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Abstract: We investigate the possibility of estimating global horizontal irradiance (GHI) in parallel to
photovoltaic (PV) power production in India using a radiative transfer model (RTM) called libRadtran
fed with satellite information on the cloud and aerosol conditions. For the assessment of PV energy
production, we exploited one year’s (January–December 2018) ground-based real-time measurements
of solar irradiation GHI via silicon irradiance sensors (Si sensor), along with cloud optical thickness
(COT). The data used in this method was taken from two different sources, which are EUMETSAT’s
Meteosat Second Generation (MSG) and aerosol optical depth (AOD) from Copernicus Atmospheric
Monitoring Services (CAMS). The COT and AOD are used as the main input parameters to the RTM
along with other ones (such as solar zenith angle, Ångström exponent, single scattering albedo, etc.) in
order to simulate the GHI under all sky, clear (no clouds), and clear-clean (no clouds and no aerosols)
conditions. This enabled us to quantify the cloud modification factor (CMF) and aerosol modification
factor (AMF), respectively. Subsequently, the whole simulation is compared with the actual recorded
data at four solar power plants, i.e., Kazaria Thanagazi, Kazaria Ceramics, Chopanki, and Bhiwadi in
the Alwar district of Rajasthan state, India. The maximum monthly average attenuation due to the
clouds and aerosols are 24.4% and 11.3%, respectively. The energy and economic impact of clouds
and aerosols are presented in terms of energy loss (EL) and financial loss (FL). We found that the
maximum EL in the year 2018 due to clouds and aerosols were 458 kWh m−2 and 230 kWh m−2,
respectively, observed at Thanagazi location. The results of this study highlight the capabilities of
Earth observations (EO), in terms not only of accuracy but also resolution, in precise quantification of
atmospheric effect parameters. Simulations of PV energy production using EO data and techniques
are therefore useful for real-time estimates of PV energy outputs and can improve energy management
and production inspection. Success in such important venture, energy management, and production
inspections will become much easier and more effective.

Keywords: global horizontal irradiance; cloud optical thickness; aerosol optical depth; radiative
transfer model; cloud modification factor; aerosol modification factor

1. Introduction

Due to the rapid population growth, vast development and growing energy demands
are continuously putting pressure on the India’s energy system. These growing needs of
energy require a serious effort by the Government of India to augment its power supplies
such as coal energy production. Renewable sources are much more viable than conventional
methods as they are free from any greenhouse gas emissions [1–4]. Therefore, it is essential
to develop cleaner and more reliable electricity [5–7]. Renewable energy sources contribute
to securing the sustainable energy, which fosters economic growth [4,7–9]. Therefore,
renewable energy has captured the interest of researchers and evolved enormously in last
two decades [10,11].
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In this context, a vision has been developed to promote renewable energy sources
in order to decrease the dependency on non-renewable ones, along with carbon and
greenhouse gas emissions [12]. Solar energy is one of the fast-growing industries across
India. Based on International Renewable Energy Agency (IREA), India receives more than
5000 trillion kWh/year of solar radiation [13], which is a very large amount compared to the
annual energy consumption. As per the latest energy statistics report of India, total energy
consumption in India during the financial year 2021–2022 is 33,508 PJ [14]. Therefore, this
stock can be used for concentrated solar power plants (CSP) and PV energy production.
Jawaharlal Nehru National Solar Mission (JNNSM) or National Solar Mission (NSM) is
one of the initiatives from the government of India (https://www.iea.org/policies/4916
-jawaharlal-nehru-national-solar-mission-phase-i-ii-and-iii; assessed on 14 January 2022)
focused towards installations of 5 GW grid connected solar power project under phase II
of the JNNSM. The JNNSM has been revised and targeted to the deployment of 100 GW
of grid-connected solar PV power, which includes 40 GW of grid-connected rooftop solar
installations by 2022 [15]. A detailed overview of the solar energy developments over the
Indian subcontinent is presented in several earlier papers [3,7,15–17].

