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Abstract

:

This study estimates the photovoltaic (PV) energy production from the rooftop solar plant of the National Institute of Technology Karnataka (NITK) and the impact of clouds and aerosols on the PV energy production based on earth observation (EO)-related techniques and solar resource modeling. The post-processed satellite remote sensing observations from the INSAT-3D have been used in combination with Copernicus Atmosphere Monitoring Service (CAMS) 1-day forecasts to perform the Indian Solar Irradiance Operational System (INSIOS) simulations. NITK experiences cloudy conditions for a major part of the year that attenuates the solar irradiance available for PV energy production and the aerosols cause performance issues in the PV installations and maintenance. The proposed methodology employs cloud optical thickness (COT) and aerosol optical depth (AOD) to perform the INSIOS simulations and quantify the impact of clouds and aerosols on solar energy potential, quarter-hourly monitoring, forecasting energy production and financial analysis. The irradiance forecast accuracy was evaluated for 15 min, monthly, and seasonal time horizons, and the correlation was found to be 0.82 with most of the percentage difference within 25% for clear-sky conditions. For cloudy conditions, 27% of cases were found to be within ±50% difference of the percentage difference between the INSIOS and silicon irradiance sensor (SIS) irradiance and it was 60% for clear-sky conditions. The proposed methodology is operationally ready and is able to support the rooftop PV energy production management by providing solar irradiance simulations and realistic energy production estimations.
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1. Introduction


There has been an intense promotion of sustainable energy by governments and international organizations focusing on the reduction in the growing emission of carbon dioxide from fossil fuel burning [1]. In this direction, power generation from the renewable sector has increased from about 80 TWh in 2000 to over 200 TWh in 2015 [2]. Since in India blackouts and load-shedding is very common due to inadequate transmission and distribution capacity, renewable energy is a crucial source to minimize the influence of such events. Due to the load shedding schedules of certain cities and states, people are using renewables for their households to secure the supply of electricity during these hours. The manufacturing sector also uses renewable units to ensure a continuous supply of power. The report of the Green Energy Corridor found that smart grid technologies like forecasting methods are required, while the establishment of renewable energy management centers are required to support the integration of renewables into the electricity grid [3].



The population of India is increasing at a rapid rate and India will be the world’s most populous country by 2030 [2] with 1.5 billion people compared to the current population of 1.3 billion [4]. The urban population will increase from 415 to 610 million which is an increase from 32% to 40% of the population. This will require an establishment of about 200 new cities of around 100 million people. This will lead to a steep increase in the power requirements of the country which needs to be fulfilled with a combination of conventional energy sources and renewables. This will require an increase in today’s non-fossil fuel capacity of 84.5 GW, which comprises 42 GW of large hydro, 37 GW of renewable energy, and 5.5 GW of nuclear, to 320 GW in 2030. The increases in the total electricity capacity of India from now till 2030 will be around three times which will require a quadruple increase in the non-fossil fuel capacity in order to reach the target of a 40% share of the total energy production [5].



Late industrialization along with economic and political hurdles have made it difficult for India to accelerate the production of solar panels and cells [6]. Given these circumstances, the National Solar Mission (NSM) of India has increased the installed solar energy capacity in India and has provided attractive tariffs. However, domestic manufacturing still lags behind. The Jawaharlal Nehru National Solar Mission (JNNSM) has targeted the deployment of 100 gigawatts (GW) of grid-connected solar power which includes 40 GW of grid-connected rooftop solar installations [7] by 2022 along with a reduction in tariffs and with a hope of reaching grid parity, but lagged in the manufacturing of solar cells and panels. However, followed by the JNSSM, the solar energy sector emerged as a fast-growing sector attributed to the 5000 trillion kWh of solar energy received by India per year which is above the global annual average [8]. There are estimates that solar energy in India has the potential to meet up to 94% of the country’s additional electricity needed by 2031–2032 [9]. Moreover, the expansion of renewable energy generation will increase energy security in India.



“Development of Solar Cities” is a program initiated by Ministry of New and Renewable Energy (MNRE) for 60 identified cities to become ‘Renewable Energy Cities’ or ‘Solar Cities’ with an aim to meet at least 10% of their projected energy demand through renewable energy sources and energy efficiency measures at the end of five years [7,10]. One of the main pillars of the Smart Cities is ‘Smart Energy’ in which the contribution of solar energy is significant for reducing conventional energy dependency. Some smart cities have proposed to meet the energy requirements of 15–20% from renewable sources [11]. To meet this energy demand, it is important to know the availability of the solar energy resource over these cities which can be obtained from proper solar resource monitoring and forecasting. In [7], authors have computed the monthly and annual solar insolation for these smart cities. They have also estimated the grid-connected rooftop PV to be 10.02 GW with 103.51 TWh of energy potential per year for 98 Smart Cities of India. This will support the country in attaining the goal of 40 GW of grid-connected solar rooftop installations by 2022. Such a study provides support to the urban local bodies and policy-makers in accomplishing the vision of “smart energy.”



Among the solar energy technologies, photovoltaic system installation has seen tremendous growth providing carbon-free and renewable electricity [12,13]. Power generation from PV plants is dependent on many factors one of which is solar irradiance [14]. This enhances the need for analyzing and predicting solar irradiance to support the PV operators to effectively manage the available energy. In PV technology, the solar energy incident on the solar panels is converted directly into electricity and the PV systems can be integrated on the roofs and facades of the building [15]. PV panels are installed on tilted planes in order to increase the performance and reduce maintenance by avoiding the accumulation of dust and water. Moreover, for rooftop PV plants, the PV panels are installed with some tilt angle and a specific orientation to fit in the area available on the buildings or surrounding environments. The optimal tilt angle for improving the PV generation efficiency depends on climatic conditions of the location, period of use, and the geographical latitude [16,17]. Hence, the optimum tilt angle of the collectors is kept equal to the geographic latitude and in the Northern Hemisphere, the azimuth is kept due south throughout the year [18]. Due to the high cost of installation of SIS at various tilt angles, solar irradiance is measured on horizontal surfaces. Since the solar radiation incident on the PV panels is affected by the orientation and the installation angle of the panels [19,20,21], there is a necessity to obtain solar irradiance on a tilted surface. In urban areas, the solar energy incident on the rooftop of a building is also affected by the shadows from the orientation of the roof, adjacent structures, urban canopy causing sky obstruction, and reflections produced by multiple non-lambertian surfaces [22]. There are several factors that significantly affect the performance of PV panels by causing shadow effects, some of which are the orientation of the surface, surrounding obstacles, and land-surface gradient [23,24]. During the summer season, solar rays strike the ground more directly in the Northern Hemisphere due to the fact that the Northern Hemisphere is oriented more towards the sun while in the winter season, the Northern Hemisphere is oriented away from the sun [25]. Hence, in order to obtain the strongest intensity of sunlight, a southern exposure is generally optimal for the installation of the solar PV in the Northern Hemisphere [23,26]. Grid-connected rooftop solar installations are the rooftop installations of industrial, commercial, institutional, and residential buildings whose electricity generation is used to feed the power grid at regulated feed-in tariffs. In standalone installations, the generated electricity is used for self-consumption of the building.



