formica and Pecht [140] calculated a ROI payback period of 5 years, taking into account tax credits for reducing the start-up costs.



Today, a big unknown is the wholesale market price of electricity at which energy can be sold to the grid (regardless of energy source). Currently, it amounts to 383 PLN/MWh, but not so long ago, in Q1 2021, it stood at 243 PLN. This rapid increase in energy prices only throughout the next quarter will considerably shorten the ROI time.



Based on the work in [141], an attempt was made to compare energy consumption and potential energy generation in selected areas over time (Figure 6). The solar radiation in three selected areas and the load of the Polish Power System on a given day were compared. The graph shows that the production of solar energy could compensate the increasing energy consumption between 6 and 11 a.m. After that, the share of other energy sources would have to increase due to the gradual decrease of solar radiation until it completely disappears around 7 p.m., when there is still significant demand for energy. The analysis of the graph allows one to conclude that solar energy cannot replace other sources of energy to a large extent, but it can balance spikes in demand at critical times.



In Poland, electricity generation based on PV panels has gained in popularity in recent years, which is reflected in a considerable increase in the number of micro installations. At the beginning of 2020, Poland had 154,426 such installations, totalling a capacity of 992 MW, while the respective figures for 2021 were 457,443 and 3007 MW, representing an increase by 196%. In 2021, the growth rate in this area remained high; at the end of Q3, the total number of all micro installations connected to the distribution network was more than 712 thousand, representing the capacity of more than 4900 MW [142]. This results from Poles’ increasing awareness of environmental issues, but the main driver is the intention to reduce the costs of electricity consumption. However, the profitability of such investments is conditioned by appropriate legislation. A significant role is also played by a system of incentives for prospective prosumers.



These issues are the components of Poland’s energy policy, which should guarantee the stability of the electric power sector and the promotion of solutions aimed to eliminate a significant external cost, namely global warming. Undoubtedly, this can be achieved through abandoning the use of fossil fuels in electricity generation [143].



Poland’s energy policy should be based on the recommendations adopted by EU member states, which are designed to achieve three major goals: maintaining the lowest possible electricity prices, minimising the negative impact of energy technologies on the environment (mitigating negative externalities), and ensuring short- and long-term supplies of energy [144].



The relevant strategy for achieving these goals is presented by the Ministry of Climate and Environment in the document “The Energy Policy of Poland until 2040”, which sets four main objectives: increased security, increased economic competitiveness, increased energy efficiency, and reduced impact on the environment [145].



In addition to that, strategic goals are set for the energy policy until 2030 and 2040, including the following: increased PV installed capacity up to 5–7 GW (2030) and 10–16 GW (2040); increased capacity of installed sea wind energy up to 11 GW (2040); increased share of RES in all sectors and technologies by at least 23% and not less than by 32% in electricity generation (2030); decreased share of hard coal in electricity generation by at least 56% (2030); and abandoning the use of hard coal in households in cities by 2030 and in rural areas by 2040.



The process of phasing out coal in electricity generation will take many years. However, no specific goals are identified for increasing installed land wind energy. This results from the fact that the Polish authorities do not regard this type of generation as a stable source of electricity that guarantees maintaining the stability of the electric power sector and energy security. This approach is the continuation of the policy aimed to limit the development of land wind energy, initiated by the Act on wind power plants of 20 May 2016 [146].



The policy requires maintaining a minimum distance between new wind turbines and residential areas as well as natural sites of at least a 10-fold height of an installation. Simultaneously, new regulations imposed higher property taxes on wind turbines. All these restrictions practically stopped the development of wind energy in Poland. Surprisingly, the planned capacity of PV installations until 2030 and 2040, as compared with the installed capacity, is at a relatively low level.



The conservative estimates of growth in the installed capacity may result from the changes that the government makes in the system of financial settlements for prosumers and PV energy operators in connection with the 2015 Act on renewable energy sources [147]. The changes relate to the resignation from existing incentives offered to PV operators in their settlements with energy network operators and are set forth in the amended Act on RES, passed by the Polish Parliament on 29 October 2021 (as part of a legislative process which is then referred to the Senate and submitted for the President’s approval). The new regulations are to become effective as of 1 April 2022.



Undoubtedly, the new legislation will hinder the dynamic development of PV micro installations, observed in Poland in recent years.



The presented external benefits of electricity generation based on PV panels are significant for all space users and the future of space—the place of human residence. Imposing restrictions on zero-emission electricity collection systems is likely to be accompanied by the decreasing prosperity of local communities understood as the quality of life in space. The process of developing effective spatial, economic, and social policies should give attention to interdependencies between private and social optimum, which lead, when necessary, to emergency measures.



The scale of externalities is usually proportional to the number of space users. Therefore, social and ecological policies should aim to mitigate negative externalities. However, it should not be identified only with direct land use; indirect users are individuals who receive intangible benefits resulting from residing in a given space. Therefore, it should be stressed that the overall process of land use and management, including urban sprawl, generates transaction costs that are also dependent on planning, various procedures, regulations, etc. While managing a space, we benefit from the right to affect different components of the natural environment. This right is transferred with attention given to generated costs. It is assumed that an entity has a legal capacity to carry out land use activities, while an affected entity is entitled to repurchase the right to use a given space from an entity responsible for the reorganization process.




6. Concluding Remarks


In the light of the findings and conclusions presented in the paper, the confirmed potential of urban sprawl areas, in terms of increasing the number of micro installations, points to concrete economic, social, spatial, and institutional benefits. It provides opportunities for increasing the supply of electricity, mitigating the negative impact of externalities, as well as for generating positive externalities, e.g., creating new spatial governance.



A list of benefits resulting from the use of PV installations in electricity generation is quite long, comprising the following: mitigating negative effects on the natural environment (reduced emissions, a decrease in waste volumes and the use of fossil fuels); economic benefits (relatively low costs of usage); and increased energy security along with the achievement of power balance. This zero-emission system has its drawbacks. Apart from the previously mentioned disadvantages (e.g., energy storage problems, daily/seasonal changeability of solar radiation, high prices of equipment), attention should be given to two issues. The first one is the process of recycling/disposal of panels and related equipment. Unfortunately, the currently applied technologies generate a wide range of negative externalities. The second problem relates to installation requirements, preparing roofs for mounting panels, as well as the necessity of maintenance and the continuity of operation.



