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Abstract

:

The exponential growth of population and industries has brought about an increase in energy consumption, causing severe climatic and environmental problems. Therefore, the move towards green renewable energy is being ever more intensified. This study aims at estimating the rooftop solar power production for Tehran, the capital city of Iran, using a Geospatial Information System (GIS) to assess the big data of city building parcels. Tehran is faced with severe air pollution due to its excessive fossil fuel usage, and its electricity demand is increasing. As a result, this paper attempts to provide the quantified solar power potential of city roof tops for policymakers and authorities in order to facilitate decision-making in relation to integrating renewable energies into the power production infrastructure. The results shows that approximately 3000 GWh (more than 14% of the total electric energy consumption) of solar power can be produced by the rooftop PV installations in Tehran. The potential nominal power of rooftop PV installations is estimated to be more than 2000 MW, which is four times the current installed PV capacity of the whole country. The findings of the study suggest that there is great potential hidden on the rooftops of the city, which can be utilized to assist the power systems of the city in the longer run for a more sustainable future.






Keywords:


renewable energy; solar power; photovoltaic; GIS; PV; rooftop; Tehran












1. Introduction


The rapid growth of global energy consumption and the escalating concerns over climate change have intensified the quest for sustainable and renewable energy sources. Iran, as a nation characterized by substantial energy consumption and production, faces increasing challenges arising from its heavy reliance on fossil fuels. The country is among the highest CO2-emitting nations in the world, with electricity production causing nearly one-third of the pollution [1]. The persistent use of non-renewable energy sources not only results in environmental degradation, but also poses economic and social implications. Tehran has been dealing with severe air pollution in recent decades and is one of the most polluted cities in the world [2,3]. The cost of health issues caused by air pollution is estimated to be approximately 5% of the total GDP of the city [4].



In spite of recent regulations and initiatives for renewable energy establishment, still, more than 85% of the electricity production relies on fossil fuel-based power plants (FFPP) [5]. The situation is even worse in Tehran, where FFPP accounts for nearly 96% of the electricity production, based on a report from Iran’s power generation, transmission and distribution management company (TAVANIR) in 2020. Figure 1a shows the distribution of electric power plants in Iran based on the latest report from TAVANIR published 18 June 2023. The notable point is that renewable energy resources (RES) contribute only 1.2% of the 91,000 MW nominal power capacity of the whole country. Figure 1b depicts the distribution of these RES plants.



Based on the latest reports from TAVANIR, during the hottest days of July 2023, a new historical maximum consumption record above 70,000 MW was recorded for the country. This puts a lot of pressure on the power production network of Iran, resulting in power outages. To prevent blackouts and cope with the supply–demand gap in the summer of 2022, the government was forced to limit the power usage of electricity-intensive industries and office hours [6].



Considering the increase in power demand and environmental problems, the need to adopt clean and sustainable energy solutions is becoming paramount. Among these, solar photovoltaic (PV) systems have emerged as a promising solution, offering clean, abundant, and inexhaustible energy from the sun [7]. Rooftop solar PV installations, in particular, present a compelling opportunity to harness solar energy within urban environments, optimizing space utilization within cities, preventing conflicts with other sectors such as food production, reducing dependence on traditional fossil fuels and eventually moving towards green net-zero-energy buildings [8]. The incorporation of intelligent systems within renewable energy production can further increase the efficiency in the power generation sector [9].



Iran, a country endowed with abundant solar irradiance and an expanding urban landscape, is positioned to exploit the enormous potential of rooftop solar PV technology [10]. The capital city, Tehran, as the core of Iran’s economic and cultural activities, has experienced unprecedented urban development over the years, resulting in an increased demand for electricity [11]. To address this growing energy demand sustainably, there is an urgent need to assess the rooftop solar PV power production potential across the metropolitan area.



This paper endeavors to explore the untapped potential of solar energy, particularly through rooftop photovoltaic (PV) installations, in the Tehran metropolitan area. It presents a comprehensive study focusing on a large-scale rooftop solar PV power production potential assessment for the Tehran metropolitan area. By quantifying the capacity for solar energy generation in this urban setting, the study seeks to provide valuable insights for policymakers, urban planners, and energy stakeholders and thus facilitate informed decision-making towards the integration of renewable energy solutions into the existing energy infrastructure, moving towards cleaner energy production and decreasing its carbon footprint. Furthermore, the findings will facilitate the formulation of effective strategies for integrating renewable energy into the current energy system, thus accelerating Iran’s sustainable development goals and its commitment to combat climate change.



