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Abstract

:

The potential of solar energy encourages research into new applications of this technology. Access to renewable energy is an important element of modern urban policies aimed at sustainable development and the energy security of residents but also limits energy production from conventional sources due to the pollution associated with them. More and more often, projects of new urban infrastructure facilities include integrated photovoltaic panels. Assessing solar potential is an important step when planning the layout of solar panels, and the increasing number of high-rise buildings increases shaded areas, sometimes even for most of the day. Therefore, a detailed shading analysis can be important for city decision makers, investors and local communities. The results of the 3D spatial analysis presented in the article can be used to optimize the location and analyse the profitability of photovoltaic installations in a city. The aim of the project was to evaluate the effectiveness of photovoltaic panels on the shelters of public transport bus/tram stops. The proposed methodology for calculating the solar potential and shading may be a valuable extension of existing solutions in the field of planning installation power and the location of individual panels. The research methodology can be used in the future to support decision making and spatial planning related to the placement of photovoltaic panels. It was tested for bus shelters located in the centre of Warsaw (Poland). The results can also be used to assess the impact of alternatives to newly designed high-rise buildings and to plan the provision of photovoltaic panels to other city infrastructure facilities.
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1. Introduction


1.1. Energy Demand of Today’s Cities


It is widely recognised that our cities need a change. However, discussions are ongoing about the direction of these changes. Is a city supposed to constantly accelerate and fully benefit from modern technological solutions, becoming a smart city? Alternatively, should it be adopting a slower pace of change, transforming according to David Sim’s vision [1] to be better adapted to the human scale (a soft city)? This idea has been developed since 2016 by Prof. Carlos Moreno [2,3] and was implemented in the development of Paris (a 15 min city). A modern city is favourable to pedestrians and users of public transport [4], is green and ecological [5], and uses renewable sources to the greatest possible extent [6]. However, due to the growing population in cities [7], the energy demand in these areas is still increasing. The use of conventional sources is associated with air pollution, which in many cities exceeds the acceptable standards many times over, especially in the autumn and winter. The damage caused by combustion products of conventional fuels is currently the greatest threat to the environment and leads to the worsening of the greenhouse effect and the enlargement of zones with high air pollution [8]. This, in turn, has a negative impact on the health of the inhabitants. Urban areas in Poland, Bosnia-Herzegovina, Serbia, and Turkey commonly experience two or more months during which the average air quality is classified as “unhealthy” [9].



The European Union countries undertake many activities to reduce the emissions of harmful substances produced by the energy industry. In December 2019, the European Union reached an agreement to reduce net greenhouse gas emissions by at least 55% by 2030 compared to 1990 levels (“Fit for 55”) [10] and achieve climate neutrality by 2050 [11]. The new vision for the European Union’s development includes activities related to the reduction in CO2 and changes in transport, industry, reduction in emissions from buildings, significant changes in food production technologies, and limiting the loss of biodiversity. The EU is in the process of revising its 2030 greenhouse gas (GHG) emissions reduction target. Various stakeholders from the Member States and EU institutions to civil society have put forth differing thresholds for the greenhouse gas emissions cuts needed to meet the Paris Agreement goals: 50%, 55%, 60%, or 65% [12]. In November 2021, the COP26 (26th UN Climate Change Conference of the Parties) summit concluded with all countries agreeing to the Glasgow Climate Pact. For the first time, it was agreed to phase down unabated coal power and phase out inefficient fossil fuel subsidies [13]. For some participants, it was a major disappointment that a clear decision was not made to phase out fossil fuels altogether, but only to limit them. Only 46 countries (e.g., the UK, Canada, Poland, and Vietnam) made commitments to phase out domestic coal, while a further 29 countries (e.g., the UK, Canada, Germany, and Italy) committed to ending new direct international public support for unabated fossil fuels by the end of 2022 and to redirecting this investment into clean energy. Efforts were also made to scale up solar investment with the launch of a new Solar Investment Action Agenda by WRI, the International Solar Alliance (ISA), and Bloomberg Philanthropies that identifies high-impact opportunities to speed up investment and reach ISA’s goal of mobilizing $1 trillion in solar investment by 2030 [14].




1.2. Solar Energy and Photovoltaic Installations


One of the measures currently underway is, therefore, to increase the share of renewable energy in the energy market [15,16]. The Global Energy Review 2021 emphasized that renewable energy use increased 3% in 2020 as demand for all other fuels declined. Solar PV and wind are set to contribute two-thirds of renewable growth [17]. Photovoltaics (PV) is a key technology option for realising a decarbonised power sector and sustainable energy supply. There is a noticeable increase in investments, including in photovoltaics in the public and private market [18].



One of the challenges of the cities of the future is to increase the area intended for photovoltaic installations. Private companies, nongovernmental organizations, and cities are already investing in photovoltaics. Residents are also encouraged to carry out such installations on their own. Many systems have been created, e.g., the so-called “solar cadastre” and geoportals of many cities, so it is possible to determine the potential profitability of installing solar panels on one’s own roof or in the backyard. The scope of the data provided by such portals is different and the information that can be obtained is also different. It may be information about the potential class of the whole roof (e.g., in Amsterdam [19] or London [20]), e.g., specifying conditions on a scale from very favourable to unfavourable; data on individual roof slopes (e.g., in Geneva [21] or Vienna [22]); continuous distribution of suitability within the roof on a conventional scale (e.g., Vienna [22], Google Sunroof [23]), or in kWh/m2/year (Luxembourg [24]). These are both 2D visualizations (e.g., Frankfurt [25], Helsinki [26], and Amsterdam [19]) and 3D (e.g., Vienna [27] and Helsinki [26]), presenting roof data in vector format (e.g., Geneva [21] and London [20]), raster format (e.g., Amsterdam [19] and Luxembourg [24]), or as a grid of points placed on the roofs of buildings (e.g., Boston [28]). Some of them also allow us to obtain data for the ground surface (e.g., Frankfurt [25]), but there are also those that allow us to assess the suitability of individual walls of buildings (e.g., Helsinki [26] and Vienna [27]). Most of the portals allow us to generate a report for a given building or location, providing information on the energy possible to obtain yearly (often divided into individual months); some also provide possible financial profits depending on the estimated power of the installation (e.g., Google Sunroof [23], New York [29], and Osnabrück [30]) and the saved CO2 emissions or obtained energy, divided into direct and diffuse radiation (e.g., Helsinki [26]). The most advanced tools allow for manual or automatic design of the distribution of panels within the roof area (e.g., Luxembourg [24]).



