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Abstract

:

There have been significant advances in the shift from fossil-based energy systems to renewable energies in recent years. Decentralized solar photovoltaic (PV) is one of the most promising energy sources because of the availability of rooftop areas, ease of installation, and reduced cost of PV panels. The current modeling method using remote sensing data based on a geographic information system (GIS) is objective and accurate, but the analysis processes are complicated and time-consuming. In this study, we developed a method to estimate the rooftop solar power potential over a wide area using globally available solar radiation data from Solargis combined with a building polygon. Our study also utilized light detection and ranging (LiDAR) data and AW3D to estimate rooftop solar power potential in western Aichi, Japan, and the solar radiation was calculated using GIS. The estimation using LiDAR data took into account the slope and azimuth of rooftops. A regression analysis of the estimated solar power potential for each roof between the three methods was conducted, and the conversion factor 0.837 was obtained to improve the accuracy of the results from the Solargis data. The annual rooftop solar power potential of 3,351,960 buildings in Aichi Prefecture under Scenario A, B, and C was 6.92 × 107, 3.58 × 107, and 1.27 × 107 MWh/year, estimated using Solargis data after the adjustment. The estimated solar power potential under Scenario A could satisfy the total residential power demand in Aichi, revealing the crucial role of rooftop solar power in alleviating the energy crisis. This approach of combining Solargis data with building polygons can be easily applied in other parts of the world. These findings can provide useful information for policymakers and contribute to local planning for cleaner energy.
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1. Introduction


1.1. Background


Accelerated urbanization with growing energy consumption increases the need to transition from fossil-based to renewable energy-dominated structures to ensure environmental sustainability. Many countries are striving to develop new energy-generation strategies in response to the call to keep global warming below 1.5 °C [1]. Electricity generation by solar photovoltaic (PV) technology grew the fastest out of all renewable energy sources from 2018 to 2020, and the global total installed capacity was estimated to reach 760 GW by 2020, including both on-grid and off-grid [2,3]. Currently, decentralized PV is one of the most promising energy sources because of the availability of rooftop areas, ease of installation, and low cost of PV panels [4]. Rooftop solar PVs are expanding rapidly in urban regions, and they facilitate low-emission, efficient, and resilient buildings [5,6]. Moreover, installing solar PV allows households to take full advantage of their resources, thereby reducing the energy expenditure and dependence on government subsidies [7].



The “Green Growth Strategy Through Achieving Carbon Neutrality in 2050” was formulated in Japan by the Ministry of Economy, Trade and Industry, to achieve sustainable growth and innovation by expediting structural changes in the energy and industry sectors [8]. To achieve this goal, Japan has made much effort to increase the share of renewable energy in the power generation mix, and solar PV has attracted extensive interest. The deployment of feed-in-tariff (FIT) in 2012 in Japan has driven the penetration of solar PV, contributing to a tenfold increase in the accumulative capacity [9]. In addition, a policy based on the “NEDO PV Challenges” was established in 2014, which aims to reduce the power generation cost to 7 JPY/kWh by 2030 [10]. Owing to different incentive policies, Japan now ranks third in terms of the global capacity of solar PV [2]. In 2020, renewable energy accounted for 20.8% of all electricity generation in Japan, and electricity generated by solar PV accounted for 8.5% [11].




1.2. Previous Studies


The rooftop solar PV potential has been estimated in many countries using various methods, and geographic information systems (GIS) have become the dominant tools for this estimation. Light detection and ranging (LiDAR) is a popular remote sensing method that emits laser pulses to examine the Earth’s surface, and the result of LiDAR scanning is a series of 3D point clouds [12,13]. In recent years, many researchers have utilized LiDAR data combined with GIS to identify rooftop solar PV potential [14]. Brito et al. [15] presented a 3D solar potential model for rooftops and facades using a digital surface model (DSM) with 1 m resolution created from LiDAR data and a solar radiation model. Mavsar et al. [16] proposed a simplified method to estimate rooftop PV potential in Slovenia, including physical, geographical, technical, and economic aspects, using LiDAR data and mathematical equations. The technical potential and suitability of rooftop solar PV in the US were estimated by combining 1 m resolution LiDAR data with a validated analytical method using GIS [17]. The residential rooftop solar potential in Erie Country, New York, was identified using 0.91 m resolution LiDAR data considering rooftop azimuth, rooftop slope, shading, and contiguous area [7]. Quirós et al. [18] utilized 1 m resolution LiDAR data and rooftop vectors to create a solar potential map of rooftops in Cáceres city, Spain, and the solar radiation was calculated using GIS. In addition, Nelson and Grubesic [19] compared the rooftop solar energy potential estimated by 1 m resolution LiDAR and unmanned aerial systems (UAS) and found that digital orthophotos from a UAS improved the aggregate irradiation estimates. Matsumoto et al. [20] estimated the annual power generation amount of rooftop solar PV in the western part of Nagoya City, Japan, using a 1 m resolution LiDAR DSM considering the slope and azimuth of individual roofs along with the shadow effect of the surrounding buildings.



Some studies have assessed the rooftop solar energy potential using other types of remote sensing images. ALOS World 3D (AW3D) is the world’s first 3D global map developed by the Japan Aerospace Exploration Agency (JAXA), the Remote Sensing Technology Center of Japan (RESTEC), and NTT DATA [21], and the products include AW3D Standard, AW3D Enhanced, and AW3D Ortho Imagery with varying resolutions [22]. The AW3D and spatial data, including sun azimuth and sun altitude, were used to map the solar suitability for office buildings in Kuala Lumpur, Malaysia [23]. Principe and Takeuchi [24] also utilized a 30 m resolution AW3D to generate a slope to assess rooftop solar PV installations. The technical potential of rooftop solar power was evaluated for Hanoi using 30 cm resolution WorldView 3 imagery combined with artificial intelligence algorithms [6]. Song et al. [25] used the 0.9 m resolution Pleiades DSM and 0.2 m resolution satellite images from Google Maps to retrieve data on rooftops for the estimation of solar PV potential.