In the light of our considerations, particularly those related to their economic aspects, the natural environment should be viewed from a different perspective. It should not be identified with the economy as its component. The natural environment does not have a substitute; it cannot be created or replaced by a different environment. Debates in this area should certainly give consideration to the exhaustibility of natural resources; our planet’s marginal productivity is not known, and an assessment and estimation of the Earth’s self-improvement ability is not possible.



To prevent huge social and environmental losses, spatial policies should promote establishing small PV farms, which allow for maintaining cities’ electric power balance at critical moments (mainly in the summer, when demand for electricity in cities is the highest). Therefore, it is desirable to implement spatial policies that enable local spatial economies—responsible for spatial and environmental governance—to create effective, compact, and low emission spatial structures. Activities aimed to improve the environment’s quality should be based on reliable formal and legal analyses for the needs of governing entities and space users. Directions for local self-governments’ activities in this area should be set forth by planning as well as strictly strategic documents. Relevant analyses should be interlinked and coherent. Unfortunately, economic practices indicate that this is not always the case. There are a number of discrepancies between spatial policies, administrative decisions and local regulations in force. Zoning approvals concerning individual cases can generate short-term benefits, but in the long-run this approach to spatial governance management is not possible due to costs and negative externalities created for space users. Therefore, new legislation is necessary, which would enforce developing a system based on functional, efficient, and, most importantly, zero-emission technical infrastructure. In addition, an optimal spatial policy should reduce costs generated by new users, representing negative externalities for current inhabitants.



However, in the areas with weakly developed or obsolete energy networks, the expansion of PV farms may pose a threat to the stability of such farms themselves, causing the temporary shutdowns of prosumers’ PV installations, especially in the situations of the lack of local demand for generated energy.



Urban sprawl is usually observed in new and undeveloped areas, in which modern energy networks are constructed. Therefore, it is recommended that such areas be legally obliged to adapt new buildings to energy collection requirements. Local laws should impose specific parameters, especially for roof surfaces. Recommendations relate to roof pitch (approx. 30 degrees) and its southern azimuth angle; such locations are the most economical, encouraging future owners to install small PV farms. Simultaneously, areas with obsolete energy networks should avoid excessive concentrations of solar installations. Installation decisions should be made by energy network owners who have access to the results of analyses of a given space.







Author Contributions


Conceptualization, A.H., M.I. and P.L.; methodology, M.I.; software, M.I., K.M., M.S. and P.S.; validation, A.H. and M.I.; formal analysis, A.H., M.I. and P.L.; investigation, A.H., M.I., P.L., K.M., M.S. and P.S.; resources, A.H., M.I., P.L., K.M., M.S. and P.S.; data curation, M.I.; writing—original draft preparation, A.H., M.I., P.L., K.M., M.S. and P.S.; writing—review and editing, A.H., M.I., P.L., K.M., M.S. and P.S.; visualization, M.I. and P.S.; supervision, A.H.; project administration, A.H. and M.I.; funding acquisition, A.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financed by a subsidy granted to the Cracow University of Economics, POTENTIAL Program, and by the National Science Centre, Poland, grant no. UMO-2016/23/D/HS4/02961 (“Financial Mechanisms in the Economy Resulting from the Phenomenon of Urban Sprawl”).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The study uses the CityGML data set made available via http://mapy.geoportal.gov.pl (accessed on 26 October 2021). More about the data can be found at https://www.geoportal.gov.pl/o-geoportalu/aktualnosci/-/asset_publisher/HCHq0YGNRszn/content/27-08-2018-modele-budynkow-3d-w-geoportalu-dostepne-bezplatnie-to-common-use# (accessed on 26 October 2021).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Uhel, R. Urban Sprawl in Europe: The Ignored Challenge; European Commission: Copenhagen, Denmark, 2006; p. 56. [Google Scholar]

	



Inostroza, L.; Baur, R.; Csaplovics, E. Urban sprawl and fragmentation in Latin America: A dynamic quantification and characterization of spatial patterns. J. Environ. Manag. 2013, 115, 87–97. [Google Scholar] [CrossRef]

	



Salvati, L.; Gargiulo Morelli, V. Unveiling Urban Sprawl in the Mediterranean Region: Towards a Latent Urban Transformation? Int. J. Urban Reg. Res. 2014, 38, 1935–1953. [Google Scholar] [CrossRef]

	



Arribas-Bel, D.; Nijkamp, P.; Scholten, H. Multidimensional urban sprawl in Europe: A self-organizing map approach. Comput. Environ. Urban Syst. 2011, 35, 263–275. [Google Scholar] [CrossRef]

	



Ewing, R.H. Characteristics, causes, and effects of sprawl: A literature review. In Urban Ecology: An International Perspective on the Interaction between Humans and Nature; Marzluff, J.M., Shulenberger, E., Endlicher, W., Alberti, M., Bradley, G., Ryan, C., Simon, U., ZumBrunnen, C., Eds.; Springer: New York, NY, USA, 2008; pp. 519–535. [Google Scholar]

	



Galster, G.; Hanson, R.; Ratcliffe, M.R.; Wolman, H.; Coleman, S.; Freihage, J. Wrestling sprawl to the ground: Defining and measuring an elusive concept. Hous. Policy Debate 2001, 12, 681–717. [Google Scholar] [CrossRef]

	



Petrisor, A.-I.; Mierzejewska, L.; Mitrea, A.; Drachal, K.; Tache, A.V. Dynamics of Open Green Areas in Polish and Romanian Cities during 2006–2018: Insights for Spatial Planners. Remote Sens. 2021, 13, 4041. [Google Scholar] [CrossRef]

	



Poelmans, L.; Van Rompaey, A. Detecting and modelling spatial patterns of urban sprawl in highly fragmented areas: A case study in the Flanders–Brussels region. Landsc. Urban Plan. 2009, 93, 10–19. [Google Scholar] [CrossRef]