Various types of installations can be distinguished depending on how the panels are installed: ground mount PV systems (GPV), rooftop PV systems (RPV), or building-integrated photovoltaics (BIPV). There are also agrivoltaic systems (APV) that avoid the competition between land use for installations and agricultural land use, reduce evaporation, and provide shade-loving crops from excessive heat [31]. Thanks to the latest technology, which is constantly being improved, in the near future it will be possible to obtain energy regardless of the time of day, which may be a breakthrough in the photovoltaic market [32]. The next step to ensuring the energy security of cities may be not only equipping buildings with photovoltaic installations, but also planning urban infrastructure integrated with solar panels and using appropriate tools to support making such decisions. It is important to plan new investments so that they have the greatest possible solar potential. One can find in the literature examples of 3D analysis carried out for the roofs of buildings [33,34,35,36,37] also taking into account mutual shading [38]. However, little attention is paid to other elements of the urban infrastructure. In the literature, there are few examples of installing PV on other city infrastructure such as the cooling towers in power plants [39], sewage facilities, bridges, solar carports, or bus shelters [40,41]. An example of such a solution is the photovoltaic bus shelters operating in London [42], Paris [43], San Francisco [44], Singapore [45], and Turin [41], as well as in Poland in Rzeszów and Stalowa Wola [46]. The obtained energy is used, among other things, to power digital displays and timetables, to power the WiFi network, and to charge mobile phones free of charge, as well as for cooling in summer and heating in winter. Despite the continuous development of the spatial information infrastructure, access to data, and the implementation of advanced algorithms, city decision-makers do not fully use the possibilities of advanced tools to support decision making in the field of planning and expanding the infrastructure of renewable energy resources. The above analysis was the genesis of the research presented in this article.



The current trend toward the maximum use of urban space and the resulting increase in the number of skyscrapers in downtown areas causes an increase in shaded areas for many hours during the day. It is, therefore, important to plan the location of solar panels so that energy losses due to shading are as low as possible. This problem is particularly important in areas away from the equator (Figure 1), where energy gains when the sun is low above the horizon are much lower. In Poland, this potential varies only (on average, daily) from 2.6 kWh in the northwest to 3.2 kWh in the southeast of the country (Figure 2). The amount of energy supplied varies considerably with the seasons of the year. In winter, it may be sevenfold less than in summer. About 77% of the annual radiation energy is obtained from April to September, and only 23% from October to March. The sunniest months in Poland are June–August, when about 43% of the annual radiation is obtained [47]. A threat related to the amount of energy reaching the surface, which results directly from the location of Poland, may be the instability of the weather, which has been increasing in recent years [48].



One of the factors may be cloud cover, i.e., the degree of sky coverage by clouds, which is determined by the octant scale from 0 (sky without clouds) to 8 (full cloud cover).



In 2018–2020, among the stations conducting the research, the lowest cloudiness was recorded in Suwałki (2.2 octans in April 2019) and Ustka (2.5 octans in May 2018). The highest cloudiness was recorded for the station in Suwałki (7.5 octans in December 2018 and 7.3 octans in November 2019) [50]. On such days, even with clearing, the energy production is much lower. Regardless of these conditions, however, photovoltaic energy seems to be a favourable solution in Poland, although not as beneficial as in other regions of the world [51]. According to data from the Energy Market Agency, the installed capacity of photovoltaics in Poland was, at the end of September 2021, nearly 6.3 GW. This means an increase of 100.3% compared to September 2020 [52].





2. Research Area


Research assessing the efficiency of photovoltaic panels was carried out for two selected tram stops along with their surroundings located in the Śródmieście district and on the border of the districts: Śródmieście and Wola. The locations were in the centre of Warsaw (the capital), due to the intensive development of high-rise buildings, which causes a continuous increase in the shading of the surroundings. The comparison of the two locations made it possible to verify the correctness of the selected methodology and to take into account the influence of local factors on the results of the analysis. The first location is the Rondo ONZ 04 tram stop. The stop is located on Aleja Jana Pawła II at Rondo ONZ, close to the second metro line station, and is surrounded by high-rise buildings, the location of which is shown in Figure 3. It is used by lines 10, 11, and 14, which run north of Warsaw. From there, there are 378 trams a day, which means that trams leave the stop every 3 min on average during the working week [53]. Figure 4 shows the number of buildings in the vicinity of the stop and the number of their storeys, ranging from 1 to 45 floors. These include Ilmet, Rondo 1, Kaskada, and Atrium. At the time of the project implementation, the SKYSAWA skyscraper was not yet put into operation. Plans for this location include at least two more skyscrapers, including Warsaw One, the shape of which is already included in this project. Taking into account the designed building will reflect the real situation in this location in the near future, and the height of the building about 80 m higher than the existing office building in this place will significantly extend the shadow cast [54]. The second location is the Dworzec Centralny 08 tram stop, located near the main railway station in the city centre, serving long-distance journeys (Figure 5). It is used by lines 7, 9, 22, 24, and 25, which head to the southwest of Warsaw. There are 589 trams running from it daily on a weekday, so departures take place approximately every 2 min during the working week [55]. There are also high-rise buildings in the immediate vicinity of this shelter. An example is the LIM Center at Aleje Jerozolimskie Steet (the total height of the skyscraper is 170 m), and at the intersection of Chałbińskiego Street and Chmielna Street, the tallest building in the European Union (Varso Place) is being built; ultimately, it is to reach a height of 310 m. The planned completion date was estimated to be at the beginning of 2022 [56]. The building of the central station, located at Aleje Jerozolimskie Steet, in the immediate vicinity of the selected stop, may have little impact on the solar radiation reaching this place due to the relatively low height and the location on the northern side of the shelter being analysed. Figure 5 shows an orthophotomap of the vicinity of the Central Railway Station with the buildings selected for analysis, while Figure 6 presents the number of buildings and the number of their storeys, also in the range from 1 to 45 floors.