In urban areas, solar energy supplies are mostly dominated by rooftop technologies having photovoltaic installations that use the solar energy incident on its surface to produce electricity and solar domestic water heating systems to generate thermal energy [27]. In early applications of remote sensing technologies in radiation models, data from geostationary satellites were used to measure the radiation reflected from the ground and the atmosphere for the estimation of incoming radiation. HELIOSAT is a method which is based on the correlation of the information about the cloud cover as derived from satellite data and the ground-based irradiance data [28]. Methods such as HELIOSAT is an extensively tested model and is widely used in the estimation of irradiance using remote sensing technologies at a broad spatial resolution [14,29]. For the estimation of the irradiance for individual buildings at the spatial scale, requires the sensors mounted to aerial and satellite platforms to populate the irradiance models. Tools such as orthophotographs along with automated feature techniques are used for the determination of the area of the roof that is suitable for installing photovoltaic technologies [24]. In recent applications, integrated methods are used to carry on the irradiance modeling in urban areas with the help of remote sensing products at various spatial scales such as the urban surface models, the terrain models, and the atmospheric transmission [17].



A physical model to estimate the global irradiances as used in [30] is well suited for geostationary satellite retrievals with many grid points. An eigenvector hybrid method based on look-up tables (LUTs) as described in [31] was used by authors in [32] in which they combined the multifunctional transport satellite (MTSAT) and the moderate resolution imaging spectro-radiometer (MODIS) data so as to obtain the solar radiation for northern China. MODIS is a key instrument aboard the Terra and Aqua satellites that keep a view of the entire surface of the Earth every 1 to 2 days, acquiring the data in 36 spectral bands [33]. In [34], the authors developed the INSIOS model to run for Indian geographical and climatological state and optimized for the current Indian remote sensing capabilities (e.g., the Indian National Satellite System (INSAT-3D)) [34]. INSIOS is able to estimate solar radiation in near real-time and it is built on libRadtran-based LUTs that cover a broad range of atmospheric and cloud conditions. This includes the cloud and aerosol optical properties that can produce almost instantaneous output. In INSIOS, the multi-polynomial regression technique was used which was based on the outputs from libRadtran [35,36] along with the radiative transfer simulations using LUTs. The INSIOS system was developed for accomplishing multivariate studies of the interactions between the radiation, aerosols, and clouds in the atmosphere as well as to produce solar irradiance real-time maps using the real-time satellite inputs and aerosol forecasts.



This study deals with the application of a remote sensing and RTM-based model i.e., INSIOS in a rooftop PV plant of NITK and it accesses the accuracy and reliability of this model in India, which experiences extreme climatic events. The region of NITK experiences heavy and prolonged monsoon season and rains even in the winter season. Also, the aerosol content of the area is high. This gives us an opportunity to analyze the effect of the two extreme phenomena (clouds and aerosols) on solar radiation and PV power production.



The innovation of this study has to do with the solar energy management from space using earth observation data and technologies. The ability to perform energy management remotely forms the current smart grid operational use and exploitation. To this end, we replicated and upgraded the work performed in previous studies and technical reports (e.g., [34,37,38]), as to be applied for roof-top PV installations. For the simulation procedure, we firstly estimated the surface solar radiation reaching the PV panels on the horizontal plane [34]. Then, we made the transformations as to simulate the radiation at the tilted plane and finally we performed the conversions to reproduce the real PV energy production [37]. As a result, based on the simulation outputs, we compared the simulations with the real radiation and PV energy production values. This ‘simulation to reality’ aspect was initially introduced by authors in [37], and with this study, we took it one step further by simulating the shadow effects at the roof-top level for the atmospheric, topographic, and geographical conditions of India.



The INSAT-3D, rooftop PV, and solar sensor data used in this analysis are presented in Section 2.1, followed by methodology in Section 2.2 that includes solar irradiance simulation, energy production calculation, and the assumptions used for the calculations. The results are presented in Section 3 that includes the comparison of solar irradiance (INSIOS vs. silicon irradiance sensor), reliability of energy production estimations and cloud, and shadow effect on the produced energy. Section 4 deals with the discussion of the PV energy production management and the financial analysis (economic impact of cloud and aerosol uncertainity) and finally the conclusions are presented in Section 5.




2. Data and Methodology


2.1. Data


2.1.1. INSAT-3D


Varying, unstable, and extreme climatic conditions of Southern Asia, such as cloud covers and heavy rainfall during monsoon season, dust storms during summers, and heavy fog and smog during winters, provides an opportunity to explore the variation in solar radiation. An Indian meteorological satellite, INSAT-3D, is used to obtain the cloud microphysical parameters for the Indian region with a temporal resolution of 30 min and a spatial resolution of 4 km [39]. It monitors the Asian region from the latitude of −10.5°N to 45.5°N and longitude of 44.5°E to 104.5°E [40]. Unlike Meteosat satellites which are dedicated for meterological purposes alone, INSAT satellites by India are multipurpose satellites which serve other purposes also in addition to meteorology. INSAT-3D provides high resolution and continuous near-global data both at the same time in context with the Indian region. This is required to study various processes associated with cloud microphysics and is advantageous as it offers a high spatial resolution of 1 km in the visible and short-wave infrared (SWIR) bands. INSAT-3D provide cloud microphysical properties (CMP) at a half-hourly temporal resolution that consists of cloud optical thickness and cloud effective radius information. COT is a post-processed data obtained from the INSAT-3D visible band data by LUT approach through the development of a forward model as described in [39]. INSAT-3D CMP data were obtained in the hierarchical data format [40,41] for NITK from which COT data were extracted for each time step. The INSAT-3D COT data is found to vary from 8.44 to 57.71 for the NITK region over a year.



Copernicus Atmosphere Monitoring Service (CAMS) Monitoring Atmospheric Composition and Climate (MACC) provides near real-time daily global forecasts of aerosol optical depth at 550 nm up to 5 days [42,43]. The spatial resolution of the AOD data from MACC near real-time analysis is 0.4° and the temporal resolution is 1 h. It provides forecasted AOD data with intialization time of 0 UTC and 12 UTC which include AOD, organic carbon, dust, sulfates, black carbon, and sea salt. In this work, the available data were interpolated to obtain such values for the study region at a temporal resolution of 15 min, as done in [44]. CAMS MACC 1-day forecast of total aerosol optical depth at 550 nm is extracted for NITK initialized at 0 UTC (Coordinated Universal Time) and 3 h time step varying from 0 to 12 UTC. There is uncertainty in CAMS AOD forecast that varies from 0.1 to 0.2 for mean bias when compared to Aeronet ground data [45]. The AOD at 550 nm was found to vary from 0.037 to 1.380 for NITK region over a year.