The remainder of the paper proceeds as follows: Section 2 presents a detailed literature review of different methods and various aspects of rooftop PV potential assessment. Section 3 discusses the study area, data used and the methodology employed. Then, Section 4 provides the results obtained within this research. Discussion of the results of the study, as well as its limitations and potential future research areas, are presented in Section 5. Finally, Section 6 concludes the work by providing final remarks.




2. Literature Review


The interest in studying rooftop-mounted solar PV power potential assessment has risen worldwide in recent years. Based on the literature, the most important steps when addressing rooftop PV potential are, first, to accurately estimate the available rooftop area to be used for installing PV modules. In this regard, Geospatial Information System (GIS) in combination with various methods such as sampling, geostatistical, modeling and machine learning (ML) methods, together with satellite imagery, LiDAR and digital surface models (DSMs), has been used to calculate the available roof area [12]. Then, the amount of solar irradiation in the available area must be determined. There are various ways to estimate received solar power in a region, including physical, empirical and semi-empirical models that basically use satellite data to acquire the main meteorological parameters for modeling purposes [13]. The last aspect of these estimations is the technical part, concerning the PV technologies available, along with different design approaches and their performance and loss rates. Here, we present a brief literature review of the state-of-the-art research on this subject, focusing on the aforementioned aspects, along with studies on this subject for Iran. For a more detailed review of works conducted, readers can refer to the following articles [12,14,15].



Estimating the available roof area to be exploited for PV panel establishment is the primary step in rooftop PV potential assessment. Izquierdo et al. developed a method to estimate the available roof area using land use and population density data to compute the rooftop solar energy potential of cities of Spain [16]. They reported an available roof area of 14 ± 4.5 m2 per capita in Spain to install PV modules. In another study on Andalusia in Spain, Ordóñez et al. [17] developed a statistical method to calculate available roof area based on the number and typology of buildings. Moreover, they considered different design scenarios and evaluated their respective power outputs. They found that there is a 9.73 GW per year potential in the rooftops of the residential buildings in the study area. Singh and Banerjee [18] proposed a method to estimate building footprint areas from land use data, which they later used to estimate the available roof area for PV installation. For obtaining the solar irradiation, they used data from a reference book and the Liu Jordan physical model to compute the plane-of-array (POA) solar irradiance. They also performed simulations using the PVSyst software to acquire appropriate ratio values for estimating available roof area and solar irradiance in the study area of Mumbai, India. They computed the potential power production as 2190 MW, which could provide more than 14% of the consumption of city. Furthermore, they evaluated the potential output power of various types of PV modules.



Satellite imagery and DL methods have shown promising results in terms of accurate available roof area [19]. Jo and Otanicar employed object-based image analysis (OBIA) on high-resolution satellite imagery to omit rooftop objects from the final roof area and calculate their shadowing effect [20]. The results show that the proposed method of roof area detection for the PV installation had a 4.21% error rate. In another study, Zhong et al. [21] proposed an approach to extract the roof area from satellite imagery using deep learning (DL) with 92% accuracy. They considered the rooftop as a horizontal plane, and thus used global horizontal irradiance (GHI) to determine potential solar irradiation and computed the yearly solar power output to be 311,853 GWh for the city of Nanjing, China. Jiang et al. [22] took advantage of DL methods for both estimating roof area available from satellite images and solar irradiance from geostationary satellites.