When evaluating the suitability of the rooftop for installing solar PVs, the rooftop projection area and the rooftop architectural morphology are two important factors [26]. Slope and aspect were classified for each roof using digital elevation model (DEM) created from LiDAR, and viable and optimal areas for solar panels were calculated after subtracting setback value and object areas in [19]. Stack and Narine [27] also determined rooftop suitability by slope and roof orientation from the DSM converted from LiDAR point cloud. It was also found that the accurate estimation of roof geometry using LiDAR data required point clouds with density of 1 or 2 points/m2 [28]. A PV configuration over rooftops was proposed by AI-Quraan et al. [29], based on setting different scenarios for tilt angle and available rooftop areas. Ghaleb et al. [30] investigated features of commercial building roofs and the available roof area for PV system was calculated by subtracting areas affected by roof restrictions, maintenance and shadows. Wang et al. [31] classified rural building roofs into five categories (gabled, flat, hipped, complex and mono-pitched) according to roof texture and shape from UAV images. Monna et al. [32] also classified the targeted residential buildings into four types and the area for PV installation was determined for each type of the building. Studies which identified geometrical characterization for individual roofs were often conducted on a community scale; in terms of city scale, roofs were usually grouped into several categories and the available area for solar PV was assigned to each category.



Some studies did not conduct rooftop modeling [33,34,35]. The power generation potential for rooftop solar PV in the residential sector was explored in 13 major cities in the Kingdom of Saudi Arabia [33]. When the PV design, local building construction, and cultural practices were considered, the estimated 51 TWh of annual electricity generation could satisfy 30% of the total national demand [33]. Because the average solar radiation of each city was used to calculate the potential electricity generation, the results would be only a rough estimation for large regions.



The use of high-resolution remote sensing images or LiDAR data to model individual rooftop shapes is a popular approach for estimating rooftop solar PV potential and has a high accuracy level. However, this method is sophisticated and time-consuming and cannot be easily applied to large areas. Therefore, simple methods are required to estimate the rooftop solar PV potential over a large area.




1.3. Objectives


This study aimed to develop a method for estimating rooftop solar PV potential over a large area by using globally available solar radiation data provided by Solargis and improving the outcome by comparing the results estimated by LiDAR and AW3D. After obtaining the estimated annual power generation amount by the three methods, regression analysis was conducted to determine the relationship between the results of the three methods for individual roofs. The estimates from the Solargis data can be extrapolated to give more precise results by applying the regression equations. This methodology can be easily applied for a large area for estimating rooftop solar PV potential when the high-resolution remote sensing data are not accessible.





2. Materials and Methods


2.1. Structural Framework of the Research


In this study, we utilized three different methods to estimate the annual solar power generated by each roof (Figure 1). For each method, the results were calculated under three scenarios (maximum, medium, and minimum potential) at the current technical level. Method 1 was based on the study conducted by Matsumoto et al. [20]. First, the original LiDAR data were converted to LAS data; subsequently, a DSM was created after eliminating errors. The digital canopy model (DCM) was created by subtracting the digital terrain model (DTM) from DSM. The DCM was then combined with the building polygon data to compute the building height data, and the slope and azimuth of rooftops were estimated during the analysis of the building’s roof structure. Next, the solar radiation amount was calculated using the DSM through solar radiation analysis, considering shadow effects. Finally, the introduction potential (kW) and annual power generation amount (kWh/year) of the rooftop PV for each building were estimated.



For Method 2, the data from the AW3D Standard were utilized to create the DSM and obtain the DCM by subtracting the DEM. The remaining processes were similar to those of Method 1, without considering the slope and azimuth of rooftops. For Method 3, the introduction potential was calculated solely using the building polygon and was then combined with the direct normal irradiation (DNI) (kWh/m2/day) provided by Solargis to estimate the annual solar power generation by each roof. For all three methods, buildings with rooftop areas smaller than 10 m2 were excluded from the estimation, as described by Schunder et al. [7] and Gagnon et al. [17]. For Method 1 and Method 2, buildings with heights less than 1.5 m, as determined by the DCM, were ruled out. In addition, because buildings along the study area boundary might have their sunlight blocked by buildings outside the area, a −100 m buffer was created for the study area. Building polygons that were completely within the −100 m buffer were utilized in this study.



After obtaining the estimated annual power generation amount for each rooftop using the three methods, regression analysis was conducted to determine the relationship among the results obtained using the three methods. Finally, the annual solar power generation amount in Aichi Prefecture was estimated by combining all building polygons in Aichi and DNI from Solargis and then extrapolated to the results estimated by Method 1 through the coefficient.



ArcGIS Pro 2.7.2 (ESRI Japan) was used for the spatial analysis, Microsoft® Excel® for Microsoft 365 MSO (Version 2112) was used for the calculation, and IBM SPSS Statistics (28.0.0.0) was used for the regression analysis in this study.




2.2. Estimation of Solar Power Generation Potential in Western Aichi by Different Methods


2.2.1. Study Area


The target area is the western part of Aichi Prefecture in Japan, covering 229.43 km2, as shown in Figure 2. The total number of building polygons in this area is 490,203, and the number of building polygons completely within the −100 m buffer that were included in this study was 475,764. This study used the same LiDAR data as that used in Matsumoto et al.’s study [20], but the study area, including the suburban area of Nagoya City, was expanded to approximately 1.5 times that of the previous study (152.51 km2). Aichi Prefecture (34°34′ N–35°25′ N, 136°40′ E–137°50′ E) is in the central part of Japan with a population of 7.5 million and a total area of 5173 km2 [36]. The climate of Aichi Prefecture is influenced by the Pacific Ocean’s warm current; thus, it is hot and rainy in summer and dry in winter.




2.2.2. Data Sources


An overview of the data source was shown in Table 1. For LiDAR data, the original and ground data from Shonai River and Tokigawa River Aviation Laser Survey Service (2016) provided by Geospatial Information Authority of Japan (GSI) (https://www.gsi.go.jp/ (accessed on 17 February 2022)) were used, which were the latest LiDAR data that we could obtain from the government for our study area. The AW3D data (2.5 m grid) from satellite JAXA-ALOS were purchased from JAXA, RESTEC, and NTT DATA (https://www.aw3d.jp/en/products/ (accessed on 17 February 2022)). The DNI data (250 m grid) from Solargis were downloaded from https://globalsolaratlas.info/download (accessed on 17 February 2022). The building polygon data and DEM data were obtained from GSI (https://fgd.gsi.go.jp/download/menu.php (accessed on 17 February 2022)). We used building polygon data surveyed between 2015 and 2016 to minimize the time lag with LiDAR data.