3. Materials and Methods


3.1. Source Data


For many planning tasks, the standard two-dimensional presentation is sufficient, but the introduction of a third dimension can provide important new information about objects—not only information about the position, but also about its shape and attributes, for example: the height, number of floors (in the case of a building), the geometry of the roof, etc. In 2002, members of the Special Interest Group 3D began working on the creation of a semantic information model that would represent 3D objects in such a way that they could be used by various applications (City Geography Markup Language, CityGML) [57]. Successive levels of modelling detail in CityGML have been defined, from simple models without topologies to complex ones with detailed semantics. There are five levels of LoD detail, as shown in Figure 7. The LoD0 model is a 2.5-dimensional representation of the numerical terrain model, while the LoD1 model assumes a generalized building geometry, i.e., flat roofs of buildings (the so-called solid model). In LoD2, models of buildings with a roof structure (real mapping of roofs) are presented. On the LoD3 level, buildings are presented in more detail than on the LoD2 level, with all the elements present, while LoD4 complements LoD3, taking into account the interior of the building [58].



In Poland, the Central Office of Geodesy and Cartography (GUGiK) made available 3D models of buildings created by combining three data sources: 2D outlines of buildings from the BDOT10k database (a reference database of topographic objects with an accuracy corresponding to an analogue map of 1:10,000); elevation data from airborne laser scanning technology (ALS) with a density of 12 points/m2 in urbanized areas; and data from the digital terrain model (DTM) in raster form with a spatial resolution of 1 m × 1 m. The models were created in the CityGML 2.0 standard at the level of detail LoD1 and LoD2 [59] and are available for general use, free of charge. More detailed data (LoD2) are available for the study area described in Section 2.



The next set of data was a polygon layer containing the ground floor contours of buildings from the Database of Topographic Objects (BDOT10k) (a reference database of topographic objects with an accuracy corresponding to an analogue map of 1:10,000). These data have been made available by GUGiK for general use, free of charge. The locations of public transport stops (point layer) and bus shelters (polygon layer) were obtained from the database of the open OSM project.



The control of the validity of the obtained data showed that some buildings (outlines of buildings and 3D solids) were not included in the acquired datasets. These objects had to be created manually, using an aerial orthophotomap provided by the WMS service of Warsaw [59]. Digital surface model (DSM) data were generated from Airborne Laser Scanning (ALS) source data; point clouds had a scanning density of 12 points/m2. These data were obtained via the ISOK project [60] and have been made available by GUGiK for general use, free of charge.



Climatic data are taken into account when determining solarization conditions; these come from the NASA research program Surface meteorology and Solar Energy (SSE) database and have been compiled from satellite data. They include long-term estimated quantitative data on the flow of solar energy on the Earth’s surface. The database is available on the project website and contains sufficiently accurate data that it is possible to cover areas where measurements are rarely performed or not performed at all [61,62]. Additionally, the free SoDa data were used [63]. The website allows one to generate solar radiation time series based on data from the HelioClim-1 satellite. The satellite provides monthly, weekly, and daily data for 1985 to 2005. The result is generated in CSV format, thanks to which it was possible to obtain a long-term monthly average in the form of a table [64].




3.2. Methods of Processing and Analysis


In this project, a spatial analysis is proposed to estimate solar energy losses as a result of shading for selected locations in the centre of Warsaw and to assess the effectiveness of photovoltaic panels installed on shelters of public transport stops. It was necessary to take into account the solar radiation reaching the selected locations and the potential shading, as well as a number of factors that have a direct impact on the amount of energy produced, i.e., on the efficiency of the installation (Figure 8).



The data flow diagram presented in Figure 9 visualizes the process of obtaining a result from the source data, as well as the relationship between successive variables of the process. In the first stage, the data for analysis was acquired. These data required initial processing or manual supplementation (in the case of 3D building models). Next, two key transformations took place, i.e., the creation of the shadow volumes (solids) and the calculation of the solar potential. It should be noted here that, for the established detail of the data and the parameters adopted in the study, the calculations were time-consuming. Therefore, a number of preliminary tests were performed to select the optimal settings.



The presented scheme of processing was automated as a script in Python (Python Software Foundation, Wilmington, DE, USA) using the ArcPy library in the ArcGIS environment. All data processing algorithms used were originated from ArcGIS Desktop 10.7.1 software (Esri, Redlands, CA, USA).



3.2.1. Data Preparation for Analysis


Before conducting the appropriate spatial analysis, the source data had to be properly preprocessed. On the basis of the available metadata [65], the bus shelters were given appropriate roof dimensions and a height of 2.5 m. This height corresponds to the dimensions of the shelters, which are currently installed in Warsaw, both at the ONZ roundabout and at the Central Station. Then they were transformed into 3D objects (solids). Since the data collected in the GUGiK resource were obtained, new office buildings and apartment buildings were built in both analysed locations due to the dynamically changing landscape of the city. As mentioned before, some investments are still planned or under construction. As the implemented and planned investments are not included in spatial databases, for the purposes of the analysis, the acquired database of buildings was updated with the shapes of missing skyscrapers in order to assess the shading status as accurately as possible in the near future.