	



Mumford, L. The City in History: Its Origins, Its Transformations, and Its Prospects; Houghton Mifflin Harcourt: Boston, MA, USA, 1961; Volume 67. [Google Scholar]

	



McHarg, I.L. Design with Nature; Natural History Press: Garden City, NY, USA, 1969. [Google Scholar]

	



Anas, A. Discovering the efficiency of urban sprawl. In The Oxford Handbook of Urban Economics and Planning; Brooks, N., Donaghy, K., Knaap, G.-J., Eds.; Oxford University Press: Oxford, UK, 2011; p. 123. [Google Scholar]

	



Onilude, O.O.; Vaz, E. Urban Sprawl and Growth Prediction for Lagos Using GlobeLand30 Data and Cellular Automata Model. Science 2021, 3, 23. [Google Scholar] [CrossRef]

	



Burchell, R.; Lowenstein, G.; Dolphin, W.; Galley, C.; Downs, A.; Seskin, S. The benefits of sprawl. In The Costs of Sprawl—Revisited; Transportation Research Board and National Research Council: Washington, DC, USA, 2000. [Google Scholar]

	



Majewska, A.; Denis, M.; Krupowicz, W. Urbanization Chaos of Suburban Small Cities in Poland:‘Tetris Development’. Land 2020, 9, 461. [Google Scholar] [CrossRef]

	



Wnęk, A.; Kudas, D.; Stych, P. National level land-use changes in functional urban areas in Poland, Slovakia, and Czechia. Land 2021, 10, 39. [Google Scholar] [CrossRef]

	



Śleszyński, P.; Kowalewski, A.; Markowski, T.; Legutko-Kobus, P.; Nowak, M. The contemporary economic costs of spatial chaos: Evidence from Poland. Land 2020, 9, 214. [Google Scholar] [CrossRef]

	



Heffner, K. Proces suburbanizacji a polityka miejska w Polsce. In Miasto–Region–Gospodarka w Badaniach Geograficznych. W Stulecie Urodzin Profesora Ludwika Straszewicza; Marszał, T., Ed.; Wydawnictwo Uniwersytetu Łódzkiego: Łódź, Poland, 2016; pp. 75–110. [Google Scholar]

	



Lityński, P. The Intensity of Urban Sprawl in Poland. ISPRS Int. J. Geo-Inf. 2021, 10, 95. [Google Scholar] [CrossRef]

	



Kaczmarek, T. Różne oblicza suburbanizacji. Od przedmieść w cieniu miasta do post-suburbiów. Prace Studia Geogr. 2020, 65, 103–113. [Google Scholar]

	



Ma, S.; Long, Y. Identifying spatial cities in China at the community scale. J. Urban Reg. Plan. 2019, 11, 37–50. [Google Scholar]

	



Qi, W.; Wang, K. City administrative area and physical area in China: Spatial differences and integration strategies. Geogr. Res. 2019, 38, 207–220. [Google Scholar]

	



Wassmer, R.W. An Economic Perspective on Urban Sprawl: With an Application to the American West and a Test of the Efficacy of Urban Growth Boundaries. 2002. Available online: https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.542.5805&rep=rep1&type=pdf (accessed on 26 October 2021).

	



Hughes, M.A. A mobility strategy for improving opportunity. Hous. Policy Debate 1995, 6, 271–297. [Google Scholar] [CrossRef]

	



Parysek, J. The socio-economic and spatial transformation of Polish cities after 1989. Dela 2004, 21, 109–119. [Google Scholar] [CrossRef]

	



Churski, P. Rola wielkich miast w rozwoju społeczno-gospodarczym Polski-poznańskie releksje (The Role of Big Cities in the Socio-Economic Development of Poland—Poznań Reflections). In Rola Wielkich Miast W Rozwoju SpołEczno-Gospodarczym Polski; Szlachta, J.W., Ed.; Studia KPZK PAN: Warszawa, Poland, 2018; pp. 129–143. [Google Scholar]

	



Kowalewski, A.; Markowski, T.; Śleszyński, P. Studia nad Chaosem Przestrzennym; Studia KPZK PAN: Warszawa, Poland, 2018. [Google Scholar]

	



Śleszyński, P.; Nowak, M.; Sudra, P.; Załęczna, M.; Blaszke, M. Economic Consequences of Adopting Local Spatial Development Plans for the Spatial Management System: The Case of Poland. Land 2021, 10, 112. [Google Scholar] [CrossRef]

	



Mankiw, G. Principles of Microeconomics, 5th ed.; South-Western Cengage Learning: Mason, OH, USA, 2009. [Google Scholar]

	



Mankiw, N.G.; Romer, D.; Weil, D.N. A contribution to the empirics of economic growth. Q. J. Econ. 1992, 107, 407–437. [Google Scholar] [CrossRef]

	



Nowak, M.; Cotella, G.; Śleszyński, P. The Legal, Administrative, and Governance Frameworks of Spatial Policy, Planning, and Land Use: Interdependencies, Barriers, and Directions of Change. Land 2021, 10, 1119. [Google Scholar] [CrossRef]

	



Bromley, R.D.; Tallon, A.R.; Roberts, A.J. New populations in the British city centre: Evidence of social change from the census and household surveys. Geoforum 2007, 38, 138–154. [Google Scholar] [CrossRef]

	



Hołuj, A. Externalities in the Light of Selected Spatial Economy Issues-Contribution to the Discussion. Eur. Res. Stud. 2021, 24, 3–21. [Google Scholar] [CrossRef]

	



Bhatta, B. Analysis of Urban Growth and Sprawl from Remote Sensing Data; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2010. [Google Scholar]

	



Anas, A.; Rhee, H.-J. Curbing excess sprawl with congestion tolls and urban boundaries. Reg. Sci. Urban Econ. 2006, 36, 510–541. [Google Scholar] [CrossRef]

	



Lityński, P. Ekonomiczne konsekwencje przestrzennej decentralizacji i centralizacji miasta na podstawie literatury zagranicznej. Zeszyty Naukowe Uniwersytetu Ekonomicznego W Krakowie 2014, 936, 45–61. [Google Scholar] [CrossRef]