2.1.2. Rooftop PV


In tropical regions like India, flat-type modules are most widely used for fixed PV systems than tracking PV systems due to low humidity and a high amount of beam radiation [46,47]. Tracking is better under all conditions but it is not economically efficient [46]. So, the solution of flat-type modules is the simplest way to exploit solar power, especially at a roof-top level and at regions with high solar energy potential. The rooftop PV plant of NITK is spread over an area of 914 m2 and installed at a tilt angle of 10° and an azimuth angle of 0° due south. The module material is silicon polycrystalline with a power rating of 310 Wp manufactured by Vikram Solar Eldora. It has a DC nominal power of 148 kWp and an AC nominal power of 120 kW. The PV energy output data of NITK is available in kWh with a temporal resolution of 15 min. The installation of the rooftop PV plant was made in such a way that it provides significant energy output and is cost-effective and reliable. The deficit in the supply from solar PV and the demand is fulfilled by Mangalore Electricity Supply Company Limited (MESCOM) energy supply which contributes to around 70-90% of the total energy consumption.




2.1.3. Solar Sensor


The Si-13TC-T silicon irradiance sensor (SIS) was used to measure the solar radiation as the short-circuit current is proportional to the irradiance. These sensors are made of a monocrystalline Si solar cell and are reliable, robust, and economical. The sensor elements are designed so as to suit as an ideal reference for monitoring the photovoltaic systems [48]. The extension “TC” in the sensor element represents an active temperature compensation with the help of a temperature sensor that is laminated to the back surface of the solar cell in order to minimize the influences of temperature to the measuring signal. The SIS is a cost-effective, but rugged and reliable solution for the measurement of solar irradiance, especially for the monitoring of Photovoltaic systems. Their spectral response which is comparable to PV modules as well as the inclination error allows an exact analysis of PV energy yields using SIS data. All these sensors are calibrated in artificial sunlight against a reference cell calibrated at the Physikalisch-Technische Bundesanstalt (PTB, National Metrology Institute of Germany).



The installed SIS is of the same tilt as the PV panels to represent the incoming solar irradiance that the plant realistically receives. Hence, an angular correction is needed for the silicon irradiance sensors which are incorporated in all the readings taken under consideration as shown in Table 1. The SIS angular correction calculations were performed to reform the tilted global irradiance of the sensor to the horizontal plane so as to make them directly comparable with the INSIOS simulations. The INSIOS tilt corrections are used to convert the horizontal INSIOS (GHI) to tilted plane irradiance as to be directly comparable with the SIS and the PV energy production conditions. The tilt angle of the rooftop PV panel used in this analysis is 10°. The correction factor for converting the titled SIS radiation to horizontal irradiance for a surface with 10° tilt angle is calculated using


  R =   cos θ   cos  θ z    = 0.98 + 0.17 tan  θ z   



(1)




where R is the tilt factor,  θ  is the incidence angle and    θ z    is the solar zenith angle which is described in Section 2.2.2. The diffuse component of the solar radiation on a horizontal surface is calculated as [49]


  D H I = G H I − D N I cos  θ z   



(2)




where DHI is the diffuse horizontal irradiance and DNI is the direct normal irradiance. The modeling of the diffuse radiation received on a tilted surface is difficult as the spatial distribution is not known and is time-dependent. However, there are certain models that estimate solar radiation on inclined surfaces [50]. The isotropic model proposed by Badescu [51] is used in this analysis for obtaining the diffused radiation on a tilted surface as


   D t  =   3 + cos  (  2 β  )   4  × D  



(3)




where    D t    is the diffuse component of the solar radiation on a tilted surface inclined to the horizontal surface at an angle  β  and  D  is the diffuse solar irradiance on the horizontal surface.



Figure 1 shows the location of National Institute of Technology Karnataka on the map of India with the rooftop image of PV panels and the surroundings. NITK is located at a latitude of 13.0 °  N and a longitude of 74.8 °  E and an altitude of 24 m. The south Indian state of Karnataka leads Indian states in new rooftop PV attractiveness index [52].





2.2. Methodology


2.2.1. Solar Irradiance Simulation (INSIOS)


The INSIOS technique has been developed for fast and near real-time estimations of solar irradiance to be applied to the Indian climatological conditions and is a useful tool for solar energy production management for the Indian region. It also has the potential to be included for on-the-fly solar radiation calculations in the operating and retrieving algorithms of INSAT-3D. The output of the Solar Energy Nowcasting SystEm (SENSE) [53] and radiative transfer modeling (RTM) was used for the training of the analytical function of INSIOS. The INSIOS GHI and DNI are obtained using the multi-polynomial regression function as shown in [34]. The INSIOS estimations are applied on the rooftop PV plant to study the energy production management in India. Polynomial functions were used for clear-sky (CS) and cloudy (CD) conditions according to the work presented in [34] as


     f  (  x , y  )  =  p  00   +    p  10   x +  p  01   y +  p  20    x 2  +  p  11   x y +  p  02    y 2  +  p  30    x 3  +  p  21    x 2  y +  p  12   x  y 2  +  p  03    y 3       +  p  40    x 4  +  p  31    x 3  y +  p  22    x 2   y 2  +  p  13   x  y 3  +  p  04    y 4  +  p  50    x 5  +  p  41    x 4  y      +  p  32    x 3   y 2  +  p  23    x 2   y 3  +  p  14   x  y 4  +  p  05    y 5  +  p  60    x 6  +  p  51    x 5  y +  p  42    x 4   y 2       +  p  33    x 3   y 3  +  p  24    x 2   y 4  +  p  15   x  y 5  +  p  06    y 6      



(4)




where  x  is the sza and     y   is COT or AOD depending on cloudy or clear-sky conditions, respectively. The coefficients of Equation (4) are obtained from [34]. For CS conditions, solar radiation was expressed as a function of aerosol optical depth and solar zenith angle. While for CD conditions, solar radiation was taken as a function of cloud optical thickness and solar zenith angle. This method can be used, with lesser computational time, to obtain the RTM simulations of solar radiation, and hence, it can be used for near real-time applications. Cloud optical thickness data required for CD solar radiation estimation were obtained from INSAT-3D and the aerosol optical depth needed for CS solar radiation estimation was obtained from CAMS 1-day AOD forecasts.



Figure 2 shows the flowchart of the usefulness of INSIOS on energy production management and it’s direct socio-economic impact. The atmospheric parameters like clouds and aerosols are obtained from satellite images and forecasts, respectively. The information about clouds is monitored through the satellite data on cloud optical thickness obtained from the INSAT-3D satellite. The aerosol information is obtained from the CAMS MACC 1-day forecast. These parameters are then fed to the INSIOS system to simulate the solar radiation available in a region for a particular day and time. The forecasted solar radiation is then used for rooftop PV simulations to get energy produced from the PV panels. This is followed by solar power management and financial analysis for the use of solar produced power in smart cities.




2.2.2. Energy Production Calculation


The amount of electrical energy produced from a PV system depends on many external factors [54] among which the foremost one is the solar radiation incident on the surface of the PV panels which in turn depends on local atmospheric conditions along with the installation of the PV modules like inclination angle, fixed or tracking, etc. [55]. Solar radiation reaching the surface of the Earth consists of three components beam, diffuse, and reflected radiations. Beam radiation is the solar radiation that is neither reflected nor scattered and directly reaches the surface [46]. Diffuse radiation is the radiation scattered into the atmosphere and then reaches the ground [56]. The reflected radiation is a small part of the radiation which is reflected on the inclined receiver from the ground. All these components of the solar radiation combined are known as global radiation.