2.2.3. Method 1: Estimation of Solar Power Potential Using LiDAR Data


To estimate the maximum rooftop solar power generation potential using LiDAR data, we adopted the scheme developed by Matsumoto et al. [20], as summarized below.



2.2.3.1. Data Preparation


The average point density of the original and ground 3D point cloud LiDAR data was 13.1 points/m2 [20], which was sufficient for the analysis of aspect and angle of roof slope [37]. The original and ground LiDAR data were first converted to an LAS format file and then arranged into a 2D grid structure after classification. The classification of original LiDAR data was first conducted using the “Classify LAS Noise” tool in ArcGIS Pro, and then wire guard, power line, transmission tower, and temporary error points such as birds, smoke, and cranes were classified manually.



The “LAS Dataset to Raster” tool was used to convert original LiDAR data to DSM to analyze building height and roof structure after removing low noise, wire guard, power line, transmission tower, and high noise as classified in the original LiDAR data. The ground LiDAR data were converted to a DTM. The cell size of DSM and DTM was 1.0 × 1.0 m. The DCM, which represents the height of buildings and trees above ground level, was calculated by subtracting the DTM from the DSM, and negative values were set to 0.



The DCM was extracted by building polygon data with a buffer of −50 cm to create raster data representing the height of each building (Figure 3). The buffer was created for the building polygon data owing to the misalignment of the building polygon data and LiDAR data [20]. This reduces the error wherein the building height data are wrongly assigned to the adjacent building when the buildings are located very close to each other. After the buffer was created, 1953 building polygons disappeared because the width of the building was less than 1 m. A buffer of −50 cm was set by empirical judgment [20].




2.2.3.2. Analysis of Building Height and Roof Structure


The azimuth and slope of the roof were identified by the “Aspect” and “Slope” tools in ArcGIS Pro based on the DCM obtained in Section 2.2.3.1. The roof azimuth was expressed in 0–360° clockwise with north as 0°, and the output value was represented by −1 as the flat roof. The roof slope was expressed in 0–90°.



Building height and roof structure analyses was performed following the processes shown in Figure 4 to determine the annual average slope solar radiation “H” for flat roofs and inclined roofs, as discussed in a later section. Since the LiDAR data used in this study were surveyed in 2016, and the building polygon data were surveyed between 2015 and 2016, there is a possibility that some buildings were demolished or reconstructed during the time difference in the LiDAR data and building polygon data. Therefore, the building polygon with a height of less than 1.5 m, which was different from the 0.5 m in Matsumoto et al. [20], was removed from the study, considering the actual height of ceilings in Japan. Flat roofs were extracted using the slope data. The raster value of the slope data was rounded to the integer and approximated in 10-degree increments, and the most frequent value of the slope was calculated for each building polygon. If the most frequent value was smaller than 5°, it was assumed to be a flat roof [20]. Subsequently, the remaining inclined roofs were divided into four directions (north, east, south, and west) based on the azimuth of the rooftop. The area of each direction that was smaller than 10 m2 was excluded from the estimation, which was different from the 2 m2 cut-off area used by Matsumoto et al. [20], considering the actual floor area. The annual average slope solar radiation “H” per day of the installation surface was set based on the most common slope and aspect values in each direction.




2.2.3.3. Solar Radiation Analysis


The raster for solar radiation analysis was created using the LAS dataset described in Section 2.2.3.1 after removing low noise, power lines, and high noise. The output cell size was 1.0 × 1.0 m.



The “Area Solar Radiation” tool was used to calculate the global solar radiation of a specific area, which is the sum of direct solar and scattered solar radiations. In this study, the default values (0.3 and 0.5 of scatter rate and transmittance, respectively) were used to calculate the global solar radiation for a normal sunny day. The sky size was set to 100 m, and the daily time interval was set to 2 h, considering the capacity and time of processing. All parameters used were the same as those used by Matsumoto et al. [20]. The daily solar radiation for four particular days—the summer solstice, spring equinox, autumn equinox, and winter solstice—was calculated. By revealing the shadow from surrounding buildings, this exercise enabled the calculation of the global solar radiation (Wh/m2) for a sunny day.



The shadow factor S (Equations (1) and (2) from [20]) was used as the solar radiation amount in this study, which is the ratio of the average value of solar radiation of the four special days in each roof direction to the maximum average solar radiation amount in the target area.


  S o  l  a v e   = ( S o  l  s u m m e r   + S o  l  s p r i n g , a u t u m n   × 2 + S o  l  w i n t e r   ) / 4  



(1)






  S = S o  l  a v e   / S o  l  a v e , m a x    



(2)








	
Solave: Average global solar radiation of four special days (Wh/m2).



	
Solsummer: Global solar radiation of the summer solstice (Wh/m2).



	
Solspring,autumn: Global solar radiation of the spring and autumn equinoxes (Wh/m2).



	
Solwinter: Global solar radiation of the winter solstice (Wh/m2).



	
S: Shadow factor



	
Solave,max is the maximum value of Solave in the target area (Wh/m2).









2.2.3.4. Introduction Potential


In this study, the roof surface integrated type was assumed for solar panel installation because of its excellent appearance and conversion efficiency. In addition, panels can be installed on up to 96% of the roof area [38], which can maximize the use of the roof area, similar to Matsumoto et al. [20]. The introduction potential of each roof can be estimated using the following equation [20,39]:


  P = I × A × α  



(3)








	
P: Introduction potential (installation capacity) (kW).



	
I: Conversion efficiency of the solar panel (kW/m2).



	
A: Rooftop area (m2).



	
 α : Installable area rate of the solar panel.








In terms of A, if the roof was inclined, the sum of the areas of the four directions was used. The area of the building polygon was used for the flat roof. The value of A was corrected by the original size of the building polygon before the creation of the −50 cm buffer. By applying Equation (3), the introduction potential was estimated for each roof of each building in the target area.