	



Cheshire, P.; Sheppard, S. The welfare economics of land use planning. J. Urban Econ. 2002, 52, 242–269. [Google Scholar] [CrossRef]

	



Barker, K. Review of Housing Supply: Delivering Stability: Securing Our Future Housing Needs: Final Report: Recommendations; HM Treasury London: London, UK, 2004. [Google Scholar]

	



Troy, P.N. The evolution of government housing policy: The case of new south Wales 1901–41. Hous. Stud. 1992, 7, 216–233. [Google Scholar] [CrossRef]

	



OECD. Compact City Policies: A Comparative Assessment; OECD Publishing: Paris, France, 2012. [Google Scholar]

	



Guy, S.; Marvin, S. Models and pathways: The diversity of sustainable urban futures. In Achieving Sustainable Urban Form; Williams, K., Burton, E., Jenks, M., Eds.; E&FN Spoon: London, UK, 2000; pp. 9–18. [Google Scholar]

	



Thomas, L.; Cousins, W. The compact city: A successful, desirable and achievable urban form. In The Compact City: A Sustainable Urban Form? E&FN Spoon: London, UK, 1996; pp. 53–65. [Google Scholar]

	



Williams, K. Urban intensification policies in England: Problems and contradictions. Land Use Policy 1999, 16, 167–178. [Google Scholar] [CrossRef]

	



OECD. Rethinking Urban Sprawl: Moving towards Sustainable Cities; OECD Publishing: Paris, France, 2018. [Google Scholar]

	



Litman, T. Understanding Smart Growth Savings; Victoria Transport Policy Institute: Victoria, BC, Canada, 2015. [Google Scholar]

	



Sturm, R.; Cohen, D.A. Suburban sprawl and physical and mental health. Public Health 2004, 118, 488–496. [Google Scholar] [CrossRef]

	



Plantinga, A.J.; Bernell, S. The association between urban sprawl and obesity: Is it a two-way street? J. Reg. Sci. 2007, 47, 857–879. [Google Scholar] [CrossRef]

	



Yan, Y.; Liu, H.; He, C. How Does Urban Sprawl Affect Public Health? Evidence from Panel Survey Data in Urbanizing China. Int. J. Environ. Res. Public Health 2021, 18, 10181. [Google Scholar] [CrossRef]

	



Johnson, M.P. Environmental impacts of urban sprawl: A survey of the literature and proposed research agenda. Environ. Plan. 2001, 33, 717–735. [Google Scholar] [CrossRef]

	



Stone, B., Jr. Urban sprawl and air quality in large US cities. J. Environ. Manag. 2008, 86, 688–698. [Google Scholar] [CrossRef]

	



Frumkin, H. Urban sprawl and public health. Public Health Rep. 2002, 117, 201–217. [Google Scholar] [CrossRef]

	



Weng, Q.; Liu, H.; Lu, D. Assessing the effects of land use and land cover patterns on thermal conditions using landscape metrics in city of Indianapolis, United States. Urban Ecosyst. 2007, 10, 203–219. [Google Scholar] [CrossRef]

	



Zawilińska, B.; Mika, M. National parks and local development in Poland: A municipal perspective. Hum. Geogr.—J. Stud. Res. Hum. Geogr. 2013, 7, 43–52. [Google Scholar] [CrossRef]

	



MacDonald, K.; Rudel, T.K. Sprawl and forest cover: What is the relationship? Appl. Geogr. 2005, 25, 67–79. [Google Scholar] [CrossRef]

	



Hedblom, M.; Söderström, B. Woodlands across Swedish urban gradients: Status, structure and management implications. Landsc. Urban Plan. 2008, 84, 62–73. [Google Scholar] [CrossRef]

	



Rayne, T.W.; Bradbury, K.R. Evaluating impacts of subdivision density on shallow groundwater in southeastern Wisconsin, USA. J. Environ. Plan. Manag. 2011, 54, 559–575. [Google Scholar] [CrossRef]

	



Berke, P.R.; MacDonald, J.; White, N.; Holmes, M.; Line, D.; Oury, K.; Ryznar, R. Greening development to protect watersheds: Does new urbanism make a difference? J. Am. Plan. Assoc. 2003, 69, 397–413. [Google Scholar] [CrossRef]

	



Jackson, K.T. Crabgrass Frontier: The Suburbanization of the United States; Oxford University Press: Oxford, UK, 1987. [Google Scholar]

	



Downs, A. New Visions for Metropolitan America; The Brookings Institution: Washington, DC, USA, 1994. [Google Scholar]

	



Fulton, W. Beyond Sprawl: New Patterns of Growth to Fit the New California; The California Resources: San Francisco, USA, 1995. [Google Scholar]

	



Fulton, W.B.; Pendall, R.; Nguyẽn, M.; Harrison, A. Who Sprawls Most?: How Growth Patterns Differ across the US; Brookings Institution, Center on Urban and Metropolitan Policy: Washington, DC, USA, 2001. [Google Scholar]

	



Frenkel, A.; Ashkenazi, M. Measuring urban sprawl: How can we deal with it? Environ. Plan. B Plan. Des. 2008, 35, 56–79. [Google Scholar] [CrossRef]

	



Brueckner, J.K.; Largey, A.G. Social interaction and urban sprawl. J. Urban Econ. 2008, 64, 18–34. [Google Scholar] [CrossRef]

	



Daneshpour, A.; Shakibamanesh, A. Compact city dose it create an obligatory context for urban sustainability? Int. J. Archit. Eng. Urban Plan. 2011, 21, 110–118. [Google Scholar]

	



Burchell, R.W.; Lowenstein, G.; Dolphin, W.R.; Galley, C.C.; Downs, A.; Seskin, S.; Still, K.G.; Moore, T. The Costs of Sprawl; National Academy Press: Washington, DC, USA, 2002; Volume 74. [Google Scholar]

	



Heimlich, R.E.; Anderson, W.D. Development at the Urban Fringe and Beyond: Impacts on Agriculture and Rural Land; Economic Research Service, U.S. Department of Agriculture: Washington, DC, USA, 2001.