One of the most determinative parameters affecting the PV panels’ performance is shadowing, which can have several sources, such as adjacent panels, roof features, and surrounding building and trees. GIS has been beneficial in this regard, employing spatial analyses for computing shadowed areas based on 3D building data. Hong et al. developed a method to analyze the effects of building shadowing on the available roof top area through hillshade spatial analysis [23]. They acquired the footprint area of buildings along with the number of floors to calculate the shadowed area, and exclude it from the overall roof area. They estimated the available roof area of the Gangnam district in Seoul to be 4.96 km2, with a potential 1130 GWh annual solar power production. Pinna and Massidda, in their study [24], used DSM data to consider rooftop orientation and slope in their estimation of rooftop solar power potential for Cagliari, Italy. They also developed an algorithm for computing the shading effect using the DSM model, which they have published in open source format on GitHub. Rodríguez et al. [25] used 3D CityGML models to extract roof area based on geometric building models through the SimStadt software developed by the university of Stuttgart. In an extensive study, Walch et al. [26] evaluated the rooftop PV potential of Switzerland through a comprehensive method combining ML, GIS and physical solar irradiance models. They developed 3D CityGML models of a building to derive its roof geometry products, such as slope, orientation and available area, to run simulations on different PV panel design. They also used the DSM model together with ML methods to quantify shading effects. Moreover, they employed physical models and meteorological data to compute solar irradiance, and then used ML to extrapolate their calculation for the entire area. They applied their methodology to 9.6 million rooftops throughout Switzerland, and the results revealed that 55% of the total roof area is available for PV installations, which could produce an annual power of 24 ± 9 TWh, equivalent to 40% of the country’s electricity demand.



A small portion of research has focused on the different PV modules’ performances under various ecological and geographical circumstances. For example, Huld and Amillo [27] studied the performance of two module types in a large-scale area of Africa–Europe–Asia in relation to multiple factors, including module reflectivity, solar spectral variations, air temperature and wind. They found that the most noticeable effect is on temperature and irradiance.



Finally, there are studies that focus on the financial potential, and combined it with previous levels of assessments to evaluate the degree to which this potential is feasibly exploitable. Furthermore, they provide results that can be of utmost importance for decision-makers and authorities. Gautam et al. [28] studied the energy usage and electricity consumption situation in Nepal, and assessed the potential power output and economic feasibility of deploying PV panels on rooftops. Mainzer et al. [29], after computing the potential rooftop solar power for each municipality in Germany, evaluated the outcome relative to the electric loads of municipalities to propose policies for maximizing the solar power, and also assessed the technical potential under different scenarios. In a global-scale big data study, Joshi et al. [30] studied the potential rooftop PV, combining the bottom-up and top-down approaches using a fishnet DL method. They estimated the global potential to be 27 TWh/year out of 0.2 million km2 available rooftop area.



Regarding the research study area, much of the work mainly concentrates on the overall potential of the country to adopt a solar PV system, and demonstrates this potential through economic evaluation [31,32,33]. In [34], using a multi-criteria decision-making method, the authors have shown possible hurdles in the way of PV adoption in Iran. They found that the most prominent negative features are the disordered economic state and the cumbersome nature of paperwork and bureaucracy. The recommended solutions were identified as financial incentives. In another study, a fuzzy logic decision-making method was employed to determine which provinces of Iran are most capable of adopting PV power plants using social, technical, economic and environmental criteria [35]. There is also some research that has used GIS methods to assess PV solar energy usage in Iran [36,37,38].



According to the existing literature, a notable gap exists in the assessment of the rooftop solar power potential within Iran, despite its geographical location that should dispose it to taking advantage of this clean and abundant energy. Regarding the country, much of the previous research has aimed at detecting the most suitable site the construction of large-scale PV power plants, rather than rooftop-integrated PV installations. Therefore, this research intends to cover this gap and quantitatively explore the potential of urban rooftops to produce electricity from solar energy. It endeavors to provide a much more realistic value of the potential power generation in order to improve awareness among policymakers and decision-makers in the move towards clean solar energy.




3. Materials and Methods


The overall methodology adopted in this study is presented in Figure 2. As can be seen, the top-down approach has three main aspects. In the first level, the exploitable roof area is calculated. Then, using spatial analysis and the solar irradiation layer, the potential power output for the area estimated in the first step is computed. Finally, the parameters related to the technical potential of PV panels are applied to yield a final estimation of possible power output.