These buildings are presented in the form of solids at the level of detail LoD1, but this generalization (no exact shape of the roof) does not have a significant impact on the modelling results, so this difference was considered insignificant for the purposes of this project. The visualization of the final dataset is presented in Figure 10 and Figure 11.



The digital terrain model (DTM) in raster format is the required data source for the analysis of the solar potential. Only points from class 2 (ground) were selected to create a numerical terrain model from the ALS measurement data [66]. The binning interpolation method was used to create DTM. This is a point aggregation method commonly used in the processing of high-density point clouds to raster format [67]. It is faster than triangulation and is the recommended solution in the literature [68]. The last important parameter is the spatial resolution of the DSM raster used in the analysis to perform calculations for the roof of the bus shelters. Before choosing the appropriate resolution, different variants of the size of this parameter had to be tested. Based on the literature [69,70,71,72,73] and taking into account the size of the research area and the roof area of the bus shelter, the following spatial resolutions were considered during the analysis: 0.5 m, 0.25 m, 0, 20 m, 0.15 m, 0.1 m, and 0.05 m.




3.2.2. Solar Analysis


For the purposes of the analysis, two characteristic dates were adopted for the calculations, the days of the summer and winter solstices (22 June 2020 and 22 December 2020); for the two months adopted, historical data were acquired. Using the SSE and SoDa services, the average monthly values of daily solar radiation for June and December for the area of the centre of Warsaw were generated (latitude = 52.23° N, longitude = 21.00° E). An albedo coefficient of 0.25 was adopted for the radiation calculations. It was calculated on the basis of the average of the coefficients for urbanized areas based on the literature [74]. The average monthly daily solar radiation (kWh/m2) for the centre of Warsaw in June and December is shown in Figure 12. There are significant differences in values between the seasons, from about 150–170 kWh/m2 in June to an average of less than 20 kWh/m2 in December.



Two key algorithms were used to carry out solar analysis: to calculate the solar potential (Area Solar Radiation, ASR) and to model shadows cast by selected objects (Sun Shadow Volume, SSV). The amount of solar radiation reaching the Earth’s surface depends to a large extent on the topography and land cover. Therefore, the digital surface model (DSM) data, as well as slope maps and aspect maps, are used to calculate the solar potential.



The ASR tool calculates the insolation based on the semicircular viewshed model [75,76], which can be determined for any location. This algorithm uses a view from the observation point that resembles a semicircular shot of the Earth in a photograph aimed at the sky, which gives the impression of a view like in a planetarium. A key role is played by the size of the fragment of the uncovered sky that allows the radiation to reach the Earth (in observation point). A graphic representation of the visible part of the sky is determined, taking into account any obstacles that may limit the amount of radiation reaching the tested location. First, it computes horizontal angles in a specified number of directions within the selected location (Figure 13a).



In the next step, interpolation of the angles on the horizon is performed for the directions in between those defined in the previous step. As a result, a 2D raster image is created, which contains information about the degree of obstruction of the sky by obstacles, as shown in Figure 13b (the visible part of the sky is shown in white, and the invisible part in grey). Figure 13c shows a combination of the obtained result and a semicircular photograph (view in all directions). Solar radiation falling directly on the Earth’s surface is computed using a sun map, mapped in the same way as the sky obscuration model. The sun map is represented by a raster image that shows the changes in the position of the sun depending on the hour and month for which the calculations are made. This map consists of discrete intervals (sectors) defined by the position of the sun at a specific time of the day. The path that the sun apparently traverses is determined based on the latitude of the analysis area and the dates and times that define the individual sectors. Thus, the incident direct radiation is calculated for each sector. To calculate the radiation that is scattered before reaching the Earth’s surface, an all-sky map visible from a given location must be created. This map is segmented afterwards using zenith angles and azimuths. Both described maps are shown in Figure 14 (the colours are given randomly in the visualization and are only intended to emphasize the extents of individual sectors).



To calculate the value of insolation, the sky obscuration model is superimposed on the sun map (Figure 15a) and the sky map (Figure 15b), with the products obtained in the previous stage. In the first step, for both cases, the proportion of the visible sky in each sector is calculated, which is the result of dividing the number of visible cells by the number of all raster cells per sector. Finally, the value of solar radiation is the sum of the direct and diffuse radiation values.



The ASR algorithm uses the sky resolution parameter for the sky shading model, sun map, and sky map; the default value is 200 cells. When calculating the sky shade, a parameter is used that determines the number of azimuth directions. Values must be multiples of 8 (for example, 8, 16, 24, 32, etc.). The default value is 32 directions, which is appropriate (recommended) for terrains with a complex topography. The next parameters used to create a sky map are the number of divisions with respect to the zenith and the number of divisions with respect to the north direction (azimuth divisions). In both cases, the default value is 8. It is also possible to select the scattered radiation model: uniform sky (the scattered radiation is the same from every direction) or standard overcast sky (the diffuse radiation beam varies with the angle to the zenith). Important parameters in the calculations are also diffuse proportion and the permeability of the atmosphere, which is the part of radiation that passes through the atmosphere (transmittivity). Both parameters can take values from 0 to 1. The default scattering value for a cloudless sky is 0.3, while the transmittance of the atmosphere, assuming a clear sky, is 0.5. The main result of the ASR algorithm is a raster representing the total radiation (in Wh/m2) calculated for each point of the input layer. In addition, it is possible to generate raster images containing information on direct radiation (in Wh/m2), scattered radiation (in Wh/m2), and duration of direct solar radiation (in h).