The rooftops photovoltaics studied are directly related to urban planning in order to
promote the PV penetration at an urban environment and scale for energy transition policies
and decision making. As time progresses, urbanization and economic developments in
India are resulting in a substantial rise in energy demand. However, this escalating demand
is significantly contributing to the emissions of greenhouse gases. The increasing energy
demands pose a considerable challenge for local governments to meet the demand due
to electricity shortages in most of the cities. The “Solar Cities” program is launched with
the objective to support the local urban bodies to guide their cities towards a transition
to renewable energy sources. The government of India has introduced several initiatives
targeting the urban sector to promote the development of rooftop systems; widespread
adoption of solar water heating systems, “Akshaya Urja Shops”, is a notable initiative that
promoted the urban industrial waste and biomass to energy projects [18]. In 2015, the
government of India launched the “Smart Cities Mission” with the objective of transforming
urban areas to be energy efficient so that the energy burden on existing resources can be
reduced. Under this mission, the target was to make 80% of smart city buildings energy
efficient, with 10% of the energy being met through solar energy resources [19]. Prior to
achieving such goals, study of atmospheric parameters (i.e., aerosols, clouds) is crucial for
estimating the solar radiation levels in a given place.

This decrease in the amount of solar radiation reaching the Earth’s surface (SSR) has
significant impact on our electrical budget, alongside the hydrological cycle [20–23]. The
reduction of SSR due to the attenuation of global horizontal irradiance (GHI) and beam
horizontal irradiance (BHI) leads to reduction in the efficiency in solar power plants and
PV energy production. Atmospheric aerosols and clouds are the most important factors in
solar irradiation extinction. The impact of aerosols and clouds on solar energy production
is presented in [17,24] but none of these parameters are accurately measured with ground
based measurements. Instead, Earth Observation data sources were used for continuous
monitoring, modelling, and forecasting of these parameters. So, a big effort has been
performed worldwide over the last years in order to make such observations as reliable as
possible. With this background information, the current work investigates the possibility
of estimating the GHI and PV power production in India using a radiative transfer model
(RTM) fed with Earth observation (EO) information on clouds and aerosols’ conditions and
validated using real-time ground-measured GHI measurements. The novel features of our
proposed study are summarized as follows.

The study of urban planning and the possibilities for placing PVs on the roofs of the
buildings, in combination with the control and management of the supply and demand of
energy, are a concern for the transformation of cities into smart cities. As a result, cities and
urban areas are key players in climate change, since they consume more than two-thirds of
the world’s total energy need and are responsible for all global greenhouse gases emissions

https://www.iea.org/policies/4916-jawaharlal-nehru-national-solar-mission-phase-i-ii-and-iii
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and such, must be included to cities energy planning. The quantification of the atmospheric
parameters effect on solar energy production, as well as the urban environment effects, is a
key to this direction, while the ultimate goal is to support and contribute to the worldwide
effort of developing real-time decision-making instruments by exploiting all the modern
available methods, Earth Observation data sources, and technologies.

The remaining part of this study is structured as follows: the study sites, rooftop
PV system, solar sensor data, COT, and AOD data used in this study are presented in
Section 2.1, followed by the methodology in Section 2.2, which includes radiative transfer
model simulation, solar energy simulation, and financial aspects. The results are presented
in Section 3 which includes the impact of clouds and aerosols on all sky GHI, the comparison
of AMF and CMF, real time and simulated PV comparisons, and economic impact due
to aerosols and clouds, followed by the capabilities and limitations of EO. Finally, the
conclusions are presented in Section 4.

2. Materials and Methods
2.1. Materials
2.1.1. Study Site

The study locations are in Rajasthan’s Alwar district, which receives huge quantities
of solar radiation. Alwar is oriented in the North-East of Rajasthan between 27.34◦ and
28.4◦N latitude and 76.7◦ and 77.13◦E longitude. The district is located between the
Yamuna-Satluj divide and the central part of the district is covered by the Aravalli hills,
which run north-south ranging in height from 456 m to 700 m. In a year, Rajasthan has
approximately 300–330 days of clear sunshine. The clear sunshine days are an important
indicator of the amount of sunlight that reaches the Earth’s surface, but they do not provide
a complete picture of air quality. Air pollution can have a number of sources, including
emissions from transportation, industry, and biomass burning, etc. The state has installed
7738 MW solar power capacity from ground mounted and 545 MW solar power capacity
from rooftop under the net metering scheme, as per the record of Rajasthan Renewable
Energy Corporation Limited (RRECL) till September 2021 (last accessed on 14 July 2022:
https://energy.rajasthan.gov.in/content/raj/energy-department/rrecl/en/home.html).