2.2.3.5. Estimated Annual Solar Power Generation Amount


The estimated annual solar power generation amount was calculated using the following equation, referring to NEDO [40] and Matsumoto et al. [20]:


  E p = H × S × K × P × 365 ÷ 1  



(4)








	
Ep: Annual solar power generation amount (kWh/year).



	
H: Annual average slope solar radiation per day (kWh/m2/day).



	
S: Shadow factor.



	
K: Loss factor.



	
P: Introduction potential (installation capacity) (kW).



	
“365”: Number of days in a year (day).



	
“1”: Solar radiation intensity under standard conditions (kWh/m2).








The “Solar Radiation Database” from MONSOLA-11 provided by NEDO [41] was used for the value of “H” (Table 2).



The loss factor K is a variable coefficient, as it varies depending on the type of equipment installed, and it can be calculated by the following equation referring to NEDO [40]:


  K =   1 −  L c    ×   1 −  L p    ×   1 −  L d     



(5)








	
𝐿c: Loss due to cell temperature rise.



	
𝐿p: Loss due to power conditioner.



	
𝐿d: Other loss such as dirt on light-receiving surface.








Therefore, by applying Equation (4), the annual power generation for each roof was estimated.





2.2.4. Method 2: Estimation of Solar Power Potential Using AW3D Data


Method 2 was similar to Method 1 but it did not analyze the roof structure. The 2.5 m grid DSM was created from the AW3D Standard, which is a high-resolution digital 3D map based on PRISM data acquired by the Advanced Land Observing Satellite (ALOS) from JAXA. Solar radiation analysis was conducted using the DSM following the processes described in Section 2.2.3.3. The 5 m grid DEM was obtained from the website of the Fundamental Geospatial Information Download Service provided by the Geospatial Information Authority of Japan (https://fgd.gsi.go.jp/download/menu.php (accessed on 8 February 2022)). The elevation void-fill function was used to create pixels where holes existed in the DEM data. The DEM was resampled to 2.5 m (the same resolution as that of DSM), and the DCM was calculated by subtracting the DEM from the DSM using the “Raster Calculator” tool, and negative values were set to 0.



The DCM was extracted using the building polygon data and then converted to an integer. The Zonal Statistics as Table function in ArcGIS Pro was performed to obtain the majority value of the DCM for each building polygon, which represented the building height. A building with a height less than 1.5 m or a rooftop area smaller than 10 m2 was excluded from the estimation, as in the LiDAR analysis.



The introduction potential of each roof is calculated using Equation (3). The annual solar power generation amount was estimated using Equation (4), and H = 3.74 was used, assuming that all the roofs were flat.




2.2.5. Method 3: Estimation of Solar Power Potential Using Solargis Data


In this method, the globally available DNI raster data (250 m grid) prepared by Solargis and published by the World Bank Group was utilized (downloaded from https://globalsolaratlas.info/download (accessed on 1 February 2022)). For this method, the introduction potential was calculated solely from the building polygon data using Equation (3), and any building polygon with an area smaller than 10 m2 was not considered in the estimation.



The DNI raster data were extracted from the study area, and the largest value was 3.686 kWh/m2/day. The raster data were converted to points, and the spatial join function was applied to attach the DNI value to the closest building polygon so that each building polygon had a DNI value. The shadow factor S was calculated as the DNI value attached to each building polygon divided by the maximum DNI value in the study area, which was 3.686 kWh/m2/day. The annual solar power generation amount for each building was estimated using Equation (4), and H = 3.74 was used, assuming that all the roofs were flat.




2.2.6. Three Scenarios Based on Variable Coefficients


Three scenarios were set based on the variable coefficients of I, α, and K, which were updated from Matsumoto et al. [20] using the recent manufacturer’s information (Table 3). The coefficient I stands for the conversion efficiency of the PV module, and the value ranges from 0.142 to 0.226 among 88 solar PV products from 11 panel manufacturers in the Japanese market [42,43,44,45,46,47,48,49,50,51,52]. The α represents the percentage of rooftop area which can be installed with solar PV, and the maximum value 96% was found in Kaname Solar [38]. The minimum value of α, 32.4%, was the average ratio of the solar panel installation area to the roof area calculated from the solar panel detection data in Nagoya City as described by Matsumoto et al. [20]. The K is the overall loss factor multiplied by the 𝐿c (Loss due to cell temperature rise), 𝐿p (Loss due to power conditioner) and 𝐿d (Other loss, such as dirt). The values for 𝐿c (0.046–0.150) and 𝐿p (0.03–0.06) varied between manufacturers of solar PVs and power conditioners, and since there was no large difference for 𝐿d between manufacturers, the constant value 0.05 was used [42,43,44,45,46,47,48,49,50,51,52].



Scenario A was used to obtain the maximum potential at the current technology level, using the upper limit of the three variable coefficients I, α, and K. Scenario B was used to obtain the standard potential at the current technology level using the average value of I and K and the median of α. Scenario C was used to find the least available potential at the current technology level using the minimum value of I, α, and K.




2.2.7. Regression Analysis


Regression analysis was carried out for the annual solar power amount generated by each building’s roof to determine the relationship between the results estimated by Method 3 and Method 1 and between Method 1 and Method 2. The building polygons were included in the simple linear regression analysis only when the results estimated by all three methods were larger than 0. The number of building polygons used in the regression analysis was 283,501. In addition, regression analysis was performed for flat and inclined roofs.





2.3. Estimated Solar Power Generation Potential in Aichi Prefecture


The solar power generation potential in Aichi Prefecture was estimated by Method 3 and extrapolated to the results estimated by Method 1, which is the most accurate method. The building polygon data of the year 2020–2021 was downloaded from the GSI (https://fgd.gsi.go.jp/download/mapGis.php (accessed on 19 February 2022)). Building polygons with areas smaller than 10 m2 were excluded. After the solar power generation potential for each building was calculated by Method 3, the result was multiplied by the ratio of the total electricity generation potential of solar PV in the study area estimated by Method 1 to the total electricity generation potential of solar PV in the study area estimated by Method 3, representing the hypothetical result estimated by Method 1. The results under scenario B were integrated into a 125 m grid using the “Summarize Within” function to create a heatmap of solar power potential for Aichi Prefecture.