The geometric relationship between the incoming radiation and the plane of a particular orientation relative to the surface of Earth at a time can be described in terms of certain angles as shown in Figure 3 in which the tilt angle of the PV panel and the incidence angle of the solar ray is explained. The azimuth angle ( ϒ ) is defined as the angular displacement of the beam radiation projected on the horizontal plane from the south. Solar zenith angle is defined as


   θ z  =   cos   − 1    (  cos φ cos δ cos ω + sin φ sin δ  )   



(5)




where  φ  is the latitude of the considered region,  δ  is the declination angle and  ω  is the hour angle. The latitude of the considered region (in this case NITK) is the position of the area north or south relative to the Equator (positive for the Northern Hemisphere and negative for the Southern Hemisphere) which varies from 0 to  ± 90 °  being 0 at the Equator and  ± 90 °  at the poles. Declination Angle ( δ ) as shown in Equation (5) is defined as the angular distance from the sun north or south to the equator of the Earth which is calculated as


  δ = 23.45 × sin  (    360   365    (  284 + n  )   )   



(6)




where  n  is the day of the year. On 21st December, the northern hemisphere is inclined 23.45 far away from the sun some time which is the winter solstice for the northern hemisphere. Similarly, during summer solstice the southern hemisphere is positioned in a way that it is 23.45 away from the sun on 21st June. Moreover, during the autumn and the spring equinoxes on 21st March and 21st September respectively, the sun is directly over the equator [50].



Hour Angle ( ω ) is the angular distance between the meridian of the observer and the meridian of the sun’s plane. It is used to describe the rotation of the earth around its polar axis which is described in terms of the angle as  + 15 °  for an hour before noon and  − 15 °  per hour afternoon. Hour angle is zero at the noon [50] and can be obtained as


  ω = 15  (  S T − 12  )   



(7)




where ST is true solar time and is calculated as


  S T = L T +   E T   60   +   4  (   L S  −  L L   )    60    



(8)




where LT is the local standard time which in this study is Indian Standard Time (IST) related to Universal Time (UTC) as


  I S T = U T C  (  h o u r  )  + 5.5  



(9)







In Equation (8), LS is the standard meridian for a local zone which is equal to 82.5 °  E for India, LL is the longitude of the location under study in degrees which in this analysis is 74.8 °  E as shown in Figure 1. ET used in Equation (8) is the equation of time given as


  E T = 229.2  (  0.000075 + 0.001868 c o s B − 0.032077 s i n B − 0.014615 c o s 2 B − 0.04089 s i n 2 B  )   



(10)




where


  B = 360 ×   n − 81   365    



(11)




where n is the day in year (same as that used in Equation (6)).



The solar azimuth angle (   ϒ s   ) is the angular displacement of the projection of beam radiation on the horizontal plane from south and is calculated as


   ϒ s  = s i g n  ( ω )   |    cos   − 1    (    cos  θ z  sin φ − sin δ   sin  θ z  cos φ    )   |   



(12)







Here, if ω is positive, then the value of   s i g n   function is  + 1 and if ω is negative, then   s i g n   function is  − 1.




2.2.3. Assumptions


PV calculations have been done by assuming a realistic efficiency of 16% based on the PV material which is silicon polycrystalline in this analysis and a shadowing effect of 4% from the surrounding has been considered. An efficiency of 80% has been considered in the conversion of the simulated irradiance into PV output energy based on nominal power and the electricity converter technology and AC/DC efficiency. For the financial analysis of the PV energy generation, there is a requirement of the price of electricity generation in USD per kWh. The PV output energy is converted into the price of electricity as


  R e v e n u e   g e n e r a t e d    (  U S D  )  = E n e r g y   p r o d u c e d    (  k W h  )  × P r i c e   o f   e l e c t r i c i t y    (    U S D   k W h    )   



(13)







The price of electricity used in Equation (13) is taken as 0.081 USD/kWh for India [5]. Financial losses are calculated as


  F L =  (  E  P  m a x   − E  P  a c t u a l    )  ×  (  P r i c e   o f   e l e c t r i c i t y  )     



(14)




where FL is the financial loss in USD,   E  P  m a x     is the maximum energy produced in kWh considering the atmosphere to be clean and clear i.e., with AOD and COT being zero and   E  P  a c t u a l     is the actual energy produced by considering AOD for CS condition and COT for the CD condition. The price of electricity is in USD per kWh. Adequacy is calculated in terms of the total energy consumption as the difference between the total energy produced/consumed and the energy produced from renewable (or solar in this analysis). Adequacy percentage is the ratio of the energy consumed from renewable to the total energy consumed/produced.



All proposed transformations, simulations, and calculations presented in the previous Section 2.1.3, Section 2.2.1 and Section 2.2.2 are followed by the corresponding uncertainties. For example, the INSIOS simulations and uncertainties against ground-based measurements were presented in [34]. The uncertainties from the transformation of the simulated irradiance into real PV production were presented by [37]. As a result, the reliability of energy production estimations depends on how realistic are the calculations, simulations, and transformations. On the other hand, there are also other factors that may reduce the estimation’s reliability, which are independent of the simulations, and have to do with the PV panels maintenance and cleaning or other reasons (e.g., solar blocking and shadows). All these factors affect the reliability, but nevertheless, the whole approach is able to provide the critical information of roof-top PV energy production using remote sensing techniques forming a new market (i.e., energy management from space). In coming years, this method has to be tested to additional roof-top PV installations at different regions and conditions (e.g., city scale will high building, multiple PV material technologies (e.g., CdTe, Monocrystalline silicon etc.)) for more generalized energy production estimations.






3. Result


3.1. Comparison of Solar Irradiance (INSIOS vs. SIS)


In this section, a comparison has been made between the solar irradiances obtained from the INSIOS simulations and the SIS measurements. Figure 4 shows the correlation of the INSIOS simulated irradiance and the irradiance measured from the silicon irradiance sensor. The temporal resolution of the irradiance in this analysis is 15 min. The coefficient of correlation is found to be 0.82 with a median difference of 39.40 W/m2. The dot plot with error bars is constructed by taking the average of the INSIOS irradiance for every 100 W/m2 averaged SIS irradiance and the error is calculated as the difference between the INSIOS and the SIS irradiances. It is observed that maximum cases have overestimations from INSIOS as compared to the SIS data while some cases have underestimations too. The error is seen to increase from 5 W/m2 to 173 W/m2 for the SIS irradiance varying from 100 to 500 W/m2, respectively and then decreases to 11 W/m2 for 900 W/m2 SIS irradiance with a sudden increase of 58 W/m2 at 1000 W/m2 of the SIS irradiance.