Solar energy received in India depends on geographical conditions, however, Ra-
jasthan and Northern Gujarat are the states that receive the highest global radiation, which
is more than 2400 kWh m−2 [10] annually. Figure 1 shows the sites under investigation, i.e.,
Thanagazi (27.4◦N, 76.313◦E), Ceramics (28.05◦N 76.83◦E), Chopanki (28.195◦N 76.864◦E),
and Bhiwadi (28.195◦N 76.864◦E) in Alwar, the other parameters details for these study
sites are listed in Table 1. Figure 1 enables readers to see more details about the region, to
understand the morphology and the reasons for the use of EO-based solar energy planning
tools and methods.

Figure 2 shows the roof-top image of all four stations, which is Trina’s designed solar
modules. At the Thanagazi plant the solar modules are spread over 8237 m2 and installed
at a tilt of 7◦. The DC nominal power rating for this station is 1504 kWp and AC nominal
power rating is 1175 kW. All such parameters for other stations are available in Table 1.

2.1.2. Silicon Sensor for Ground-Based Data Measurement

A year-long real-time measurement of ground-based solar radiation GHI data from
four stations (Table 1) has been used to study photovoltaic energy production comparison.
The silicon (Si) sensor of type Si-V-10TC-T is used for ground-based GHI measurements.
The Si-V-10TC-T Si sensor is used as an irradiance sensor because the short-circuit current
is proportional to irradiance. The elements of the sensor are designed in a certain way, ideal
for monitoring the PV system (https://www.imt-solar.com/solar-irradiance-sensors/: last
accessed on 17 February 2022). A Si sensor is made up of mono-crystalline Si solar cells
which are reliable, robust, and economical elements. The acronym “TC “in the Si solar
sensor signifies the active temperature compensation measured by an equivalent sensor
laminated to the back section of the solar cell for minimizing the effect of temperature on
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the measuring signal. All sensors are calibrated in artificial sunlight against a reference
cell calibrated at the Physikalisch-Technische Bundesanstalt (PTB, 147 National Metrology
Institute of Germany) (https://www.ptb.de/cms/en.html, accessed on 9 June 2023).
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Table 1. Indian solar farm stations used in the study.

Station Lat
(◦N)

Long
(◦E)

DC Nominal Power
(kWp)

AC Nominal
Power (kW)

Module
Area (m2)

Altitude
(m.a.s.l)

Tilt
(◦)

Thanagazi 27.313 76.313 1504 1175 8237 447 7

Ceramics 28.05 76.83 1354 1080 7496 280 6

Chopanki 28.195 76.864 1008 775 5467 290 10

Bhiwadi 28.195 76.864 1004 800 5608 260 6

2.1.3. Cloud Data

Satellite cloud data product is one of the important inputs for our model simulation,
these were obtained from the Spinning Enhanced Visible and Infrared Imager (SEVERI)
on board the MSG. To accurately measure the impact of clouds on solar irradiation, we
collected data on cloud type (CT), cloud phase (CP), and cloud optical thickness (COT). The
CP helps to identify whether or not a simulated cloud pixel has an ice or water radiative
transfer characteristic, CT makes it possible to determine their height and effective radius,
whereas COT enables for the measurement of incoming solar radiation attenuation. COT is
influenced by cloud vertical thickness as well as moisture density. The reflectance feature
of cloud at channel at 0.6 µm in visible region of the electromagnetic spectrum closely
associated with COT [25]. The EUMETSAT’s MSG is a geostationary meteorological satellite
that is present at 36,000 km above the equator allows for continuous monitoring of Europe,
Africa, and the Indian Ocean (45◦E) at the high spatial and temporal resolution of 0.05◦

and 15 min respectively. The real time cloud properties were extracted using Satellite
Application Facility for Nowcasting Weather Conditions software (SAFNWC) installed

https://www.ptb.de/cms/en.html
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in-house. CT and CP are conventional outcomes of the SAFNWC computational technique,
whereas COT is a customized product and so its extraction needs additional steps in the
process chain. The MSG product identification is described in [26] technical report.
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2.1.4. Aerosol Data