3. Results


3.1. Estimation of Introduction Potential of Each Roof


The introduction potential (installed capacity) of the solar PV of each roof in western Aichi was calculated using three methods under scenarios A, B, and C. The total introduction potential of solar PV in western Aichi and the total number of buildings with introduction potential estimated by the three methods are listed in Table 4. The total number of buildings with an introduction potential of solar PV estimated by Method 3 was the largest, followed by Method 1 and Method 2. For Method 3, because the introduction potential was solely estimated from the building polygon data without building height data, buildings with an area less than 10 m2 were excluded. For Methods 1 and 2, in addition to buildings with an area less than 10 m2, buildings with a height less than 1.5 m determined by the DCM were also excluded. Because the building height was determined by DCM created from LiDAR data and AW3D data in Method 1 and Method 2, respectively, the number of buildings with heights lower than 1.5 m in Method 2 (126,823) was much larger than that in Method 1 (46,059). Therefore, the total number of buildings with an introduction potential of solar PV in Method 2 was smaller than that in Method 1.



An example of the introduction potential of each roof estimated by Method 3 under three scenarios in a part of the study area is shown in Figure 5. The maximum potential at the current technology level is depicted in scenario A, the standard potential is shown in scenario B, and the least available potential appears in scenario C. Because the value of the introduction potential of each roof was only determined by the rooftop area, the potential increased with the area.




3.2. Estimation of Annual Solar Power Generation in Western Aichi by Different Methods


The annual power generation by solar PV of each roof in western Aichi was estimated using three methods under scenarios A, B, and C. Table 5 shows the total electricity generation potential of solar PV in western Aichi and the total number of building polygons with an electricity generation potential as estimated by the three methods. The total electricity generation potential of solar PV in the study area estimated by Method 1 was approximately 70% of the result calculated by Method 3, and the result estimated by Method 2 was approximately 75% of the result of Method 3. The number of buildings with an electricity generation potential of solar PV estimated by Method 3 (435,676) was the largest, followed by Method 1 (371,755) and Method 2 (327,582). At this stage, due to lack of electricity generation potential, the building polygon without solar radiation data was excluded from the estimation.



Figure 6 shows an example of the electricity generation potential of solar PV by each building’s roof estimated by the three methods under Scenario B in a part of the study area. Buildings with large rooftop areas have higher solar power generation potential. Conversely, a small building beside large, tall buildings has lower solar power generation potential due to the shadow effect of the surrounding buildings.



Figure 7 shows differences in the estimation results of the solar power potential of each roof calculated through different methods under Scenario B in part of western Aichi. This figure illustrates that there is a greater difference between the results from different methods when a roof with a large area was the subject. Additionally, the solar power potential of the large roof estimated using LiDAR data (Method 1) and AW3D data (Method 2) was less than the result estimated by Solargis data (Method 3).



The number and cumulative proportion of buildings in terms of the solar power potential of each roof (kWh/year) in the study area estimated by the three methods under Scenario B are shown in Figure 8. The total number of buildings was 475,764, including buildings without solar power potential (height lower than 1.5 m or roof area less than 10 m2). The standard potential of annual solar power generation of more than 90% of buildings at the current technology level (Scenario B) was smaller than 30,000 kWh/year in the study area estimated by the three methods. For Method 2, the annual solar power potential of 31% of the total buildings was under 1000 kWh/year. This was because 126,823 buildings lacked solar power potential due to the fact that their height was less than the 1.5 m set by the DCM based on the AW3D data. Excluding this factor, the majority (22.5%, estimated by Method 2, to 27.7%, estimated by Method 1) of total buildings in the study area had an annual solar power potential between 5000 and 10,000 kWh/year. Method 1 included the analysis of roof structure, while Method 2 and Method 3 treated all roofs as flat, and parameter H for a flat roof (3.74) was larger than most of the other angles and aspects in Table 2; therefore, the distribution of the number of buildings shifted left for Method 1 in Figure 8. In terms of buildings with solar power potential larger than 10,000 kWh/year under Scenario B, the number of buildings in Methods 2 and 3 was higher than that in Method 1, because the buildings with large roof areas included some factories whose roofs were not flat. In this case, the solar power potential estimated by Methods 2 and 3 would be greater than that estimated by Method 1.



The electricity generation potential of solar PV estimated by the three methods in western Aichi under Scenario B is shown in Figure 9. The distribution pattern of solar power generation potential was similar for all the three methods. As for Method 2, since 26.7% of the total buildings in the study area were excluded due to the building height, the excluded buildings were mostly located in the southwestern and northern regions of the study area, which is the rural part of Nagoya City.




3.3. Regression Analysis


Regression analysis was performed between the annual solar power generation potential for each roof calculated by Method 3 and Method 1, as well as between Method 3 and Method 2 under scenario B.



In addition, regression analysis was conducted for flat roofs and inclined roofs, which were classified during the analysis of the roof structure in Method 1. The parameters of the regression analysis are listed in Table 6. The value of R-square was notably high, indicating a strong relationship between the results calculated by different methods.




3.4. Rooftop Solar Power Potential in Aichi Prefecture


The estimated annual rooftop solar power generation amount in Aichi Prefecture was 3.58 × 107 MWh/year under Scenario B (Figure 10), 6.92 × 107 MWh/year under Scenario A, and 1.27 × 107 MWh/year under Scenario C. The total number of building polygons included in the calculation was 3,351,960 (excluding buildings with roof areas smaller than 10 m2). The total residential electricity consumption in Aichi was 5.15 × 107 MWh in 2019 [53], indicating that the rooftop solar power could satisfy the residential power demand if all the available roofs were installed with solar panels under Scenario A. The rooftop solar PV potential was mainly concentrated in the western region of Aichi Prefecture, especially in Nagoya City, because it is an urbanized city with numerous high-rise buildings. The solar PV potential in the eastern part was low because the area was mountainous and sparsely populated.





4. Discussion


4.1. Parameter Settings


For Method 1 in this study, we referred to the methodology of Matsumoto et al. [20]. However, we made revisions to the parameters regarding the variable coefficients used for the calculation in three scenarios, the threshold of the minimum height of the building and the minimum rooftop area (Table 7).