	



Dwyer, J.F.; Childs, G.M. Movement of people across the landscape: A blurring of distinctions between areas, interests, and issues affecting natural resource management. Landsc. Urban Plan. 2004, 69, 153–164. [Google Scholar] [CrossRef]

	



Newman, P.G.; Kenworthy, J.R. Cities and Automobile Dependence: An International Sourcebook; Gower: London, UK, 1989. [Google Scholar]

	



Young, M.; Tanguay, G.A.; Lachapelle, U. Transportation costs and urban sprawl in Canadian metropolitan areas. Res. Transp. Econ. 2016, 60, 25–34. [Google Scholar] [CrossRef]

	



Nordhaus, W.D. Question of Balance: Weighing the Options on Global Warming Policies; Yale University Press: New Haven, CT, USA, 2008. [Google Scholar]

	



Nordhaus, W.D.; Boyer, J. Warming the World: Economic Models of Global Warming; MIT Press: Cambridge, UK, 2000; p. 244. [Google Scholar]

	



Stern, N.; Stern, N.H. The Economics of Climate Change: The Stern Review; Cambridge University Press: Cambridge, UK, 2007. [Google Scholar]

	



Chichilnisky, G.; Eisenberger, P. Asteroids: Assessing catastrophic risks. J. Probab. Stat. 2010, 2010, 954750. [Google Scholar] [CrossRef]

	



Rezai, A.; Foley, D.K.; Taylor, L. Global warming and economic externalities. In The Economics of the Global Environment; Chichilnisky, G., Rezai, A., Eds.; Springer: New York, NY, USA, 2016; Volume 29, pp. 447–470. [Google Scholar]

	



Krugman, P.; Wells, R. Economics, 2nd ed.; Worth Publishers: New York, NY, USA, 2009. [Google Scholar]

	



Laffont, J.-J. The New Palgrave Dictionary of Economics; Palgrave Macmillan: London, UK, 2017. [Google Scholar]

	



Bairoch, P. Cities and Economic Development: From the Dawn of History to the Present; University of Chicago Press: Chicago, IL, USA, 1988. [Google Scholar]

	



Jacobs, J. The Economy of Cities; Vintage: New York, NY, USA, 1969. [Google Scholar]

	



Kapp, W. Social Costs and Social Benefits—A Contribution to Normative Economics. In Probleme der Normativen öKonomik und der Wirtschaftspolitischen Beratung; Beckerath, E., Giersch, H., Eds.; Duncker & Humblot: Berlin, Germany, 1963; pp. 183–210. [Google Scholar]

	



Verhoef, E.T.; Nijkamp, P. Externalities in the Urban Economy; Tinbergen Institute: Rotterdam, The Netherlands, 2003. [Google Scholar]

	



Lucas, R.E., Jr. On the mechanics of economic development. J. Monet. Econ. 1988, 22, 3–42. [Google Scholar] [CrossRef]

	



Romer, P.M. Increasing returns and long-run growth. J. Polit. Econ. 1986, 94, 1002–1037. [Google Scholar] [CrossRef]

	



Dasgupta, P.; Stiglitz, J. Uncertainty, industrial structure, and the speed of R&D. Bell J. Econ. 1980, 11, 1–28. [Google Scholar]

	



Foley, D.L. One-Tenth of a Nation: National Forces in the Economic Growth of the New York Region. J. Am. Stat. Assoc. 1961, 56, 463–465. [Google Scholar] [CrossRef]

	



Krugman, P.R. Cities in Space: Three Simple Models; National Bureau of Economic Research: Cambridge, MA, USA, 1991. [Google Scholar]

	



Murphy, K.M.; Shleifer, A.; Vishny, R.W. Industrialization and the big push. J. Polit. Econ. 1989, 97, 1003–1026. [Google Scholar] [CrossRef]

	



Li, M.M.; Brown, H.J. Micro-neighborhood externalities and hedonic housing prices. Land Econ. 1980, 56, 125–141. [Google Scholar] [CrossRef]

	



Jewtuchowicz, A. Efekty Zewnętrzne w Procesach Urbanizacji i Uprzemysłowienia; Uniwersytet Łódzki: Łódź, Poland, 1987. [Google Scholar]

	



Padi, S.P.; Khokhar, M.Q.; Chowdhury, S.; Cho, E.-C.; Yi, J. Nanoscale SiOx Tunnel Oxide Deposition Techniques and Their Influence on Cell Parameters of TOPCon Solar Cells. Trans. Electr. Electr. Mater. 2021, 22, 557–566. [Google Scholar] [CrossRef]

	



Bódis, K.; Kougias, I.; Jäger-Waldau, A.; Taylor, N.; Szabó, S. A high-resolution geospatial assessment of the rooftop solar photovoltaic potential in the European Union. Renew. Sustain. Energy Rev. 2019, 114, 109309. [Google Scholar] [CrossRef]

	



Gooding, J.; Crook, R.; Tomlin, A.S. Modelling of roof geometries from low-resolution LiDAR data for city-scale solar energy applications using a neighbouring buildings method. Appl. Energy 2015, 148, 93–104. [Google Scholar] [CrossRef]

	



Jakubiec, J.A.; Reinhart, C.F. A method for predicting city-wide electricity gains from photovoltaic panels based on LiDAR and GIS data combined with hourly Daysim simulations. Solar Energy 2013, 93, 127–143. [Google Scholar] [CrossRef]

	



Szabó, S.; Enyedi, P.; Horváth, M.; Kovács, Z.; Burai, P.; Csoknyai, T.; Szabó, G. Automated registration of potential locations for solar energy production with Light Detection and Ranging (LiDAR) and small format photogrammetry. J. Clean. Product. 2016, 112, 3820–3829. [Google Scholar] [CrossRef]

	



Kouhestani, F.M.; Byrne, J.; Johnson, D.; Spencer, L.; Hazendonk, P.; Brown, B. Evaluating solar energy technical and economic potential on rooftops in an urban setting: The city of Lethbridge, Canada. Int. J. Energy Environ. Eng. 2019, 10, 13–32. [Google Scholar] [CrossRef]