AOD is a dimensionless indicator of the direct solar irradiation attenuation at ground
level due to particulate matter. The AOD550 data was obtained from CAMS which provides
AOD forecasting information for the next day in spatial and temporal resolutions of 0.4◦

and 1 h, respectively. The CAMS is a service run by the European Centre for Medium-Range
Weather Forecasts (ECMWF) on behalf of the European commission under Copernicus
program [27]. The CAMS dataset contains aerosol modeling and satellite data assimilation
with the modeling part based on ECMWF physical parameterizations of aerosol processes.
They give operationally correct aerosol optical depth (AOD) data at 550 nm, 1 h time steps,
and 0.4◦ spatial resolution. For our model simulation to estimate GHI together with PV
production, AOD and COT are the two main input parameters for RTM simulation. All
four plant regions were found to have AOD values that ranged from 0.1384 to 3.5522 over
the course of a year.

2.2. Methodology
2.2.1. Radiative Transfer Model Simulation

The real time assessment of GHI and PV production is based on Look-up tables (LUTs),
calculated using RTM (libRadtran) [28–30]. The LUTs consist of more than 2.5 million
RTM simulations with atmospheric inputs and 1 nm spectral GHI outputs. A study was
conducted to investigate the interoperable exchange of the same kind of GHI databases [31],
emphasizing the importance of LUTs methods [32]. As presented in [33], the size of LUTs is
large but still it provides estimated values for discrete points, so for real world application
this needs to generate an interpolating function to be applied for nearest/adjacent LUTs
values to correct the input output parameters. However, it is found that the interpolation
calculation process is computationally expensive and approximately requires a total time of
21 h. Each interpolation calculation took more time than a single run of libRadtran, which
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was initially used to generate the LUTs in the first place, which was approximately 12 h
for 1000 RTM simulations. In this direction, 2.5 million records of LUTs [34] were used for
fast retrieval of solar radiation levels. The outputs are high-resolution spectral irradiances
(1 nm) covering the wavelength range of 285 to 2700 nm. The parameters and their value
range that are allowed to vary in 2.5 million simulations for the purposes of this study
are cloud optical thickness (0:0.1:5 and 5:1:20), aerosol optical depth (0:0.1:2.5), Ångström
exponent (0.2:0.6:2), single scattering albedo (0.6:0.2:1), water vapor (0.5:1:3.5) (measured in
cm) and solar zenith angle (1:3:88). In more detail, we used the RTM called SDISORT which
is a pseudospherical analog of the DISORT solver described in [35] and it ensures that the
outputs in terms of spectral GHI are valid from 0 to 90◦ solar zenith angle (SZA). More
clearly, we can say the model used is the SDISORT which can be found in the libRadtran
which acts as a library of RTM and methods. Concerning the way of RTM simulations,
we selected the band parameterization based on the correlated-k approximation [36,37],
whereas the aerosol and cloud determination was conducted based on the predefined
aerosol framework explained in [38]. All the scientific and structural details about the RTM
simulations, the input datasets and the LUTs construction are described in [33].