As described in Section 3.2.1, further versions of the DTM with spatial resolution from 0.5 m to 0.05 m were created using the source ALS data. Then, on the basis of each variant of the resulting DTMs, maps of the solar potential were created to compare the obtained values. The tests were performed for the area of the Rondo ONZ 04 tram stop neighbourhood on June 22, for the hours from 11:00 to 12:00 at 15 min intervals. Appropriate transformations were performed for each resolution to obtain a result in the form of a map of the solar potential for the roof area of the bus shelter. The obtained results show that the value of the radiation intensity changes significantly with the change in the spatial resolution of performed calculations, which proves that at a higher spatial resolution the results are more precise. For further processing, it was decided to use the DTM spatial resolution equal to 0.1 m in order to obtain optimally detailed description for the analysed object (bus shelter) with an acceptable processing time (approximately 13 h for one bus shelter using Intel® Core™ i5-3337U CPU @ 1.80 GHz processor (San Francisco, CA, USA) and 4.00 GB RAM).



The last step of this stage was to calculate the correct solar potential values using the ASR algorithm. On the basis of the obtained results, the insolation values for the bus shelters were calculated (Figure 16).




3.2.3. 3D Spatial Analysis


Modelling buildings in 3D not only allowed for a completely new level of visualization and data mining in the third dimension but also enabled a complex 3D analysis. It is possible to obtain information on what part of the space is occupied by the shadow being cast (3D solid) and the trace of the shadow cast on the Earth’s surface (3D polygon). With such data, it is much easier to make decisions [78], as the shadows cast by tall objects on solar panels can cause large reductions in the amount of energy supplied—even partial shading can significantly reduce the overall efficiency of the installation [79]. To properly generate shadows, a 3D algorithm is needed. The algorithm takes into account the geographical location of the observation site and the given day of the year and given time for which the shadow is to be determined. Objects are classified as shaded where the 3D shadow solid intersects the 3D solid of the object (when there is a nonzero intersection of both datasets). In the methodology of creating a solar atlas in Berlin, shadows cast by vegetation, tall buildings, and other objects protruding above the ground were also generated. Moreover, each significantly shaded part of the roof was considered unsuitable for PV installations and was not taken into account during further analysis [80].



The 3D shadow models in the project were generated using the Sun Shadow Volume (SSV) algorithm. The process consists of creating solids that are 3D representations of the shadow areas cast by individual objects for a specific shading object position, date, and time. Shadow modelling involves “pressing” the initial data in the direction of incidence of the sun’s rays, which are parallel to each other, and their direction is calculated on the basis of the relative position of the sun. Each solid has its beginning and end in a vertical plane that is perpendicular to the horizontal projection of the sun’s rays [81]. Figure 17 shows the shadows generated in the morning hours for a selected day in March.



The parameters of the SSV algorithm are the day and time the calculations (shadow generation) start and the day and time the calculations are to be completed. The interval unit is directly related to the aforementioned parameters. It defines the time interval for which the shadows are to be generated (days, hours, or minutes). Another parameter is used to define the time zone and set the time (Daylight Savings Time, DST). The presented methodology also uses tools for assessing geometric properties and relations between 3D objects: Inside 3D (checks whether a given object is contained in another object in whole or in part); Is Closed (to control a possible problem with the solids being not closed); Minimum Bounding Volume (to create a 3D object that represents a solid with a minimum volume “spanned” on the input data); and Intersect 3D (to create an intersection of the analysed solids).




3.2.4. The Influence of Shading on the Solar Potential of Tram Shelter Roofs


The aim of this stage was to obtain the result in the form of polygons that fit into the outline of the shelter roof, reflecting the sunny and shaded fragments.



Figure 18 shows a diagram of the workflow performed during 3D analysis. The process of creating the projection of the shaded and sunny parts of the shelter roofs on the horizontal plane was fully automated using a Python script. Thanks to this, it was possible to quickly determine the area of sunny and shaded parts, determining the shading time with appropriate detail (calculations with a 5 min interval). During the analysis of the changes in the position of the shadow shapes for the selected interval, it was possible to analyse the shadow movement over the observed time.



The shadows were generated for two selected days of the year: 22 June and 22 December. The calculations were made for the entire range of hours from sunrise to sunset. Figure 19 shows the shadows generated in June for buildings around the tram stop Rondo ONZ 04 at 10:30, while Figure 20 shows the shadows of buildings at the Dworzec Centralny 08 tram stop for the same day and time.






4. Results


After the shadows were created, the position of the tram shelter solid and the solids of shadows cast by the buildings were compared. There were three possible types of relations between the shadows cast by the buildings and the roof of the bus shelter: no shadow influence, partial shading, or complete shading. Depending on the case, a different scenario of spatial analysis was implemented, as shown in the diagram (Figure 21). In order to determine the period of no shading, partial, or total shading, we checked the overlapping of the solids and thus calculated the degree of shading and insolation of the shelter for subsequent intervals. In addition, it was necessary to consider the situations when the intersection of the solids took place, but the common part did not contain a shelter roof. These specific possibilities are visualized in Figure 22 (partial shading).



Objects with partial shading were classified to the next step. They were crucial in the further analysis because they carried significant information about the change in the shade of the shelter at specific times, which has a direct impact on the change in the amount of solar energy supplied to this area. The remaining cases were unambiguous. In the case of partial shading, the two scenarios mentioned earlier had to be considered again (the common part can include the roof or not). This variant was solved in the last stage, i.e., after the projection of the shaded part of the shelter roof onto the ground surface. The result of this part of the processing was a solid trace reflecting a fragment of the shed shelter roof. Based on the spatial analysis performed, four sets of graphs (two tram stops and two dates) were developed showing the solar potential in kWh per shelter roof, as well as the percentage loss due to shading and the actual solar potential (including shading). The presented visualizations were created in the form of polar charts. In the next stage, the technical potential was calculated, and the efficiency of photovoltaic panels was assessed.