	



Prieto, I.; Izkara, J.L.; Usobiaga, E. The application of lidar data for the solar potential analysis based on urban 3D model. Remote Sens. 2019, 11, 2348. [Google Scholar] [CrossRef]

	



Mohajeri, N.; Assouline, D.; Guiboud, B.; Bill, A.; Gudmundsson, A.; Scartezzini, J.-L. A city-scale roof shape classification using machine learning for solar energy applications. Renew. Energy 2018, 121, 81–93. [Google Scholar] [CrossRef]

	



Assouline, D.; Mohajeri, N.; Scartezzini, J.-L. Quantifying rooftop photovoltaic solar energy potential: A machine learning approach. Solar Energy 2017, 141, 278–296. [Google Scholar] [CrossRef]

	



Wei, C.-C. Predictions of surface solar radiation on tilted solar panels using machine learning models: A case study of Tainan city, Taiwan. Energies 2017, 10, 1660. [Google Scholar] [CrossRef]

	



Castagno, J.; Atkins, E. Roof shape classification from LiDAR and satellite image data fusion using supervised learning. Sensors 2018, 18, 3960. [Google Scholar] [CrossRef]

	



Wieland, M.; Nichersu, A.; Murshed, S.M.; Wendel, J. Computing Solar Radiation on CityGML Building Data. In Proceedings of the 18th AGILE International Conference on Geographic Informaton Science, Lisbon, Portugal, 9–12 June 2015. [Google Scholar]

	



Śleszyński, P. Ekonomiczne Straty i Społeczne Koszty Niekontrolowanej Urbanizacji w Polsce. In Proceedings of the Konferencja Kongresu Budownictwa i Fundacji Rozwoju Demokracji Lokalnej, Warszawa, Poland, 30 June 2014; pp. 164–169. [Google Scholar]

	



Huld, T.; Müller, R.; Gambardella, A. A new solar radiation database for estimating PV performance in Europe and Africa. Solar Energy 2012, 86, 1803–1815. [Google Scholar] [CrossRef]

	



Martins, F. PV sector in the European Union countries–Clusters and efficiency. Renew. Sustain. Energy Rev. 2017, 74, 173–177. [Google Scholar] [CrossRef]

	



Photovoltaic Barometer—EurObserv’ER-April 2020. Available online: https://www.eurobserv-er.org/photovoltaic-barometer-2020/ (accessed on 25 October 2021).

	



Marks-Bielska, R.; Bielski, S.; Pik, K.; Kurowska, K. The importance of renewable energy sources in Poland’s energy mix. Energies 2020, 13, 4624. [Google Scholar] [CrossRef]

	



Eurostat. Final Consumption of Electricity. Available online: https://ec.europa.eu/eurostat (accessed on 26 October 2021).

	



Agencja Rynku Energii S.A (ARE). Statistical Information on Electricity. December 2020. Available online: https://www.are.waw.pl/component/phocadownload/category/4-informacja-statystyczna-o-energii-elektrycznej?download=56:informacja-statystyczna-o-energii-elektrycznej-nr-12-324-grudzien-2020 (accessed on 26 October 2021).

	



Power Plant Capacity in Poland Exceeded 50, GW. Available online: https://wysokienapiecie.pl/35674-moc-elektrowni-w-polsce-przekroczyla-50-gw/ (accessed on 26 October 2021).

	



How to Save the Polish Energy System. Available online: https://wysokienapiecie.pl/40481-jak-ratowac-polski-system-energetyczny/ (accessed on 26 October 2021).

	



Polskie Sieci Energetyczne (PSE). Polish Power System. System in General. Available online: https://www.pse.pl/web/pse-eng/areas-of-activity/polish-power-system/system-in-general (accessed on 26 October 2021).

	



Polish Power Transmission and Distribution Association (PTPiREE). Data on the Electricity Transmission and Distribution Subsector in 2017. Available online: http://www.ptpiree.pl/documents/2018/fakty_2017.pdf (accessed on 26 October 2021).

	



Polskie Sieci Energetyczne (PSE). Development Plan for Meeting the Current and Future Electricity Demand for 2021–2030. Available online: https://www.pse.pl/web/pse-eng/documents (accessed on 26 October 2021).

	



Sobik, B. Analiza funkcjonowania KSE w okresach upalnych w latach 2015–2019. Czy fotowoltaika może pełnić rolę źródła szczytowego w okresie letnim? Elektroenergetyka Współczesność Rozwój 2019, 2, 33–40. [Google Scholar]

	



Śleszyński, P. Delimitacja Miejskich Obszarów Funkcjonalnych stolic województw. Delimitation of the Functional Urban Areas around Poland’s voivodship capital cities. Przegląd Geograficzny 2013, 85, 173–197. [Google Scholar] [CrossRef]

	



Resolution No. 239 of the Council of Ministers of 13 December 2011 on the Adoption of the National Spatial Development Concept of the Country 2030. Available online: https://www.monitorpolski.gov.pl/M2012000025201.pdf (accessed on 26 October 2021).

	



Lityński, P.; Hołuj, A. Urban sprawl risk delimitation: The concept for spatial planning policy in Poland. Sustainability 2020, 12, 2637. [Google Scholar] [CrossRef]

	



Kolbe, T.H.; Gröger, G.; Plümer, L. CityGML: Interoperable Access to 3D City Models. In Geo-Information for Disaster Management; Springer: New York, NY, USA, 2005; pp. 883–899. [Google Scholar]

	



Poland’s Open Data Portal. 3D Building Models—WMS Service. Available online: https://dane.gov.pl/pl/dataset/2186/resource/31330,modele-3d-budynkow-usuga-wms/table (accessed on 26 October 2021).