3.1. Study Area


The metropolitan area of Tehran, the capital city of Iran, is chosen for this research. Its geographical extent ranges from   51 °  4 ′    to   51 °   36  ′    longitudes and from   35 °   34  ′    to   35 °   50  ′    latitudes (Figure 3). It had a population of nearly 9 million according to official census data from 2016, which now stands at 9.5 million (2022 population estimation data), with 16 million in the wider suburban area, which makes it the 29th most populated city in the world. The air pollution metrics in the city are quite high, and it experiences a large number of days with unhealthy air. It is a densely populated city, with most of the buildings being residential with high electricity consumption. On the other hand, it has great solar potential, with most of the days of year being sunny. Therefore, it is selected for the evaluation of rooftop PV potential. Figure 3 depicts the study area, with parcels data super imposed over the satellite imagery basemap.




3.2. Data


3.2.1. Land Parcels


City parcels with land use categories were acquired from the Tehran municipality for estimating the available roof area. The original data contained 24 categories. However, these categories have been merged into more general categories. Meanwhile, two categories of parcels (green spaces, military bases) with lower building footprint ratios (BFR) were omitted from the data. Moreover, parcels below 2.5 m2 were also removed from the final layer. Table 1 illustrates the numbers and percentages of parcels in different categories. As can be seen, most of the parcels are residential. The next largest categories are commercial and other buildings. The rooftop area will be extracted from these parcels’ areas. As mentioned earlier, a benefit of rooftop PV installations is that the land cost is not a factor, since it takes advantage of unused roof space.




3.2.2. Solar Irradiance


Since most of the roofs in Tehran are flat, for this study, we used global horizontal irradiance (GHI). GHI is the sum of direct and diffuse radiation received on a horizontal plane. We acquired the GHI raster layer from the “Global Solar Atlas” [39], which is an organization supported by the world bank that collects and applies state-of-the-art satellite data and methods, and produces different solar irradiation products for all regions of the world. They employ a semi-empirical method that is explained in detail on their website, which takes into account the atmospheric effects (aerosol, ozone, water vapor and cloud) and shading influences of the surrounding terrain. Moreover, they have carried out an extensive evaluation of the model’s output by comparing it to in-situ measurements made at more than 200 stations in different parts of the world under various weather conditions. The results show a ±4.0% degree of reliability [40]. Figure 4 displays the GHI layer for Iran (a) and Tehran (b), which is extracted via masking using the city border. We can see that the potential solar power for Tehran varies from a to b. Also, it is obvious that for most of the city, the value is high, except for in the mountainous parts located in the north of the city. However, the value is much higher compared to other countries that have employed PV plants, especially European countries, and even the ones positioned in southern areas.





3.3. Spatial Potential


The aim of this part of the methodology is to estimate the final exploitable roof area, as it is the backbone of rooftop PV potential assessments. Due to the lack of precise data on different roof geometries, and to increase the simplicity of computations, the available roof area is approximated progressively by applying empirical reduction coefficients. This approach is extensively employed in the literature [17,18,25,41] for its low computation cost and acceptable capacity to approximate real-world quantities.



In this regard, first, it should be noted that a building comprises only a portion of a parcel. The other portions comprise the yard, entertainment, parking and other usages. Therefore, a ratio must be determined to derive the building footprint area (BFA) from the whole parcel area. By 6 studying the literature [42,43], a preliminary assessment of building composition in Iran was carried out. Furthermore, by overlaying these findings on satellite imagery in the GIS environment, measurements were made on a random sample of buildings with parcels in each category, and their relative BFR coefficients (   C  B F R    ) were determined. The relative BFRs for each category of parcels are shown in Table 2.



Another important aspect when estimating spatial potential is roof typology. A certain portion of each rooftop can be exploited for PV panel installation. This is also mainly based on the typologies of the roofs. There are four main roof types studied in the literature, including flat, industrial, double-pitched and complex. The dominant roof type in Tehran is flat. Only a portion of industrial buildings use industrial roof type. This is also verified by inspecting satellite imagery. To compute the reduction rate (RR) of the two roof types, the first factor to be considered is the roof slope ( θ ), which is 0 for flat roofs, and is assumed to be 20 degrees for industrial buildings. A sizeable amount of roof area is occupied by heating, ventilation and air conditioning devices. This is taken into account by a roof devices coefficient    C d    of 0.5 for flat buildings and 0.8 for industrial roofs. A covering coefficient    C c    of 0.45 for both roof typologies is considered to account for the proper planning of PV panels, taking into account the shadowing of panels on each other and the optimal orientation towards sun. The next most important factor is the shadowing effect caused by objects and other buildings around a roof. Flat roofs are mostly used on residential building, and they host more devices compared to industrial buildings. Also, almost all residential buildings are surrounded by other residential building, as opposed to industrial buildings. Thus,    C  s h     values of 0.45 and 0.9 are adopted for flat and industrial roof types, respectively. Table 3 summarizes the various coefficients employed.