The irradiance received at the Earth’s surface under a cloud-free atmosphere is keen to the production of aerosol from dust storms, biomass burning, and atmospheric particulate matter [57]. When the atmosphere is clear i.e., free of clouds, the aerosols present in the atmosphere play a major role in the transfer of solar radiation. The uncertainties in the determination of atmospheric aerosols affect the estimation of solar radiation. In [45,58,59], the authors showed that there was underestimation from CAMS AOD predictions under high aerosol loads. There is a problem with MACC in emulating the spatial and temporal complexity of the aerosol mixture. This posses a difficulty in capturing the exact effect of the atmospheric parameters on the solar irradiance over a specific location and at a particular time. In [60], the authors showed that after 2009, there was a rapid dimming in the surface solar radiation measurements. The decrease in the solar radiation might be due to changes in the aerosol climatology, CS aerosol loading measurements, and instrumentation biases. The variation in the 1-day solar radiation bias was found to be from −100 to 200 W/m2. The air molecules, dust, and other suspended particulate matter present in the atmosphere also scatter the incoming solar radiation. The aerosols comprising small water droplets, smoke particles, dust and haze, scatter the solar radiation and the scattering depends on the actual atmospheric conditions. In some cases, aerosols can cause a reduction in solar radiation by up to 80% as shown in [43,58,61,62,63].



Figure 5 shows the percentage difference of INSIOS GHI as compared to SIS irradiance for CS and CD conditions respectively. The percentages represent the number of cases out of the total number of data points for clear sky and cloudy sky conditions separately. It is seen from Figure 5 that there are 16%, 28%, 42%, and 60% cases within  ± 5%,  ± 10%,  ± 20%, and  ± 50% difference of INSIOS GHI as compared to SIS irradiance, respectively for CS. Similarly, for CD condition, it can be observed that the number of cases for  ± 5%,  ± 10%,  ± 20% and  ± 50% difference are 2%, 4%, 8%, and 27%, respectively. These differences for clear sky and cloudy conditions are related to the aerosol (MACC) uncertainties (mostly underestimates AOD) and the limited ability of the INSAT-3D resolution to identify smaller clouds ([34,53]). The prediction in the case of CD condition is poor as compared to the CS condition as the clouds tend to attenuate most of the incoming solar radiation while the effect of attenuation by aerosols is less as compared to clouds. The poor prediction in the presence of clouds is due to the fact that the clouds are not well represented by the INSAT-3D data. The errors in the CS condition are due to the uncertainties in the aerosol prediction of CAMS MACC data. The median values of the data are found to decrease as the SZA increases. It is also observed that there are overestimations from INSIOS under clear-sky conditions. The maximum values of irradiance were found to decrease from 1254 to 245 W/m2 in case of SIS irradiance and from 943 to 295 W/m2 in case of INSIOS irradiance as the solar zenith angle increases from 0 to 90 °  which is due to the fact that SZA is minimum at solar noon [64] and hence as SZA increases the irradiance decreases. The minimum irradiance value is close to zero for SIS and decreases in the case of INSIOS. The median difference between the INSIOS and the SIS data varies as 187 W/m2, 256 W/m2, 244 W/m2, 245 W/m2, 94 W/m2, and 26 W/m2 for SZA between 0 – 15 ° , 15 – 30 ° , 30 – 45 ° , 45 – 60 ° , 60 – 75 ° , and 75 – 90 ° , respectively. The percentage difference of the median difference increases as 27%, 44%, 49%, 54%, 59%, and 90% for SZA between 0 – 15 ° , 15 – 30 ° , 30 – 45 ° , 45 – 60 ° , 60 – 75 ° , and 75 – 90 ° , respectively. This shows that as the SZA increases the prediction becomes poor.



Figure 6 shows the scatterplot of the CS irradiance percentage difference between INSIOS simulations and SIS measurements. It was found that at lower solar zenith angles the percentage differences are close to 25% and vary from  − 25% to 120%. Mostly, there are underestimations from the INSIOS simulations as compared to the SIS measurements which are also observed from Figure 4. The main reason for these INSIOS underestimation has to do with the unobserved cloud presence, fog, and aerosol loads which are subsequent phenomena of the Indian monsoon [34]. This effect has to do with the INSAT-3D and MACC uncertainties and hence introduce errors into the INSIOS outputs. In addition, comparison principles of point irradiance measurements with a satellite-based image are responsible for part of the observed deviations. As a result, the SIS measurements could fluctuate more than 100% depending on whether the sun is in reality visible or whether unobserved clouds attenuate the direct component of the solar irradiance. An additional factor of underestimation for has to do with the angular response of the SIS. The angular response of such sensors could cause uncertainties of the measured solar irradiance, especially for SZA higher than 70 degrees [65,66,67]. The angular error is common for instruments using flat diffusers. However, the measurements at such angles have a small contribution to the measurement of the total solar daily energy.




3.2. Reliability of Energy Production Estimations


There are certain factors that affect the performance of PV modules. These include conversion efficiency that depends on the temperature of the module, the level of irradiance, and changes in the efficiency of the PV module due to the variation in the spectrum of the sunlight (which in turn depends on sun height and meteorological conditions) [68]. Another factor is the tilt angle which is kept approximately equal to the latitude of the region and pointed directly at the sun in order to capture the maximum amount of solar radiation. Long-term exposure of the modules to the outdoor environmental conditions and shading of the modules with surroundings like trees or buildings can also reduce the output from the PV panels. Certain other factors affecting the PV energy production are component failures or maintenance leading to system downtime, cables, and interconnections losses and transformers, inverters, and other power electronics efficiencies [69,70].



Figure 7 shows the effect of clouds, aerosols, and shadow on the percentage difference between the RPV and the INSIOS energy generations. From Figure 7a, it can be seen that the percentage difference between RPV and INSIOS energy generations increases from 38% to 75% for COT between 19 and 40. It increases sharply from 52% to 75% for COT between 28 and 37. Hence, the accuracy of generation estimation from INSIOS decreases with an increase in COT. From Figure 7b, it can be seen that the percentage difference between RPV and INSIOS energy generations decreases sharply from  − 88% to  − 13% for the aerosol optical depth of around 0.09 to 0.22, respectively. The percentage difference is within  − 15% for AOD varying from 0.22 to 0.55. Figure 7c shows that the percentage difference between RPV and INSIOS energy generations fluctuates between  − 45% to  − 15% for the solar zenith angle varying from 71 °  to   83 °  . It decreases sharply from  − 32% to 0% for SZA varying between 83 °  to 86 °  and becomes positive beyond 86 °  SZA and starts increasing to 48% for 89 °  SZA.



Figure 8 shows the variation of the ratio of the energy generation from RPV and the INSIOS for a year. It is seen that there are underestimations during monsoon and summer months while there are mostly overestimations for the rest of the year. In this analysis, the criteria used for distinguishing the CS time-steps from the CD ones are very strict in the manner as it eradicates all the cloud-contaminated situations and rejects some events of heavy aerosol loadings. The severity of the cloud screening is the cost of ensuring that only the impact of the aerosols is considered for examining the so-called cloud-free cases or the CS cases. Also, the classification is done on the basis of INSAT-3D COT data whose unavailability makes the time-step to be classified as CS while it might be a CD time-step. Under CS conditions, the global irradiance is proportional to the reciprocal of the air mass at large solar zenith angles while more solar radiation is received from the side by the atmosphere column above. A cosine-corrected pixel appears to be brighter than expected because of the side-lit bright atmosphere column above the selected point which causes the scattering of the radiation back to the satellite [71]. This can be another inference for the overestimation of solar irradiance under CS conditions. Also, there are regional, intraseasonal, and interannual variations in the aerosol properties and uncertainties in indirect radiative effects of aerosols for the Indian subcontinent [72]. The reason for the underestimation of the energy generated during monsoon might occur because of an overestimation of INSAT-3D COT in which the cloud-free conditions might have been classified as cloudy. The reason for this might be the abnormally high albedo at certain sun positions. The errors impending on the GHI estimations are expected to be mainly the impact of errors in the inputs as the INSIOS is a physical-based model. This enhances the need for having higher quality inputs which will certainly improve the INSIOS estimations.