The outcomes of the above RTM procedure are estimated GHI obtained by using
AOD and COT as the main input parameter to RTM (libRadtran) at 550 nm wavelength
and this was extrapolated to the whole solar spectrum used in this study. In detail, AOD,
SZA, Ångström exponent (AE), single scattering albedo (SSA), total ozone column (TOC),
and columnar water vapor (CWV) were used as input parameters in libRadtran under
clear sky, whereas SZA, TOC, and COT are used under cloudy sky condition for GHI
estimation. AOD is not used as input in libRadtran under the cloudy condition when COT
is greater than unity because the effect of aerosol is much weaker in comparison to thick
clouds (i.e., COT > 1). The additional parameters consist of the SZA which was collected
from an in-house astronomical model and software (NOA), AE, SSA from the Aerosol
Comparisons between Observations and Models (Aerocom) [39] on a monthly average
basis, the TOC from Tropospheric Emission Monitoring Internet Service (TEMIS) [40]
once per day, and the CWV from CAMS respectively. The standards atmosphere effect
to solar radiation as compared to other atmospheres motives is directly related to the
attenuation due to atmospheric gases, while for the standard aerosol selection the influence
is related to the handling of the optical properties in terms of optical depth, Angstrom,
single scattering albedo etc. For the RTM simulations, the standard atmosphere [41] and
the default aerosol model [38] were used, while the uncertainty effect on solar irradiation
under various molecular bands parameterization and aerosol typing is able to reach up to
60% under extreme atmospheric conditions and aerosol vertical distribution [42,43]. Using
the aforementioned RTM process, we simulated GHI under three different conditions: clean
and clear (no aerosols and no clouds; GHIclean & clear sky), clear (no clouds; GHIclear sky) and
all sky (real condition; GHIall sky). Where clear sky means that it is cloudless, while a clean
and clear sky means it is free from aerosols and clouds.

2.2.2. Solar Energy Simulation and Financial Aspects

The solar irradiance that reaches on the PV panels must be known to estimate the
power output from solar farm systems. To obtain solar radiation data, PV energy production
and to determine necessary numerical calculation, we utilized the Photovoltaic Geographic
Information System (PVGIS) [44]. It is very crucial to understand the entire system losses
based on actual solar application scenarios. Aerosols and clouds are key players that
contribute significantly to loss of solar energy. An environment with an AOD value of 0.01
would be highly clean, whereas one with a value of 0.4 would be very hazy condition [45,46].
Clouds do not absorb visible light wavelengths but rather scatter and reflect the majority
of visible light. The aerosol and cloud influence on solar energy can be expressed by the
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AMF and CMF, which is computed by the formula expressed in Equations (1) and (2) and
explained in reference [17]:

AMF = GHIclear sky/GHIclean & clear sky (1)

CMF = GHIall sky/GHIclear sky (2)

where GHIclear sky is the radiation under clear sky conditions, GHIclean & clear sky is radiation
under clean (from aerosols) and clear (from clouds) sky conditions and GHIall sky is radia-
tion under all sky conditions. The abovementioned AMF and CMF variables have values
ranging from 0 to 1, with 1 representing clear sky GHIclear sky (i.e., no cloud effect) and all
lower values showing GHIall sky with cloud effect. Similarly, the GHIclean & clear sky with
1 value shows clean and clear sky irradiation. This approach allows for the evaluation of the
independent effects of aerosols and clouds on solar energy. So, we can calculate the attenua-
tion in GHI due to aerosols and clouds using AMF and CMF expressions. The percentage at-
tenuation in GHI due to clouds is ((GHIall sky − GHIclear sky)/GHIclear sky) × 100 while the cor-
responding attenuation due to aerosols is ((GHIclear − GHIclean & clear)/GHIclean & clear) × 100.
The aforementioned equation by replacing with CMF and AMF definitions are: (CMF-1) × 100
and (AMF-1) × 100. We have shown the annual variation (January–December 2018) of CMF
(Figure 3) and AMF (Figure 4) as it includes cloud optical thickness and aerosol optical
depth, and all the other parameters are included by default into the above quantities since
for example the ice clouds have a larger impact on solar radiation than water clouds. At
the same time the cloud optical thickness due to ice crystals is lower than due to water
droplets and is related to the monsoon characteristics and microphysics. To this direction
the parameters that make sense to see the annual cycle are the CMF and AMF as shown in
Figures 3 and 4 respectively.
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Financial analysis shows the limitations of EO data and simulation to represent the
reality of PV production and its losses due to atmospheric aerosols and clouds. To this
direction, the financial analysis is able to represent the magnitude of the simulations ability
to be efficiently translated into realistic solar energy estimations. The financial analysis
was carried out by simulating a hypothetical scenario of a PV system with nominal power
of 1 MW assumed to be installed in Alwar using the methodology stated in [17]. For the
estimations of solar PV energy production, the most prevalent PV materials were simulated
with an average efficiency of 16% and at the same time the shadowing impact from the
surroundings was set to 4% as a representative value unimpeded from the visual horizon
solar plant installations. As a result, the remaining 80% efficiency has been transformed
to PV output energy using nominal power and electricity converter technology, as well as
AC/DC efficiency. The financial analysis of PV energy production requires the electricity
generation price INR per kWh (1 INR ≈ 0.013 USD); then the PV output energy is converted
into the price of electricity as follows the earlier energy by [17]. Financial analysis was
formulated in terms of energy production (Ep), revenue generated (RG), and financial
losses (FL). Ep was obtained as the sum of generated energy in kWh/m2. RG is obtained
by feed-in tariff price multiplied by Ep as shown in Equation (3).