In terms of the variable coefficients I, α, and K, our approach varied from that of Matsumoto et al. [20] in that we considered two other panel brands and checked the updated parameters for 88 solar panels and 87 power conditioners in total. For the α used in Scenario C, we used the average ratio of the solar panel installation area to the roof area calculated from the solar panel detection data in Nagoya City from Matsumoto et al. [20]. For the threshold of the minimum rooftop area, we adopted 10 m2, referring to Schunder et al. [7] and Gagnon et al. [17], in contrast to the 2 m2 used by Matsumoto et al. [20]. In addition, we checked the rooftop area of 22,832 buildings detected with solar panel installation using the data from Matsumoto et al. [20] and found that 99.9% of buildings had rooftop areas larger than 10 m2 and the remaining 0.1% were smaller due to misalignment of panels and building polygons or errors in polygons.



According to the Enforcement Regulation of Building Standard Law, 2020, the height of a living room ceiling should be at least 2.1 m in Japan [54]. However, in Aichi, if 2.5 m were used as the lower limit of building height for the estimation of solar power potential, 235,220 buildings, constituting almost 48% of buildings in the study area, would be excluded based on the DCM created by the AW3D data. This could be attributed to the time lag between the AW3D Standard, acquired by the JAXA-ALOS satellite, and the building polygons provided by the GSI. Moreover, the effects of smoothed sheer edges in buildings could be another causative factor [55]. Therefore, we used 1.5 m as the lower building height limit for the estimation.




4.2. Comparison of the Three Methods


Comparing the three methods applied in this study, Method 1 using the LiDAR data was the most sophisticated and precise, and Method 3 using the Solargis data was the simplest and most convenient. Method 1 utilized high-resolution LiDAR data to create building height data and conduct a solar radiation analysis. It also included the analysis of the roof structure in determining the azimuth and slope of the roof to estimate the annual electricity generation amount by solar PV in each roof direction because the annual average slope solar radiation H was different for each combination of slope and aspect. Method 2 used 2.5 m resolution AW3D data and did not carry out the roof structure analysis, so all the roofs were treated as flat. Because H = 3.74 was used to estimate all the roofs, and it was larger than the value for the roofs facing east, west, and north (Table 2), the total annual solar power generation potential in western Aichi estimated by Method 2 was 7% higher than the results estimated by Method 1, although the total number of buildings included in the estimation was 13% less than that of Method 1. Method 3 directly utilized the DNI from Solargis as the solar radiation data instead of the solar radiation analysis using GIS. However, because the DNI from Solargis did not consider the shadow effect of the surrounding buildings and trees, the shadow factor S would be larger than the values in Method 1 and Method 2. In addition, H = 3.74 was also used for all the roofs in Method 3, so the results estimated by Method 3 were the largest. Although the results estimated by Method 1 had the highest accuracy, the analysis processes were considerably more complicated than in Method 3, and the high-resolution LiDAR data were difficult to obtain; therefore, Method 3 could be a feasible alternative when the data source was limited.




4.3. Regression Analysis


We conducted a regression analysis among the three methods to determine the relationship and conversion factor from Method 3 to Method 1. Because Method 3 was easy to adopt but overestimated the result, and Method 1 was sophisticated and time-consuming with high accuracy, a conversion factor could be obtained to extrapolate the result from Method 3 to a more realistic result for Method 1. Moreover, regression analysis was also performed for flat and inclined roofs because the annual average slope solar radiation H had different values for flat and inclined roofs when estimating the rooftop solar power potential using Method 1. In the case of Japan, most of the houses in rural areas are detached with inclined roofs, while high-rise buildings with flat roofs predominate in the urban region. The general equation for all roofs was y = 0.837x to convert the results of Method 3 to Method 1. In addition, y = 0.837x could be applied to the urban region, and y = 0.836x could be applied in the countryside if the study focus was on each building. If the situation is similar in other countries, this relationship can be utilized. However, when the estimation of solar power potential over a wide area is the main topic of research, a coefficient of 0.7 (the ratio of total annual solar power generation potential in the study area estimated by Method 1 to the result estimated by Method 3) could be applied to the result estimated by Method 3.




4.4. Comparison with Other Studies


Because of the high price, long processing times, and complicated procedures when using high-resolution remote sensing data, previous studies considering rooftop shape during the estimation of rooftop solar power potential usually used small study areas. Mavsar et al. [16] utilized LiDAR data to estimate the rooftop PV potential for a school center in Slovenia. LiDAR data were also used by Nelson and Grubesic [19], Tiwari et al. [56], and Quirós et al. [18] to assess rooftop PV potential, and the study areas were 0.265, 0.45, and 36 km2, respectively. The solar PV potential of a 5 km2 area in Beijing was estimated using 0.9 m resolution Pleiades DSM and 0.2 m resolution satellite images [25]. Similarly, Mansouri Kouhestani et al. [57] evaluated the technical and economic potential of rooftop solar power for 55,877 buildings in Lethbridge, Alberta, Canada using 1 m resolution LiDAR data. High-resolution remote sensing data can be applied to a precise evaluation of the rooftop solar power potential for a small area. However, it is difficult and time-consuming to apply to a large area.



Some studies also carried out the estimation of rooftop solar PV potential for a wide region. Joshi et al. [58] assessed global rooftop solar PV potential by demarcating rooftop area from the global landcover layer with 100 m resolution and assumed that 100% of the estimated rooftop area was available for solar PV installation. The potential PV capacity of China’s 239 airports was evaluated, and the available area of terminals and parking lots was measured by Google Earth Pro [59]. Hołuj et al. [60] estimated rooftop solar PV potential in three urban sprawls in Poland including the analysis of azimuth and angle of each roof; however, they used average annual sunlight for the calculation and did not consider the shadow effect. Monna et al. [32] explored the solar PV potential on the rooftops of residential buildings in Jordan, but they just selected four types of building typologies and the available roof area were determined for each type. Solar energy potential of urban buildings including roof and façade area were calculated for 10 cities in China, considering shading effects and weather impacts, but the analysis of roof structure was omitted [61]. Studies which estimated rooftop PV potential covering a large region usually only took into account rooftop area, but the roof morphology was neglected; however, the modeling of roof structure is necessary for the precise evaluation of solar power potential, since the received solar radiation on the rooftop is diverse for different azimuths.