Figure 9 shows the contour plot of the annual variation of the percentage difference between the RPV energy production from the rooftop PV plant and the simulated energy production from INSIOS. For the RPV energy production, during sunrise and sunset, the values are found to vary from 0 to 5 kWh. For RPV energy production, the value increases as the sun rises high in the sky from 5 kWh and reaches the maximum production of around 30 kWh when the sun is directly overhead. The variation of the INSIOS energy simulations with time and day over a year shows similar behavior with greater variation during monsoon season. It is observed that the percentage difference is larger during monsoon and autumn season with overestimations reaching  − 100%. The percentage difference is moderate during winter and some part of summer with underestimations reaching 100%. The largest differences are near sunset and sunrise mainly because these percentages are at high solar zenith angles. This means that at such low solar elevation, small absolute differences could result in large percentage differences (e.g., 100% difference for 0.1 kWh real PV output and 0.2 kWh simulated output). In [73], authors analyzed the performance of a grid-connected rooftop solar PV plant located in coastal regions of Andhra Pradesh. They performed the simulations using PVGIS, PV Watts, and PV Syst and found that the errors in the simulated monthly energy potential as compared to the actual data has reached up to 72%.



Figure 10 shows the seasonal and annual variation of the absolute difference between the simulated generation from INSIOS and the RPV generation. The median is around zero for summer and autumn, the values being 0.82 kWh and  − 0.97 kWh, respectively which shows a good estimate of PV energy generation from INSIOS. While the median for winter and monsoon are  − 3.52 kWh and 4.08 kWh, respectively. There is overprediction during summer and monsoon seasons and underprediction during winter and autumn seasons which is also observed from Figure 8. It is also observed in Figure 9 that the estimations of solar irradiance are poor for the monsoon season which is consistent with the variation of energy generation shown in Figure 8 and Figure 9. The deviation during monsoon and autumn is attributed to high cloud cover [74].



Figure 11 shows the Taylor diagram of the INSIOS energy production for CS, all-sky and different seasons. The standard deviation and the root mean square deviation were normalized with respect to the mean values. It can be observed that the correlation coefficient varies as 0.70, 0.64, 0.57, 0.53, 0.52, and 0.49 for CS, winter, summer, monsoon, all-sky, and autumn, respectively. The correlation in the case of CS is not so good due to uncertainties in the forecasted AOD data obtained from CAMS MACC. Similarly, the correlation for all-sky is much poor due to uncertainties in the input parameters to the model which is INSAT-3D COT in this case. The value of standard deviations is maximum for summer and then decreases for autumn, monsoon, winter, CS, and all-sky cases from 0.8 to 0.3. The root mean square deviation is found to vary from 0.9 to 0.7 for autumn, monsoon, summer, all-sky, winter, and CS cases.




3.3. Cloud and Shadow Effect


Figure 12 shows the variation of the difference between the simulated and the RPV energy production with monthly cloud time-steps. It is seen that the presence of clouds is fluctuating between 6% and 11% from December to April during which the absolute energy difference between RPV and simulated energy productions follow the same trend of fluctuation between 2250 to 4500 kWh when only CD time-steps are considered as observed from Figure 12a. During this period, there is overestimation from INSIOS simulations and the absolute energy difference between simulated and RPV energy productions first increase from around 3500 to 5500 kWh from December to March and then decreases to 0 kWh during April when all time-steps are taken into account as can be seen from Figure 12b. From May onwards, the cloud presence slowly increases from 6% to 13% with a steep increase during October and November. During this period, the energy difference for CD time-steps first decreases from 1500 kWh in May to a minimum of 370 kWh in August and then increases monotonically to 4900 kWh in November. The energy difference in all time-steps observes underestimations from INSIOS simulations from April to July with values increasing from 0 to 5250 kWh which starts decreasing beyond this to 0 kWh in October and then the nature of the estimations changes to overprediction which increases up to 5400 kWh in November. The overestimation is related to the monsoon period and the subsequent phenomena which are also shown in Figure 8 and Figure 10. From Figure 12a, it is observed that the error in the INSIOS energy estimation as compared to the real PV generation is following the presence of clouds. As the presence of clouds intensifies, the capability to monitor cloud properties through remote sensing technologies decreases which in turn decreases the accuracy of the model and hence increases the error in PV energy production estimation as compared to the real PV generation.



There is high uncertainty in the atmospheric inputs available in Southern Asia (CAMS AOD and INSAT-3D COT) [75]. The correlation between the INSIOS GHI and the SIS irradiance was not so good as compared to the bibliography as we are dealing with the extreme conditions of monsoon [75,76,77]. The relevant studies that have better results were located mainly in Europe, where the climate is much more stable with no extreme atmospheric phenomena [31,53,59,65,78]. Solar radiation is mostly attenuated by the clouds present in the atmosphere. The variation in the solar radiation reaching the Earth’s surface depends on the area covered by the clouds, their thickness, the content of water droplets, and the reflected irradiance from the cloud surface also depends on the type and texture of the cloud. There is high uncertainty in the solar radiation simulation in the presence of clouds and small fluctuations in the cloud optical properties and cloudiness [34].



Figure 13 shows the annual variation of the absolute energy losses of the roof-top PV in terms of azimuthal shadows from the surrounding environment. The shadow effect on PV energy production was simulated by using an anisotropic sky model [79] in conjunction with the shadow mapping and the calculation of the sky view factor as described in [80]. The necessary digital terrain and surface modeling data were retrieved by Google Earth. For the NITK roof-top PV, the shading is caused mainly by a nearby building and trees which are present in the south direction of the panels (i.e., 120–180 azimuth degrees). From the calculations performed, an analytical diagram of the position of the sun (elevation and azimuth) was created. The superimposition of this information by the shape of the azimuthal shading profile, determines when the path of the sun to the panels is blocked, and hence, provides the shadow effect. From the aforementioned simulations we found that the shadow effect applies to SZA greater than 70°. We also note that both AOD and COT effects were considered equal to zero for these simulations to represent only the shadow effect. It is observed that the absolute azimuthal shadow effect remains within 200 kWh for azimuth varying from 0 to 90° and 210 to 360°. It is around 500 kWh for 120° and 180° azimuth angles and is maximum at 150° reaching almost 1800 kWh. The total effect of shadows is found to be 1.83% of the total energy production. At south, southeast direction there is the highest blocking because of a building, at a particular time at NITK,   φ     and  ω  are fixed and hence the SZA and the solar azimuth angles were calculated as shown in Equations (4) and (11), respectively. The lines of constant declination labeled as winter, summer, monsoon, and autumn are shown in Figure 13. The curves for different seasons are calculated using the median day of each season and they represent the declination angle of that particular day. These curves are constant for a particular latitude and day. Similar curve was shown in [71] for a latitude of 15°.