3.4. Physical Potential


As discussed before, the GHI layer within Solar Atlas is used in this study to assess physical solar potential. However, our contribution to the development of this phase is that, as opposed to previous studies that use a single value for a large region, we used zonal statistics to calculate the GHI value specific to each parcel. Zonal statistics can be used to calculate a value for a zone based on a statistic tool such as maximum, mean, sum, etc., using the values of the underlying raster layer (Figure 5).




3.5. Technical Potential


In the last step, the characteristics of PV modules must be considered. PV panels differ based on the materials used, and each has a different performance rate. Here, we consider the most widely used PV technology, a standard 60-cell mono-crystalline silicon panel with a size of 1.63 m2, which has a cell efficiency of 22.9% and a rating power of 300 W. There are different technologies with various cell efficiency values ranging from above 40% to 12%. We chose a commonly used type of PV module for this potential assessment task [44]. However, the panel efficiency was assumed to be    C  P V e f f   = 0.22   to be on the safe side. Other losses in the PV’s performance in outdoor conditions arise due to temperature, panel orientation, and installing restrictions. We consider the losses due to temperature and azimuth to be 10% (   C T  = 0.9  ,    C  A z   = 0.9  ). The losses that arise as a result of the surface reflection of panels, dust on PV arrays, cabling, and inverter efficiency are all summarized within the installation ratio coefficient (   C  I R   = 0.8  ).





4. Results


4.1. Roof Exploitable Area


The reduction coefficients for flat (   C F   ) and industrial (   C  I n d    ) roofs are calculated using Equations (1) and (2) below. Then, the roof reduction coefficient (   C  R R    ) can be calculated based on the percentages of roofs represented in every category (Equation (3)). Since roofs are mostly flat in Tehran, the value of    C  R R     is equal to the flat roof coefficient for almost all the categories, but for the industrial category, 60% of roofs are considered industrial, and the rest are flat.


   C F  =  C d  ∗  C c  ∗  C  s h     ~   0.1  



(1)






   C  I n d   =    C d  ∗  C c  ∗  C  s h     cos θ     ~   0.383  



(2)






   C  R R   =    C F  ∗  P F    +    C  I n d   ∗  P  I n d      



(3)




where    P F    and    P  I n d     are the percentages of flat and industrial roofs, respectively. The exploitable roof area (   A  E R A    ) is computed using Equation (4). Table 4 shows the    A  E R A     of each category, derived after applying the BFR and RR coefficients to the raw parcel area. We can see that 5.5% of the total 148 km2 parcel area in Tehran can be used for PV installation.


   A  E R A   = A ∗  C  B F R   ∗  C  R R    



(4)








4.2. Solar Potential


After deriving the exploitable roof area and a specific solar irradiation value for each building, we can calculate the potential power yields of the rooftops. When computing the solar irradiation value for each parcel, we used the zonal tool with mean statistics, which computes the mean values of pixels from the underlying georeferenced GHI layer (Equation (5)). Table 5 shows the exploitable area of each category, along with the potential received power of that area, as calculated by Equation (6).


   x ¯  =  1 n    ∑   i = 1  n   x i   



(5)




where   x ¯   is the mean GHI value for a zone (building parcel),  n  is the number and    x i    gives the values of the pixels in the GHI layer corresponding to the zone.


   E  P P R   =     ∑   i = 1  m   A i  ⋅ G H  I i    ⋅  C  B F R   ⋅  C  R R    



(6)




where    E  P P R     is the potential power received,    A i    is the parcel area,   G H  I i    is the GHI value for the parcel computed by zonal statistics and  m  is the number of parcels within a category.