Our study used three different approaches to estimate rooftop solar power potential for an area of 229 km2, including 475,764 buildings. For the LiDAR analysis, we modeled roof structure including slope and azimuth for each building, and the detailed assessment of solar radiation for each roof considering the shadow effect was also conducted. Moreover, through the regression analysis between different approaches, we developed a method with general applicability for vast areas with high accuracy when high-resolution remote sensing data are not available. This methodology could facilitate city planning for the penetration of solar PVs and the analysis of energy structure.




4.5. Limitations


The estimation of global solar radiation by LiDAR and AW3D data was performed using the solar radiation analysis tool in ArcGIS Pro, and the higher the spatial and temporal resolution of the analysis, the more accurate the results. However, because the processing capacity of the PC used was limited (Core i9-9900X, RTX 2080Ti, 64 GB memory), the sky size was set to 100 m and the daily time interval was set to 2 h, using the average of four particular days: the summer solstice, spring equinox, autumn equinox, and winter solstice. In future work, it will be necessary to calculate the monthly average solar radiation for each of the 12 months with a larger sky size and a shorter daily time interval and verify the accuracy.



Regarding Method 2, this study used 2.5 m raster data from the AW3D Standard that covers the entire global land area, to calculate the DCM and perform the solar radiation analysis. There is a more precise DSM in a 0.5 m grid from AW3D Enhanced, but it does not cover the whole region. If an accurate estimation of the solar power potential for a small area is required, it may be better to use the data from AW3D Enhanced.



Although a roof structure analysis to evaluate the slope and azimuth of the roofs was included in Method 1, it produced only an approximate value, and the shape and pattern of the roof could be much more complicated in reality. Therefore, the actual installable rooftop area of the solar PV system might be smaller than that of the estimated results.



Since the purpose of this study was to estimate the maximum potential of rooftop solar power over a wide area, roofs in all directions were considered, including the north-facing roofs. However, the cost of panel installation was not considered in this study. To apply the estimated results to a regional energy policy dealing with individual buildings, it would be necessary to conduct a cost analysis in the future.



This study only considered the rooftop solar power potential. However, in the future, it will be necessary to make estimations encompassing various technological advances, such as installation on vacant lots or on the walls of high-rise buildings.





5. Conclusions


The purpose of this study was to propose a method to estimate the rooftop solar power potential over a wide area by using a conversion factor obtained from LiDAR analysis. First, this study estimated the rooftop solar power potential in western Aichi, Japan using three methods. Subsequently, a regression analysis was conducted between the results of different methods to identify a conversion factor. Next, we estimated the rooftop solar power potential in the entire Aichi Prefecture using Method 3 and adjusted it by the conversion factor to improve the results.



Before this adjustment, the rooftop solar power potential in western Aichi estimated by Method 3 was the largest. The total electricity generation potential estimated by Method 1 and Method 2 was 70% and 75% of the result calculated by Method 3. Method 1 used LiDAR data to estimate the solar power potential, including the analysis of the roof structure and was the most complicated and precise method used in this study. Method 2 utilized AW3D data and was less complicated than Method 1. Method 3 only used the building polygon data and solar radiation data from Solargis to estimate the solar power potential. The Method 3 process was the simplest, and after applying the conversion factor 0.837 obtained from the regression analysis, the results were as accurate as those estimated by Method 1. The annual rooftop solar power potential of 3,351,960 buildings in Aichi Prefecture under Scenario A, B, and C was 6.92 × 107, 3.58 × 107, and 1.27 × 107 MWh/year, estimated using Solargis data after the adjustment. The estimated solar power potential under Scenario A could satisfy the total residential power demand in Aichi, revealing the importance of rooftop solar power in alleviating the energy crisis from urban sprawl.



In this study, a simple but holistic methodology was developed to estimate the rooftop solar power generation potential over a wide region. This method can be easily applied worldwide using globally available data from Solargis if building polygon data are available. However, the new conversion factor has to be preceded before applying this method in an area where roof structures are largely different from those in Japan, and the regression analysis between the method using solar radiation data from Solargis and the method including detailed rooftop modeling is necessary.



The results of this study would help city planners to achieve a carbon-neutral society. In future studies, the cost of panel installation should be analyzed, and the various scenarios to install the solar PV in addition to the rooftop case should also be considered.
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Figure 1. Structural framework of this study. 
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Figure 2. Geographical location of the study area. 
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Figure 3. Building height data in a part of the target area (the value of building height is the average value in 1 m2 after LiDAR data arrangement). 
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Figure 4. Flow of the analysis of building height and roof structure. 
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Figure 5. Introduction potential of each roof under three scenarios in a part of western Aichi using Solargis data (Method 3): (a) Scenario A, (b) Scenario B, and (c) Scenario C. 
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Figure 6. The electricity generation potential of solar photovoltaic (PV) estimated by three methods in a part of western Aichi (Scenario B): (a) Method 1 (b) Method 2 (c) Method 3. 
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Figure 7. The differences in the estimation of solar power potential of each roof (a) between Method 1 and Method 3 (b) between Method 2 and Method 3 under Scenario B (kWh/year). 
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Figure 8. Number and cumulative proportion of buildings in relation to the solar power potential of each roof (kWh/year) in study area estimated by three methods under Scenario B. 
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Figure 9. The electricity generation potential of solar photovoltaic (PV) estimated by three methods in western Aichi (Scenario B): (a) Method 1 (b) Method 2 (c) Method 3. 
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Figure 10. Estimated annual rooftop solar power generation amount in Aichi Prefecture under Scenario B (the results were summarized into a 125 m grid). 
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Table 1. Overview of the data source.
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	Data
	Spatial Resolution
	Time
	Data Source