	



Gagnon, P.; Margolis, R.; Melius, J.; Phillips, C.; Elmore, R. Rooftop Solar Photovoltaic Technical Potential in the United States. A Detailed Assessment; National Renewable Energy Lab.(NREL): Golden, CO, USA, 2016. [Google Scholar]

	



Huang, Y.; Chen, Z.; Wu, B.; Chen, L.; Mao, W.; Zhao, F.; Wu, J.; Wu, J.; Yu, B. Estimating roof solar energy potential in the downtown area using a GPU-accelerated solar radiation model and airborne LiDAR data. Remote Sens. 2015, 7, 17212–17233. [Google Scholar] [CrossRef]

	



Buriak, J. Ocena warunków nasłonecznienia i projektowanie elektrowni słonecznych z wykorzystaniem dedykowanego oprogramowania oraz baz danych. Zeszyty Naukowe Wydziału Elektrotechniki i Automatyki Politechniki Gdańskiej 2014, 40, 29–32. [Google Scholar]

	



Narowski, P. Dane klimatyczne do obliczeń energetycznych w budownictwie. Ciepłownictwo Ogrzewnictwo Wentylacja 2006, 37, 22–27. [Google Scholar]

	



Joe, Y.; Fenxian, H.; Seo, D.; Krarti, M. Development of 3012 IWEC2 Weather Files for International Locations (RP-1477). Ashrae Trans. 2014, 120, 340–355. [Google Scholar]

	



Ministry of Infrastructure and Construction. Data for Building Energy Calculations. Available online: https://www.gov.pl/web/archiwum-inwestycje-rozwoj/dane-do-obliczen-energetycznych-budynkow (accessed on 26 October 2021).

	



Duffie, J.A.; Beckman, W.A.; Blair, N. Solar Engineering of Thermal Processes, Photovoltaics and Wind; John Wiley & Sons: Hoboken, NJ, USA, 2020. [Google Scholar]

	



Davies, J.; Hay, J. Calculation of the Solar Radiation Incident on an Inclined Surface. In Proceedings of the First Canadian Solar Radiation Data Workshop, Toronto, ON, Canada, 17–19 April 1978; Hay, J.E., Won, T.K., Eds.; Minister of Supply and Services Canada: Toronto, ON, Canada, 1978; pp. 32–58. [Google Scholar]

	



Reindl, D.; Beckman, W.; Duffie, J. Evaluation of hourly tilted surface radiation models. Solar Energy 1990, 45, 9–17. [Google Scholar] [CrossRef]

	



Cooper, P. The absorption of radiation in solar stills. Solar Energy 1969, 12, 333–346. [Google Scholar] [CrossRef]

	



Python Official Website. Available online: https://www.python.org/ (accessed on 26 October 2021).

	



QGIS Official Website. Available online: https://qgis.org/ (accessed on 26 October 2021).

	



Strzalka, A.; Alam, N.; Duminil, E.; Coors, V.; Eicker, U. Large scale integration of photovoltaics in cities. Appl. Energy 2012, 93, 413–421. [Google Scholar] [CrossRef]

	



Martínez-Rubio, A.; Sanz-Adan, F.; Santamaría-Peña, J.; Martínez, A. Evaluating solar irradiance over facades in high building cities, based on LiDAR technology. Appl. Energy 2016, 183, 133–147. [Google Scholar] [CrossRef]

	



Soltech Online Store Website. Available online: https://sklepsoltech.pl/pl/p/Panel-fotowoltaiczny-Sunpower-SPR-MAX3-400/980 (accessed on 25 October 2021).

	



Solarne Online Store Website. Available online: https://www.solarne.info/falowniki-inwertery-on-grid-o-mocy-powyzej-10kw-c-3_47.html (accessed on 25 October 2021).

	



Fotowoltaikaonline Official Website. Available online: https://fotowoltaikaonline.pl/ceny-paneli-slonecznych (accessed on 25 October 2021).

	



Central Statistical Office. Bank Danych Lokalnych (Local Data Bank). Available online: https://bdl.stat.gov.pl/ (accessed on 26 October 2021).

	



Amrouche, S.O.; Rekioua, D.; Rekioua, T.; Bacha, S. Overview of energy storage in renewable energy systems. Int. J. Hydrogen Energy 2016, 41, 20914–20927. [Google Scholar] [CrossRef]

	



Koohi-Fayegh, S.; Rosen, M.A. A review of energy storage types, applications and recent developments. J. Energy Storage 2020, 27, 101047. [Google Scholar] [CrossRef]

	



Olabi, A.; Onumaegbu, C.; Wilberforce, T.; Ramadan, M.; Abdelkareem, M.A.; Al–Alami, A.H. Critical review of energy storage systems. Energy 2021, 214, 118987. [Google Scholar] [CrossRef]

	



Muhammad-Sukki, F.; Ramirez-Iniguez, R.; Abu-Bakar, S.H.; McMeekin, S.G.; Stewart, B.G. An evaluation of the installation of solar photovoltaic in residential houses in Malaysia: Past, present, and future. Energy Policy 2011, 39, 7975–7987. [Google Scholar] [CrossRef]

	



Formica, T.; Pecht, M. Return on investment analysis and simulation of a 9.12 kilowatt (kW) solar photovoltaic system. Solar Energy 2017, 144, 629–634. [Google Scholar] [CrossRef]

	



Lemence, A.L.G.; Tamayao, M.-A.M. Energy consumption profile estimation and benefits of hybrid solar energy system adoption for rural health units in the Philippines. Renew. Energy 2021, 178, 651–668. [Google Scholar] [CrossRef]

	



Energy Regulatory Office. Report on Electricity Generated from RES in Micro-Installations and Incorporated into the Distribution Network in 2020. Available online: https://bip.ure.gov.pl/bip/o-urzedzie/zadania-prezesa-ure/raport-oze-art-6a-ustaw/3793,Raport-dotyczacy-energii-elektrycznej-wytworzonej-z-OZE-w-mikroinstalacji-i-wpro.html (accessed on 30 October 2021).

	



Tomaszewski, K.; Sekściński, A. Odnawialne źródła energii w Polsce—Perspektywa lokalna i regionalna. Rynek Energii 2020, 4, 10–19. [Google Scholar]

	



Motowidlak, T. Dylematy Polski w zakresie wdrażania polityki energetycznej Unii Europejskiej. Polityka Energetyczna 2018, 21, 5–20. [Google Scholar]

	



Ministry of Climate and Environment. Energy Policy of Poland until 2040. Available online: https://monitorpolski.gov.pl/M2021000026401.pdf (accessed on 30 October 2021).