4.3. Overall PV Potential


In order to obtain the final PV potential of the rooftop area, we have to apply the technical ratio. The total technical ratio (   C  T e c h    ) is calculated using Equation (7). The derived rate is a little above 14%, which coheres with the results of related studies on the efficiency of monocrystalline PV panels in outdoor environments [45,46]. This value is applied to the previous potential computed via Equation (6), and then we can obtain the overall PV production (   E  P V    ) through Equation (8). Additionally, by considering the standard PV panel features mentioned earlier, the potential install capacity for each category can also be estimated (   E P   ) via Equation (9). Table 6 summarizes the overall results acquired via the steps outlined below.


   C  T e c h   =  C  P V e f f   ⋅  C T  ⋅  C  A z   ⋅  C  I R   ~ 0.1425  



(7)






   E  P V   =  E  P P R   ·  C  T e c h    



(8)






   E P  =    A  E R A     1.63   ⋅ 300  



(9)









5. Discussion


The present study has attempted to estimate the potential power output of rooftop solar PV installations in Tehran, the capital of Iran. The methodology proposed is based on a multi-level framework within the GIS environment. Of the 214 km2 parcel area, 11.67 km2 is estimated as the roof area exploitable for PV panel installation, which represents 5.45% of the total parcel area. Based on the solar irradiation data, the power production for a year is calculated to be 3225 GWh. Considering the TAVANIR report, this amount corresponds to approximately 14% of the electricity consumption of Tehran in the year 1400 (national calendar system, 21 March 2021–20 March 2022)—23,450 GWh. On the other hand, the capacity potential is computed to be 2151 MW, which is nearly one-third of the July 2023 peak in the Tehran power distribution network. Moreover, this number is roughly four times the current PV capacity of the whole country (580.7 MW).



This work would benefit from several adaptations that would enable it to achieve a more accurate result. The main inputs of this assessment were roof area and solar radiation. If these were to be acquired in a more precise manner, the results would reflect a finer estimation. Therefore, a way to improve the current research could involve the acquisition and usage of more finely detailed building information to obtain the exact roof area and its geometry. Also, 3D data can be very useful in this regard when computing the shadow effects of buildings. Furthermore, the employment of a combination of physical–empirical methods for modeling the sun, its trajectory, its orientation, its azimuth, and other parameters in the area relevant to calculating different components of solar irradiance can yield an outcome more reflective of the real-world situation for potential solar power evaluation. Moreover, considering the financial aspects of such developments, including the PV panels’ efficiency through time and the requirements of other necessary equipment, could lead to a more realistic assessment, and help us determine the financial feasibility of using PVs in the more effective management of a renewable energy infrastructure.




6. Conclusions


In conclusion, this paper aims to bridge the existing knowledge gap by providing a detailed analysis of the rooftop solar PV power production potential of the Tehran metropolitan area, Iran. By deepening our understanding of the capacity for solar energy generation, stakeholders can devise more effective strategies that will foster the sustainable development of renewable energy sources, while contributing to Iran’s commitment to mitigate climate change and enhance energy security. The results show a potential yearly power production of approximately 3000 GWh as derivable from rooftop PV installations in Tehran city. This amount is around 14% of the total electricity consumption of the city. Other cities in more southern areas of Iran show even greater potential in solar power production, which highlights the great opportunity for green energy production and carbon footprint reduction in the country. A problem that is met in establishing PV plants is land acquisition, which is costly and controversial, as it might bring about conflicts with other sectors, such as agriculture. It can thus be regarded as a threat to the food production system—another important strategic factor for society. In cases of rooftop PV, though, there is no need to acquire new land, and it can exploit unused space on rooftops. The investigation into Tehran’s rooftop solar PV potential holds the promise of ushering in a new era of clean energy utilization, bolstering Iran’s energy security and environmental sustainability without causing conflicts with the food production system. By capitalizing on its natural solar resources and embracing rooftop PV installations, the nation can pave the way towards a greener and more sustainable future.
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Figure 1. (a) The nominal power capacities of different kinds of power plants in Iran. Fossil fuel-based power plants are in blue and non-fossil fuel-based ones are in green. (b) The distribution of various forms of RES plants in Iran (in MW). Source: Report published by TAVANIR on 18 June 2023. 
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Figure 2. The overall methodology of this study. 
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Figure 3. The study area with land parcels. 
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Figure 4. (a) The GHI layer for Iran. (b) The masked layer for Tehran. 
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Figure 5. The zonal statistics’ functionality. The cells whose centroids (red squares) fall within the zone marked in the green area are selected (yellow highlight) for statistical analysis, the results of which are stored as the value for the zone. 
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Table 1. The statistics of the parcel layer.
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	Land Use Category
	Number
	Percentage
	Area (km2)
	Percentage