The results presented in Figure 23, Figure 24, Figure 25 and Figure 26 were obtained by performing the calculations for each day separately. Four measurements were calculated for each hour, reflecting 15 min intervals. For this, the pie slices in the charts consist of four parts, each part representing a 15 min interval. For example, for the interval 10:00–11:00 a.m., the inner segment of the ring corresponds to the range from 10:00 a.m. to 10:15 a.m., the second (counting from the centre) corresponds to the range from 10:15 a.m. to 10:30 a.m., the third reflects the interval from 10:30 a.m. to 10:45 a.m. and the outer segment of the ring is in the range from 10:45 a.m. to 11:00 a.m. The colours in the graphs correspond to the different ranges of the values (see the legend of each chart) in relation to the 15 min interval, and the four segments of the rings (from the centre to the outside) marked in the graphs represent the values of the intervals in the range of the entire hour. In each set, (a) shows the theoretical solar potential, without taking into account the shading, and the units given are expressed in kWh per stop shelter roof area; (b) shows the percentage loss due to shading of the shelter; and (c) shows the actual solar potential, taking into account the shading; the unit is kWh per stop shelter roof area.



When analysing the solar potential for the bus shelter roof at Rondo ONZ 04 in June, it can be noticed that values above zero were recorded between 4:45 a.m. and 7:00 p.m. (Figure 25). The highest values occurred for the hours of 11:45–12:00 p.m. and 12:00–12:15 p.m., providing a total of over 3.8 kWh. The highest percentages of shading of the canopy roof were after sunrise and before sunset: from 7:00 a.m. to 10:00 a.m. and 5:30 p.m. to 9:15 p.m. Little or no shading was observed during the day. Assuming that there were no buildings or other objects in the neighbourhood of the Rondo ONZ 04 tram stop, the sum of the theoretical solar potential for the roof of the selected shelter in June would be approximately 61.0 kWh. Adjusted for the effects of shading by buildings, it is approximately 46.6 kWh.



For the shelter roof at Dworzec Centralny 08 stop in June, solar potential above zero was recorded, similarly to the Rondo ONZ 04 stop, between 4:45 a.m. and 7:00 p.m. (Figure 23). The highest values were recorded between 11:45 a.m. and 12:15 p.m. Due to the differences in area between the stops Rondo ONZ 04 and Dworzec Centralny 08, there were also noticeable differences in the maximum values of solar potential values. At Dworzec Centralny 08, this value was lower, 3.1 kWh in total. When analysing the percentage shading of the shelter roof, it can be seen that it was greatest in the morning between 8:00 a.m. and 9:00 a.m. and in the evening, before sunset, between 7:00 p.m. and 8:15 p.m., but did not occur during the day. The sum of the solar potential in June for the shelter roof of Dworzec Centralny 08 tram stop, assuming no shading, would be about 49.8 kWh; taking into account shading, it was about 44.1 kWh. The loss due to shading was therefore much lower than for Rondo ONZ 04 tram stop.



In December, the highest values of solar potential for the shelter roof of Rondo ONZ 04 were recorded between 10:00 a.m. and 11:00 a.m. (Figure 26). At 10:30 a.m.–10:45 a.m. the sum of the potential was 0.4 kWh, almost fivefold lower than in June at 12:00 p.m.–12:15 p.m., when this value was the highest. Due to the fact that in winter the radiation reaches the surface only between 7:45 a.m. and 1:30 p.m., the sum of the solar potential for the roof was approximately 5.4 kWh, more than 11-fold lower than in June. It could be noted that the shelter is shaded most of the day (assuming the day starts at sunrise and ends at sunset). The sum of the solar potential in December for the shelter Rondo ONZ 04 tram stop, taking into account the shading, was 2.33 kWh.



Figure 24 shows the solar potential for the shelter of Dworzec Centralny 08 tram stop in December. The distribution of ring segments on the graph resembles the December result for the shelter of Rondo ONZ 04 tram stop, and the sum of the values, assuming no shading, was 4.4 kWh. The loss from shading was greatest after sunrise by 10:00 a.m. and from 1:00 p.m. to sunset. This stop can only receive energy for three hours a day. Including the shadows, the sum of the solar potential was approximately 2.8 kWh for the entire shelter roof.



The sum of energy including shadows against the theoretical potential was the highest in June for the stop Dworzec Centralny 08 and amounted to 89% of the theoretical value. For the stop at Rondo ONZ 04 on the same day, it was 77%. In December, the efficiency was lower for both locations: for the shelter of Dworzec Centralny 08 stop it was 66%, and for the shelter of Rondo ONZ 04 it was 43% of the theoretical value. For the shelter of Rondo ONZ 04 in June, the technical potential was over 6.8 kWh, while in December it was only 0.3 kWh. For the shelter of Dworzec Centralny 08, similar results were obtained, despite the greater influence of shadows cast by the surrounding buildings for the shelter of Rondo ONZ 04. In June, for the roof area of the shelter in this location, over 6.4 kWh was obtained, and in December 0.4 kWh. Assuming that the stop equipment would be similar to the city of Corona [83] and the energy consumption would be 1.5 kWh per day, in June the energy surplus for Rondo ONZ 04 stop would be almost 5.3 kWh, and for Dworzec Centralny 08 stop, the surplus would be 4.9 kWh. This energy could be put into circulation and power the traffic light network in the neighbourhood of stops or other infrastructure elements, increasing the level of pedestrian safety (it’s planned to rebuild the intersection at Warsaw Central Station to facilitate pedestrian crossing without underground passages). In December, the generated energy would not be sufficient to power all the facilities installed at the bus stop, so it would be necessary to use the power grid resources, but about 20–30% of the energy would still come from the sun.