4. Discussions


4.1. PV Energy Production Management


Figure 14 shows the monthly energy adequacy for RPV data and simulated data in which adequacy is calculated as shown in Section 2.2.3. The monthly energy consumption varies from 430,000 to 640,000 kWh over a year. Renewable energy adequacy is calculated as the difference between the total energy produced and the energy produced from solar which is found to vary from 35,000 to 50,000 kWh over a year with a dip during monsoon months. The percentage error from PV simulated production as compared to the RPV measurements varies from −30% to 50% over a year. It can be seen from Figure 14 that there are underestimations from INSIOS simulations from December to April and in October and November while there are overestimations between May and September. The monthly energy consumption increases from 52,000 kWh in December to 67,000 kWh in April and then decreases to a minimum of 44,000 kWh in June with a further increase to 64,000 kWh in November. The renewable energy adequacy increases from 41,000 kWh in December to 53,000 kWh in April and decreases from 38,000 kWh in May to a minimum of 35,000 kWh in June with a further increase to 53,000 kWh in November. The PV energy adequacy is found to be 19.7% which is calculated as the average of the monthly PV energy adequacy. The underestimation percentage difference in energy production increases from 22% in December to 26% in March becoming zero in April while it is 1% in October and 28% in November. The overestimation percentage difference increases from 8% in May to a peak of 57% in August becoming zero during October.



Figure 15 shows the monthly energy consumption from MESCOM and solar PV and their share in the total energy consumption. It can be seen that the contribution from MESCOM varies between 70–90% while that from solar PV varies between 10–30% in the total energy consumption. The percentage share of MESCOM in total energy consumption remains constant at around 78% between December and April. A similar trend is observed for the solar share which remains constant at around 22% for the same period. The MESCOM share is seen to decrease to 72% in May which is due to the increase in solar contribution to 27% from April. MESCOM share then increases from 79% in June to 88% in August which is attributed to a decrease in solar contribution from 21% to 12% during the same period. Further, the MESCOM share decreases from 86% in September to 83% in November which is due to an increase in solar contribution from 14% in September to 17% in November. The total energy consumption is found to increase from 53,000 kWh to 67,000 kWh from December to April which decreases from 52,000 kWh in May to a minimum of 44,000 kWh in June. It increases further till 62,000 kWh in August and remains almost constant at 62,000 kWh till November. The energy consumption from solar PV is found to be maximum in March with a value of 15,000 kWh and minimum in June and August with values as 7000 kWh and 9000 kWh, respectively. The MESCOM energy consumption is observed to be maximum in April and August with the values of 53,000 kWh and 54,000 kWh and minimum in June with a value of 35,000 kWh. In the monsoon month of June, the total energy consumption is minimum which may be due to a decrease in air conditioning load. The minimum solar energy production in June is due to the fact that NITK receives heavy monsoon rainfall during this period. Due to the minimum total consumption and production from solar, MESCOM energy consumption is also minimum in the month of June.



The monthly share of the simulated energy production from INSIOS to the total energy consumption can be seen from Figure 16. The INSIOS energy share in the total energy consumption is found to decrease from 18.6% in December to 16.0% in February which further increases from 17% in March to 30% in May. From June onwards, it decreases from 27% to 12% in November.




4.2. Financial Analysis (Economic Impact of Cloud and Aerosol Uncertainty)


Figure 17 shows the financial analysis of the aerosol and cloud uncertainty of the INSIOS simulations as compared to the RPV generation. The energy and economic impact of the clouds and aerosols were quantified in terms of monthly means, energy losses (EL), and financial losses (FL). The monthly energy generated varies from 19,000 to 21,000 kWh from January to May, then decreases from 13,000 to 8000 kWh from June to August, again increases from 14,000 to 19,000 kWh from September to November and then decreases to 17,000 kWh in December. There is a dip in the energy production from June to August which is due to the presence of deep cloud cover during monsoon season. The energy potential is the total energy production (or consumption) which is reduced during the monsoon season as there is less air conditioning load as compared to summer season and less heating load as compared to the winter season. In the case of CS conditions, the aerosol EL is found to vary from 326 to 1072 kWh with annual aerosol EL as 7346 kWh and the aerosol FL varies from 26 to 87 USD with annual aerosol FL as 595 USD. Similarly, in the cloudy case, the cloud EL is found to vary from 2018 to 5914 kWh with annual cloud EL as 42,177 kWh and the cloud FL varies from 163 to 479 USD with annual cloud FL as 3416 USD. In [81], the authors analyzed a 10 MW NTPC photovoltaic grid-connected power plant which is located at a longitude of 18.75°N, latitude 79.46°E, and at an altitude of 169 m at Ramagundam. They analyzed the energy production per month from the plant and found that over a year’s span, the minimum yield was during the months of July and August and the percentage variation between the maximum and minimum yield was found to be around 40%. In our study, we have also found the minimum PV energy output during these months and the percentage variation between the maximum and minimum yield was found to be around 49%.



The percentage of energy loss from aerosol is 2.76% and that from clouds is 15.84%. The financial losses incurring due to the presence of clouds and aerosols can be reduced if high accuracy aerosols and clouds input data are available for India. As we can see from Figure 17, the energy losses due to the presence of clouds is at the maximum in March and minimum in May and June, while the financial losses are huge during the months of March and November, while it is minimum during May and June. This can help the grid operators to plan and schedule their supply and industrial personnel to plan their loan payments. In [72], the authors have shown that for the uncertainties in the indirect radiative effects of aerosols to be less, there is a need for appropriate and more detailed measurements of atmospheric parameters. This can be enforced by establishing several observatories all over India for carrying out in-situ measurements of cloud parameters as well as chemical composition, mixing state, size, and shape of aerosols. A detailed observation of the types of aerosol, their horizontal and vertical distribution is another important step in this regard. In [75], a comparison was made between the AOD obtained from MODIS with the AERONET and it was found that there was a high level of uncertainty between the two data sources which enhances the need to have an AOD retrieval system with better spatial resolution and more accuracy for India which has a complex climatology. This will improve the estimations of solar radiation which are based on satellite data. A moderate correlation (coefficient of correlation was 0.6 in January, to 0.4 in February, to 0.73 in July) was observed between INSAT-3D and MODIS data as shown in [39], which is the base for the COT calculation from INSAT-3D satellite data. Availability of more accurate cloud microphysical parameters for India would improve the energy prediction in the presence of clouds.





5. Conclusions


Prediction of solar power generation allows this cheaper and freely available energy source to be widely used in developing countries like India where the renewable energy sector remains underdeveloped, without having reliability for grid-integration and affordability for the citizens. This enhances the need for setting up an improved remote sensing-based estimation and forecasting services of solar energy. PV potential map forms the basis of the precondition and foundation of large-scale development of the PV system in India. Though India has an abundant solar resource, yet the speed of development of the rooftop PV is far less than expected. The escalation of the deployment of large-scale PV requires high-precision planning, hence, there is a need to estimate and quantify the potential for rooftop solar photovoltaics.



The near real-time and fast estimations of solar irradiance are made possible by the INSIOS technique for the Indian region which is capable of management of solar energy production in India. In this analysis, solar radiation estimations from INSIOS is applied to the rooftop PV plant of NITK to study the management of solar power along with the financial analysis in urban smart cities.