	



Act of 20 May, 2016 on Investments in Wind Power Plants, Journal of Laws, Item 961. Available online: https://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20160000961/U/D20160961Lj.pdf (accessed on 30 October 2021).

	



Act of 20 February, 2015 on Renewable Energy Sources, Journal of Laws, Item 478. Available online: https://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20150000478/U/D20150478Lj.pdf (accessed on 30 October 2021).








[image: Energies 14 08576 g001 550] 





Figure 1. Researched area. 
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Figure 2. Scheme of the research procedure. 
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Figure 3. Roof energy potential in selected urban sprawl areas (annual output). 
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Figure 4. Growth in solar energy potential (annual output) in three selected urban sprawl areas. 
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Figure 5. Growth in solar energy potential per one building in annual solar energy output. 
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Figure 6. Load of Polish Power System and solar radiation during one clear sky day (21 June). 
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Table 1. Characteristics of data used in the analysis.






Table 1. Characteristics of data used in the analysis.





	Urban Area
	Number of Buildings (Total)
	Number of Unique Roof Surfaces (Total)
	Number of Buildings as at 2014
	Increase in the Number of Buildings until 2017





	Krakow
	297,114
	1,125,463
	293,372
	3742 (+1.2%)



	Warsaw
	648,974
	2,419,421
	590,203
	58,771 (+9.9%)



	Olsztyn
	42,453
	164,058
	40,308
	2145 (+5.3%)
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Table 2. Basic statistics of solar energy in selected urban sprawl areas.
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	Urban Area
	Minimum Observed Annual Sunlight (kWh/m2)
	Maximum Observed Annual Sunlight (kWh/m2)
	Average Observed Annual Sunlight (kWh/m2)
	Sum of the Potential of Solar Energy Output for One Year

(GWh)





	Krakow
	525
	1111
	962
	8962.8



	Warsaw
	525
	1032
	920
	20,693.6



	Olsztyn
	442
	947
	813
	1390.6
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Table 3. Solar energy potential by MOF municipalities (Urban Functional Area) and surrounding municipalities.






Table 3. Solar energy potential by MOF municipalities (Urban Functional Area) and surrounding municipalities.





	Area
	Solar Energy Potential until 2014 (GWh)
	Solar Energy Potential until 2017 (GWh)
	Difference in Potential (GWh)





	The city of Krakow
	3887.0
	3969.7
	82.7 (2.1%)



	GOMOF * Krakow
	4960.4
	4993.1
	32.7 (0.7%)



	The city of Warsaw
	6674.1
	7022.8
	348.7 (5.2%)



	GOMOF Warsaw
	12,206.2
	13,670.8
	1464.6 (2.0%)



	The city of Olsztyn
	706.5
	716.3
	9.8 (1.4%)



	GOMOF Olsztyn
	637.5
	674.2
	36.7 (5.6%)







* GOMOF—municipalities surrounding the central city in MOF (Urban Functional Area).
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Table 4. Comparison of potential solar energy and consumed energy.






Table 4. Comparison of potential solar energy and consumed energy.





	City
	Potential Solar Energy (GWh)
	Energy Consumed by Households (GWh)





	Krakow
	3969
	785



	Warsaw
	7022
	1841



	Olsztyn
	716
	133
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Table 5. A comparison between a voivodeship’s demand for energy and potential solar energy output.






Table 5. A comparison between a voivodeship’s demand for energy and potential solar energy output.





	Urban Sprawl Area
	Voivodeship
	Use of Energy in the Entire Voivodeship (GWh)
	Sum of the Values of Potential Solar Energy Output for One Year

(GWh)





	Krakow
	Małopolskie
	13,508
	8962.8



	Warsaw
	Mazowieckie
	26,610
	20,693.6



	Olsztyn
	Warmińsko–Mazurskie
	3917
	1390.6
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Table 6. Average roof surface area, inclination, and azimuth.






Table 6. Average roof surface area, inclination, and azimuth.





	
Urban Sprawl Area.

	
Total

	
Single-Family Houses




	
Average Roof Surface Area (m2)

	
Average Roof Surface Area [m2]

	
Average Inclination (°)

	
Average Azimuth (°)

	
Potential Solar Energy (GWh)






	
Krakow

	
147.1

	
104.7

	
31.8

	
181.6

	
3194.2




	
Warsaw

	
163.4

	
104.9

	
26.2

	
177.7

	
7483.8




	
Olsztyn

	
188.1

	
104.5

	
32.2

	
180.4

	
380.7











[image: Table] 





Table 7. Annual energy output, profit, and return on investment in urban sprawl area.






Table 7. Annual energy output, profit, and return on investment in urban sprawl area.





	
Urban Sprawl Areas

	
Annual Energy Output Generated by Average Building (MWh)

	
Annual Average Energy Output Generated by Average Single-Family House (MWh)

	
Annual Profit for First Year CFt [PLN]

	
Return on Investment Time (Discounted) [Years]




	
Average Building Total

	
Average Single-Family House

	
Average Building Total

	
Average Single-Family House






	
Krakow

	
30.4

	
21.0

	
11,652

	
8033

	
20

	
21




	
Warsaw

	
32.3

	
20.2

	
12,365

	
7719

	
21

	
22




	
Olsztyn

	
33.1

	
17.6

	
12,663

	
6742

	
23

	
25
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Table 8. Return on investment after 25 years (discounted).






Table 8. Return on investment after 25 years (discounted).





	
Urban Sprawl Areas

	
Return on Investment (25 Years)




	
Average Building Total (%)

	
Average Single-Family House (%)

	
Average Building Total (PLN)

	
Average Single-Family House (PLN)






	
Krakow

	
36.4

	
21.1

	
50,903

	
29,509




	
Warsaw

	
32.7

	
16.2

	
45,817

	
22,684




	
Olsztyn

	
15.5

	
1.8

	
21,673

	
2546
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