	Residential
	719,427
	88.97%
	148.07
	69.13%



	Administration
	2186
	0.27%
	11.39
	5.32%



	Commercial
	39,122
	4.84%
	16.50
	7.7%



	Education
	3903
	0.48%
	1.56
	0.73%



	Entertainment
	990
	0.12%
	6.65
	3.11%



	Industrial
	7768
	0.96%
	4.99
	2.33%



	Infrastructure
	4557
	0.56%
	2.02
	0.94%



	Public Services
	7506
	0.93%
	4.11
	1.92%



	Transportation
	1748
	0.22%
	4.59
	2.14%



	Other
	21,396
	2.65%
	14.31
	6.68%



	Total
	808,603
	100%
	214.19
	100%










 





Table 2. The BFR for each category of parcels.
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	Category
	CBFR





	Residential
	0.55



	Industrial
	0.4



	Commercial
	0.45



	Infrastructure
	0.35



	Education
	0.4



	Public services
	0.4



	Entertainment
	0.4



	Transportation
	0.35



	Administration
	0.4



	Other
	0.45










 





Table 3. The roof area reduction coefficients for the two roof types.
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	Coefficient
	Flat
	Industrial





	θ 1
	0°
	20°



	Cd 2
	0.5
	0.8



	Cc 3
	0.45
	0.45



	Csh 4
	0.45
	0.9







1 roof slope angle; 2 roof devices coefficient; 3 panels covering coefficient; 4 shadowing effect coefficient.













 





Table 4. The exploitable roof area for each category after applying the reduction ratios.






Table 4. The exploitable roof area for each category after applying the reduction ratios.





	Category
	Area (m2)
	CBFR
	CRR
	AERA (km2)





	Residential
	148,070,071.46
	0.55
	0.1
	8.14



	Industrial
	11,392,848.36
	0.4
	   0.1 ∗ 0.4 + 0.383 ∗ 0.6 ~ 0.27   
	1.23



	Commercial
	16,503,993.77
	0.45
	0.1
	0.74



	Infrastructure
	1,561,705.58
	0.35
	0.1
	0.05



	Education
	6,645,727.94
	0.4
	0.1
	0.27



	Public services
	4,988,788.78
	0.4
	0.1
	0.2



	Entertainment
	2,015,453.33
	0.4
	0.1
	0.08



	Transportation
	4,106,075.41
	0.35
	0.1
	0.14



	Administration
	4,591,122.04
	0.4
	0.1
	0.18



	Other
	14,305,942
	0.45
	0.1
	0.64










 





Table 5. The exploitable roof area and potential received power for each category of buildings.
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	Category
	AERA (km2)
	EPPR (GWh/Year)





	Residential
	8.14
	15,760.54



	Industrial
	1.23
	2382.41



	Commercial
	0.74
	1437.7



	Infrastructure
	0.05
	105.79



	Education
	0.27
	514.48



	Public services
	0.2
	386.15



	Entertainment
	0.08
	156



	Transportation
	0.14
	278.14



	Administration
	0.18
	355.43



	Other
	0.64
	1246.36










 





Table 6. Summary of the results obtained.
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	Category
	Parcel Area (km2)
	AERA (km2)
	EPV (GWh/Year)
	Ep (MW)





	Residential
	148.07
	8.14
	2246.82
	1498.87



	Industrial
	11.39
	1.23
	339.64
	226.46



	Commercial
	16.50
	0.74
	204.96
	136.69



	Infrastructure
	1.56
	0.05
	15.08
	10.06



	Education
	6.65
	0.27
	73.34
	48.93



	Public services
	4.99
	0.2
	55.05
	36.73



	Entertainment
	2.02
	0.08
	22.24
	14.84



	Transportation
	4.11
	0.14
	39.65
	26.45



	Administration
	4.59
	0.18
	50.67
	33.8



	Other
	14.31
	0.64
	177.68
	118.48



	Total
	214.19
	11.67
	3225.13
	2151.31
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