The correlation between the INSIOS solar energy simulations and the SIS measurements shows a coefficient of determination as 0.82 and median of their difference as 39.40 W/m2 and it is observed that there are overestimations for maximum cases and also underestimations for some of the cases. The underestimations lie mainly for the solar zenith angle greater than 75°. It was found that for CS condition, the percentage of cases within ±5%, ±10%, ±20%, and ±50% were 16%, 28%, 42%, and 60%, respectively, while for CD conditions, these values were 2%, 4%, 8%, and 27%, respectively. The percentage difference of the median difference between the INSIOS and SIS data varies from 27% for SZA between 0–15° to 90% for SZA between 45–60°. The percentage difference between INSIOS simulations and SIS measurement for CS irradiance varies from −100% to 100% and most of the percentage difference lies within 25%. The effect of clouds on energy generation is quantified as the variation of the percentage difference between the RPV and the INSIOS energy generations with COT which increases from 38% to 75% for COT between 19 and 40, respectively and then increases sharply from 52% to 75% for COT between 28 and 37, respectively. The effect of aerosols is seen as a sharp decrease in the percentage difference between RPV and INSIOS energy generations from −88% to −13% for a variation in the AOD from around 0.09 to 0.22, respectively and being within −15% for AOD varying from 0.22 to 0.55. The shadow effect on the percentage difference between RPV and INSIOS energy generations is observed to fluctuate between −45% to −15% for the solar zenith angle varying from 71° to 83°, decreases sharply from −32% to 0% for SZA between 83° and 86° and becomes positive beyond 86° and starts increasing till 48% for 89° SZA.



The median of the absolute difference between the simulated generation from the INSIOS and the RPV generation is found to be around 0.82 kWh and −0.97 kWh for summer and autumn, respectively, and −3.52 kWh and 4.08 kWh for winter and monsoon, respectively. Statistical analysis shows that the INSIOS energy production for the CS, CD sky and different seasons shows that the correlation coefficient varies as 0.70, 0.64, 0.57, 0.53, 0.52, and 0.49 for CS, winter, summer, monsoon, all-sky and autumn, respectively. Standard deviations were found to decrease as 0.8 to 0.3 from autumn, monsoon, winter, CS, and all-sky cases and were maximum for summer. While the root mean square deviation was found to vary from 0.9 to 0.7 for autumn, monsoon, summer, all-sky, winter, and CS cases. The monthly energy consumption is found to vary from around 430,000 to 620,000 kWh over a year with the renewable energy adequacy varying from 300,000 to 400,000 kWh and the percentage error from PV simulated production from −30 to 60%. The energy loss is found to vary from 326 to 1072 kWh and 2018 to 5914 kWh for CS and CD conditions, respectively. CS is characterized by the absence of clouds and the presence of aerosols, while CD conditions attribute to the presence of clouds neglecting the presence of aerosols. The financial losses due to the presence of clouds and aerosols are found to vary from 163 to 479 USD with annual cloud FL as 3416 USD and from 26 to 87 USD with annual aerosol FL as 595 USD, respectively. The percentage of energy loss is higher in the case of clouds (21.12%) than aerosols (3.68%).



The Government of India has set an ambitious target to increase the solar rooftop installation by 10-fold by 2022 [82] which requires exploiting roofs/covered surfaces of urban areas. Albedo, atmospheric turbidity, casting shadows and 3D heterogeneity affect the solar irradiance of these regions. These distributed factors can be taken into account with the help of active and passive remote sensing techniques and advanced GIS modeling so as to carry on a more realistic estimation of the energy potential of rooftop PV systems in urban regions. In order to utilize the roofs for PV power generation, proper representation of building covers, their 3D geometric and radiometric parameters are needed. However, the lack of information regarding the roof surfaces makes it mandatory to use remote sensing-based technologies.



The identification and characterization of rooftops are essential for the assessment of rooftop solar PV potential in mega-cities so as to determine their surface area and assess if the orientation, slope, shadings, and the presence of obstructions, etc. are appropriate. Effective exploitation of renewable energy resources needs a proper availability of tools and methodologies to support the assessment of the potential that can be implemented [83]. To supporting PV potential assessment, mapping of the solar radiation using GIS is done [84,85]. The solar irradiance can be evaluated on the basis of the orientation and exposure parameters which can be obtained from the digital representation of natural elevations stored in digital elevation model so as to get a more realistic estimate in the urban area.
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Figure 1. Map of National Institute of Technology Karnataka with rooftop image. 
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Figure 2. A flowchart for the usefulness of INSIOS on energy production management with direct socio-economic impact. INSIOS: Indian Solar Irradiance Operational System. 
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Figure 3. Azimuth angle, solar zenith angle, and geometry of the tilted surface. 
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Figure 4. Totally clear sky scatter plot of INSIOS irradiance as compared to SIS measurements. 
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Figure 5. Column plot of percentage difference of INSIOS vs. SIS irradiance for clear-sky and cloudy cases. 
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Figure 6. Variation of vs. INSIOS-SIS irradiance percentage difference for clear-sky with solar zenith angle. 
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Figure 7. Effect of (a) cloud, (b) aerosol and (c) shadow (SZA > 70°) on the percentage difference between rooftop photovoltaic and INSIOS generations. 
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Figure 8. Variation of the ratio between RPV and INSIOS energy generation over a year. 
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Figure 9. Contour plot for Real-INSIOS generation percentage difference (%). 
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Figure 10. Seasonal and annual box plot of the absolute difference between INSIOS and RPV generation in kWh. 
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Figure 11. Taylor diagram for INSIOS energy production. 
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Figure 12. Effect of monthly cloud time-steps on the absolute difference between simulated and RPV energy production for (a) CD-sky and (b) all-sky. 
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Figure 13. Annual percentage energy losses in terms of azimuthal shadows. 
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Figure 14. Monthly energy adequacy for RPV data and simulated irradiance. 
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Figure 15. Monthly energy consumption from MESCOM and solar PV and their share in the total energy consumption. MESCOM: Mangalore Electricity Supply Company Limited, PV: photovoltaic. 
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Figure 16. Monthly share of simulated energy production to total energy consumption. 
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Figure 17. Economic impact of the aerosol and cloud uncertainty. EP: energy potential, EL: energy losses, FL: financial losses. 
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Table 1. SIS and INSIOS corrections based on the solar zenith angle and time of day. SIS: silicon irradiance sensor, INSIOS: Indian Solar Irradiance Operational System.
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Solar Zenith Angle

	
SIS Angular Correction

	
INSIOS Tilt Correction




	
0–360 min

	
360–1440 min






	
0–10

	
1.07

	
0.96

	
0.96




	
10–20

	
1.00

	
0.95

	
1.07




	
20–30

	
0.90

	
0.90

	
1.12




	
30–40

	
0.85

	
0.80

	
1.25




	
40–50

	
0.75

	
0.70

	
1.35




	
50–60

	
0.66

	
0.40

	
1.50




	
60–70

	
0.56

	
0.20

	
1.70




	
70–80

	
0.42

	
0.10

	
1.90




	
80–90

	
0.20

	
0.00

	
2.80
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