5. Discussion


The analysed calculations were presented only for two selected days in the year; such a limitation on the dates was associated with limitations on the time-consuming preparation and control process used in the data analysis, as well as the entire sequence of spatial analysis resulting from the methodology proposed in this work. This limitation does not seem to be an obstacle to the project, which could be implemented, for example, on the order of the authorities of the city of Warsaw. In the future, we might consider adding other 3D shading objects, including tall vegetation, large-format advertising posters, viaducts and footbridges over streets, and other structures. All these objects may have a significant impact on the shading analysis results, as these objects can play an important role in shading bus shelters.



The highest efficiency was achieved for the shelter roof of Dworzec Centralny 08 tram stop in June, and the lowest for the shelter roof of Rondo ONZ 04 stop in December. Its efficiency was 20 times lower than in summer for the shelter of Dworzec Centralny 08 stop. The installation of photovoltaic panels on the roof of the shelter, with the assumptions given in the paper, would obtain over fourfold more energy in summer than the potential demand of the facilities installed at the tram stop, while in winter this energy would be insufficient to power them—the produced energy would constitute 22.5% of the daily demand. Due to the extreme results for two selected days of the year, an interesting continuation of the research would be to find the cutoff days when the installation of panels begins (in spring) and ceases to be profitable (in autumn). Such simulations, also taking into account other shading objects that can cause significant losses in the amount of generated energy, would allow for the optimal selection of the location and type of photovoltaic panels used, as mentioned by Alam et al. [84].



In 2020, Santos et al. presented a solution for bus shelters, carrying out an analysis using raster format data and algorithms [85]. The analysis of the cast shadows is difficult, so the Direct Irradiance Fraction (DIF) was used to describe the amount of insolation that an array will capture (as a percentage), relative to what an optimally oriented, unshaded array would capture in the same location. The advantage of such a solution is the speed of calculations possible on such a data format. In the article from 2021, Gastelu et al. also performed potential calculations for representative blocks of the city, using parallelepipeds to model single-floor houses, two-floor houses, and tall buildings or cylinders and spheres to model trees. They also compared the technical potential values calculated with and without the shading effect, using a shading reduction factor [86].



The assessment of solar potential is an important issue when planning the deployment of photovoltaic panels, which are becoming an increasingly popular source of energy on the Polish market. The proposed methodology can be valuable when planning the installation capacity and the location of individual panels. Given the rapid growth of cities and the increasing number of high-rise buildings, assessing the solar potential along with a shading analysis can be important for city decision makers, transport infrastructure managers, investors, and local communities. The implementation of the proposed workflow and making it available in the form of easy-to-use tools that could function with open or limited access will significantly facilitate decision making about planned solar installations in the city. City reports, planning documents, and strategies can be steered using the specific, reliable results of the analysis. The obtained results can also be used to analyse the profitability of photovoltaic installations related to other infrastructure elements. City managers could require designers of high-rise buildings and city infrastructure to submit data in a three-dimensional form and appropriate data format, to conduct a similar assessment as proposed in this article. The presented solution can also be used as a tool for assessing the different shelter and solar panel options. A similar analysis would allow one to choose the optimal location and size of the public transport shelters.



A limitation of the present research is that the research areas have similar climatic conditions. Cities in Poland do not differ that much, and we do not have access to data of appropriate accuracy and detail for a city with significant climatic differences from Warsaw. This should be taken into account in future studies. On the other hand, our methodology is reproducible for other climatic zones; one only needs to adjust the parameters of the solar analyses to the observation site. From the point of view of methodology development, this seems to us a less important research question.



A possible further research direction is to also consider the type of photovoltaic cell (e.g., mono-, multi-, or a-Si solars) and see how shading affects the efficiency depending on the type of installation. Apart from that, it is worth undertaking in further research the subject of the influence of assumed albedo values on parameters of applied algorithms and results of spatial analyses in absolute terms and in comparative analyses between selected months.



We decided to limit the analysis to two dates: 22 June and 22 December. This meant that the results reflected extreme conditions; considering more dates would certainly help with the analysis of variability in the study area. Given the time-consuming nature of the analyses performed, these two dates seemed sufficient. It is certainly worth considering the inclusion of further dates in further research in this area to obtain more detailed results. A possible limitation of the proposed solution is that the proposed methodology uses the tools of the commercial GIS environment; considering the limited access to these tools, it is worth considering open-source software libraries in the future.




6. Conclusions


The aim of the project was to develop a methodology to assess the effectiveness of the location of photovoltaic panels on the roofs of public transport stop shelters. As part of the tests, analyses were performed for two stops surrounded by high-rise buildings: Rondo ONZ 04 and Dworzec Centralny 08. To achieve the goal, appropriate data were collected and prepared, and a series of data processing and complex analysis were designed and carried out, using appropriately selected tools. A methodology combining solar and 3D analysis was proposed. By taking into account the existing buildings and buildings planned for construction in the neighbourhood of the studied areas, the shading that may occur after their construction was assessed.



Based on the conducted analysis, the results of solar potential for the roofs of the tram shelters were obtained throughout the day, at 15 min intervals, as well as the percentage energy loss caused by the shading of the stops by the surrounding buildings. The combination of the sum of the solar potential with the loss made it possible to assess how much solar energy could be obtained during the day on 22 June and 22 December.