	Original and ground data of LiDAR
	
	Surveyed in 2016 and published in 2017
	GSI



	AW3D
	2.5 m × 2.5 m
	Published in 2019
	JAXA, RESTEC and NTT DATA



	DEM
	5 m × 5 m
	2020
	GSI



	DNI
	250 m × 250 m
	2020
	Solargis



	Building polygon shapefile
	
	2015–2016
	GSI
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Table 2. Annual average slope solar radiation per day for Nagoya City (kWh/m2/day).
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Aspect (°)




	

	

	
South (0°)

	
15

	
30

	
45

	
60

	
75

	
East, West (90°)

	
105

	
120

	
135

	
150

	
165

	
North (180°)






	
Slope (°)

	
0

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74

	
3.74




	
10

	
3.98

	
3.97

	
3.94

	
3.90

	
3.84

	
3.77

	
3.70

	
3.63

	
3.55

	
3.49

	
3.44

	
3.41

	
3.40




	
20

	
4.13

	
4.12

	
4.07

	
3.99

	
3.88

	
3.76

	
3.62

	
3.48

	
3.34

	
3.21

	
3.11

	
3.04

	
3.01




	
30

	
4.21

	
4.18

	
4.12

	
4.01

	
3.86

	
3.69

	
3.50

	
3.29

	
3.09

	
2.90

	
2.74

	
2.63

	
2.59




	
40

	
4.18

	
4.16

	
4.08

	
3.94

	
3.78

	
3.57

	
3.34

	
3.09

	
2.84

	
2.60

	
2.39

	
2.26

	
2.22




	
50

	
4.07

	
4.04

	
3.95

	
3.81

	
3.62

	
3.40

	
3.15

	
2.87

	
2.59

	
2.31

	
2.08

	
1.94

	
1.90




	
60

	
3.86

	
3.83

	
3.75

	
3.61

	
3.42

	
3.19

	
2.93

	
2.65

	
2.35

	
2.06

	
1.81

	
1.67

	
1.63




	
70

	
3.57

	
3.55

	
3.47

	
3.34

	
3.16

	
2.95

	
2.69

	
2.41

	
2.12

	
1.85

	
1.61

	
1.45

	
1.40




	
80

	
3.21

	
3.20

	
3.13

	
3.02

	
2.87

	
2.67

	
2.44

	
2.18

	
1.91

	
1.66

	
1.44

	
1.29

	
1.24




	
90

	
2.80

	
2.79

	
2.75

	
2.67

	
2.55

	
2.38

	
2.18

	
1.95

	
1.72

	
1.49

	
1.31

	
1.19

	
1.14








Source: NEDO Solar Radiation Database [41].
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Table 3. Three scenarios of variable coefficients I, α, and K.
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Scenario

	
A

	
B

	
C




	
Description

	
Maximum Potential at Current Technology Level

	
Standard Potential at Current Technology Level

	
Minimum Potential at Current Technology Level






	
I

	
0.226

	
0.192

	
0.142




	
α

	
0.960

	
0.642

	
0.324




	
K

	
0.879

	
0.800

	
0.759
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Table 4. Total introduction potential of solar PV in western Aichi by three methods under each scenario.
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Method

	
Total Introduction Potential in Western Aichi (kW)

	
Number of Buildings with Introduction Potential

	
Buildings without Introduction Potential






	

	
Scenario A

	
Scenario B

	
Scenario C

	

	




	
1

	
9.75 × 106

	
5.54 × 106

	
2.07 × 106

	
375,698

	
Rooftop area < 10 m2 or building height < 1.5 m




	
2

	
8.95 × 106

	
5.08 × 106

	
1.90 × 106

	
327,582

	
Rooftop area < 10 m2 or building height < 1.5 m




	
3

	
1.08 × 107

	
6.14 × 106

	
2.29 × 106

	
435,676

	
Rooftop area < 10 m2
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Table 5. Total electricity generation potential of solar PV in western Aichi estimated by three methods under each scenario.
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Method

	
Total Electricity Generation Potential (kWh/year)

	
Number of Buildings with Solar Power Potential






	

	
Scenario A

	
Scenario B

	
Scenario C

	




	
1

	
8.88 × 109

	
4.59 × 109

	
1.63 × 109

	
371,755




	
2

	
9.51 × 109

	
4.92 × 109

	
1.74 × 109

	
327,582




	
3

	
1.27 × 1010

	
6.58 × 109

	
2.33 × 109

	
435,676
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Table 6. Parameters of the regression analysis of solar power potential for each building estimated by different methods.
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	Regression Analysis
	All Roofs
	Flat Roofs
	Inclined Roofs





	No. of building polygons
	283,501
	63,650
	219,851



	Method 3 (y) vs. Method 1 (x)
	y = 0.837x
	y = 0.837x
	y = 0.836x



	R2
	0.992
	0.992
	0.992



	Standard Error
	4601
	6993
	3625



	Method 3 (y) vs. Method 2 (x)
	y = 0.889x
	y = 0.885x
	y = 0.894x



	R2
	0.998
	0.997
	0.998



	Standard Error
	2552
	4109
	1845
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Table 7. Comparison of parameter settings of this study and those used by Matsumoto et al. [20].
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Matsumoto et al. [20]

	
This Study




	
Method 1

	
Method 2

	
Method 3






	
Data used

	
LiDAR data and building polygons

	
LiDAR data and building polygons

	
AW3D data and building polygons

	
Solar radiation data and building polygons




	
Study area

	
Western Nagoya (152.51 km2 and 298,903 buildings)

	
Western Aichi (229.43 km2 and 490,203 buildings)




	
Minimum building height (m)

	
0.5

	
1.5




	
Minimum rooftop area (m2)

	
2

	
10




	
Variable coefficients I, α, and K

	

	
Scenario A

	
Scenario B

	
Scenario C

	

	
Scenario A

	
Scenario B

	
Scenario C




	
I

	
0.221

	
0.188

	
0.147

	
I

	
0.226

	
0.192

	
0.142




	
α

	
0.960

	
0.720

	
0.480

	
α

	
0.960

	
0.642

	
0.324




	
K

	
0.879

	
0.802

	
0.751

	
K

	
0.879

	
0.800

	
0.759




	
Number of panel manufacturers checked

	
9 (including 56 solar panel products and 46 power conditioners)

	
11 (including 88 solar panel products and 87 power conditioners)
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