It is worth supporting the decision-making processes with the results of this type of analysis at the investment design stage (e.g., a bus shelter, single-family home, etc.), so that when planning photovoltaic installations, one can optimize the shape and slope of the roof or other element on which installation of panels is planned so that their efficiency is as high as possible. Even if we commonly use perovskites (keeping in mind the problems related to time stability and industrialization that still exist) or tandems based on perovskites and silicon solar cells in the future, an analysis will be needed to optimally arrange new types of photovoltaic cells that are integrated, for example, with the facade of buildings. Carrying out such an analysis for an entire city would allow for selecting the most advantageous locations for the initial stage of a new solar photovoltaic investment. We believe that the proposed methodology is universal, but, of course, how the geographical location will affect the parameters of solar analyses and their proper selection must be considered in analyses for other locations.
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Figure 1. Global summary of estimated solar photovoltaic (PV) power generation potential [49]. 
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Figure 2. Global summary of estimated solar photovoltaic (PV) power generation potential—enlargement for the area of Poland (52° N, 19° E) [49]. 
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Figure 3. The location of the Rondo ONZ 04 tram stop. (a) Visualization of the location of the Rondo ONZ 04 tram stop (source: Google Maps, 2021). (b) The surroundings of the Rondo ONZ 04 tram stop, view from the northwest (source: Google Earth 2021). (c) Visualization of the outlines of buildings (orange) in the vicinity of the Rondo ONZ 04 tram stop (data sources: BDOT10k and orthophotomap (WMS) provided by PZGiK). 
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Figure 4. The number of buildings and number of floors of buildings in the vicinity of the Rondo ONZ 04 tram stop, included in the analysis (source: study based on BDOT10k). 
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Figure 5. The location of the Dworzec Centralny 08 tram stop. (a) Visualization of the location of the Dworzec Centralny 08 tram stop (source: Google Maps, 2021). (b) The surroundings of the Dworzec Centralny 08 tram stop, view from the northwest (source: Google Earth 2021). (c) Visualization of the outlines of buildings (blue) in the vicinity of the Dworzec Centralny 08 tram stop (data sources: BDOT10k and orthophotomap (WMS) provided by PZGiK). 
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Figure 6. The number of buildings and number of floors of buildings in the vicinity of the Dworzec Centralny 08 tram stop, included in the analysis (source: study based on BDOT10k). 
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Figure 7. Subsequent levels of detail for building representation in CityGML models [58]. 
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Figure 8. Factors included in solar and shading analysis. 
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Figure 9. The scheme of the methodology showing the subsequent stages of the analyses. 
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Figure 10. The result of the stage of data preparation for spatial analysis—3D layers for the surroundings of the Rondo ONZ 04 tram stop. 
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Figure 11. The result of the stage of data preparation for spatial analysis—3D layers for the surroundings of the Dworzec Centralny 08 tram stop. 
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Figure 12. Average monthly daily solar radiation (kWh/m2) for the centre of Warsaw in June and December (there are no data for December 1995) (Data source: [64]). 
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Figure 13. Subsequent stages of calculating the viewshed model for one DTM cell: (a) illustration of directions from a given location, (b) obscuring model (the visible part of the sky is shown in white, invisible in grey), (c) the obtained model superimposed on a semicircular photograph of the sky [77]. 
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Figure 14. Examples of viewshed modelling results: (a) sun map for 45° N, calculated for the period between the winter solstice (21 December) and the summer solstice (21 June); the illustration shows that the position of the sun in the sky changes throughout the year depending on the time of day and month; (b) sky map divided into sectors—eight zenith angles and 16 azimuths; each colour represents a unique sector or part of the sky from which the scattered radiation comes (random colours) [77]. 
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Figure 15. The viewshed superimposed (a) on the sun map; (b) on the sky map (grey colour marks obstructed sky directions [77]. 
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Figure 16. Solar potential values (kWh/m2) obtained for the Rondo ONZ 04 bus shelter, calculated for 10:30 A.M. on 22 June 2020. 
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Figure 17. Shadow solids (in blue) generated in the morning for a selected part of buildings in the centre of Warsaw on a selected day of March [82]. 
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Figure 18. Workflow diagram for 3D shading spatial analysis. 
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Figure 19. Arrangement of buildings and their shadows for the neighbourhood of Rondo ONZ 04 tram stop generated for 22 June 2020 at 10:30 a.m. 
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Figure 20. Arrangement of buildings and their shadows for the neighbourhood of Dworzec Centralny 08 tram stop generated for 22 June 2020 at 10:30 a.m. 
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Figure 21. Diagram showing various scenarios of spatial analysis taken into account depending on the type of relationship between the solids of shadows cast by buildings and the roofs. 
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Figure 22. Specific relationships between the shadow cast by the buildings (grey) and the tram shelter (orange): (a) partial shading; (b) partial shading, but the overlapping part does not include any part of the shelter roof. 
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Figure 23. Results obtained for the shelter roof in the neighbourhood of Dworzec Centralny 08 tram stop for 22 June 2020: (a) solar potential in kWh per stop shelter roof area; (b) percentage loss due to shelter shading; (c) actual solar potential including shading (kWh) per stop shelter roof area. The maximum value is about 1.8 kWh (6.48 MJ). 
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Figure 24. Results obtained for the shelter roof in the neighbourhood of Dworzec Centralny 08 tram stop for 22 December 2020: (a) solar potential in kWh per stop shelter roof area; (b) percentage loss due to shelter shading; (c) actual solar potential including shading (kWh) per stop shelter roof area. The maximum value is about 0.38 kWh (1.37 MJ). 
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Figure 25. Results obtained for the shelter roof in the neighbourhood of Rondo ONZ 04 tram stop for 22 June 2020: (a) solar potential in kWh per stop shelter roof area; (b) percentage loss due to shelter shading; (c) actual solar potential including shading (kWh) per stop shelter roof area. The maximum value is about 1.9 kWh (6.84 MJ). 
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Figure 26. Results obtained for the shelter roof in the neighbourhood of Rondo ONZ 04 tram stop for 22 December 2020: (a) solar potential in kWh per stop shelter roof area; (b) percentage loss due to shelter shading; (c) actual solar potential including shading (kWh) per stop shelter roof area. The maximum value is about 1.8 kWh (6.48 MJ). 
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