RG = Ep (kWh)× price of electricity
(

INR
kWh

)
(3)

The price of electricity in the present work was taken as 3.14 INR/kWh for India [47]
up to the capacity of 725 MW and hence the financial loss is calculated using Equation (4)

FL (INR) = (Epmax − Epactual)× price of electricity (4)

where, Epmax is the maximum energy produced under clear sky conditions i.e., AOD and
COT value is zero and Epactual is the actual value of energy produced in kWh in which the
AOD value was taken into consideration under clear sky conditions, and COT value under
cloudy sky conditions.
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3. Results
3.1. Impact of Clouds and Aerosols on All Sky GHI

Figure 5 shows the diurnal variation in GHI observed at all four stations located in
Alwar, throughout the day from January to December 2018 under all sky conditions. All
sky GHI variation in Figure 5 over different seasons is justified as per study conducted for
central Himalaya region of India [17]. It is worth noting that the presented GHI data in
Figure 5 only covers the time period from 0 to 14 h of the day, as the GHI values during the
remaining hours of the day (15–24) under all-sky conditions were registered as zero in the
RTM outputs. The time standard used for this study is Coordinated Universal Time (UTC).
The diurnal GHI variation at all four stations exhibits a peak of 1000 W m−2 to 1200 W m−2

occurring between 6 to 10 h of the day during the month of April (i.e., 91–120 day of year),
May (i.e., 121–151 day of year) and June (i.e., 152–181 day of year). However, during the
Indian summer monsoon which spans from July (i.e., 182–212 day of year) to August (i.e.,
213–243 day of year) the GHI values demonstrate a discernible decline due to increased
cloud cover and hence lower GHI values is observed as presented in [15]. Meanwhile,
autumn and winter months show lower values of GHI, as expected. The insight provided
above offers a comprehensive understanding of temporal variability of GHI at different
locations in Alwar, across different seasons of a year.
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3.2. Comparison of AMF and CMF

The impact of aerosols and clouds on solar energy can be quantified using the pa-
rameter AMF and CMF respectively and it is recently studied for the Himalayas region
in India [17]. Figure 6 shows the monthly variation in AMF and CMF for the four sites
we examined in Alwar. The monthly variability of CMF is obtained by utilizing 15-min
samples of COT, following the same frequency as that of AOD time series data, which
is measured at an interval of 1 h. Simultaneously, AMF curves were computed based
on hourly measurements of the AOD data. CMF shows a gradual increment before and
after the monsoon (July, August, September) signifies that the effects of clouds are minor,
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whereas, during the monsoon, the lowest values of CMF are observed attributes for huge
cloud coverage. The monthly variation in CMF values ranges from 0.50 to 0.95. However,
the AMF exhibits unpredictable changes over the course of a year, characterized by sharp
fluctuations. The attainment of the highest AMF climatological values during the winter
and spring consequently signifies minor aerosols effect whereas the lowest AMF clima-
tological values are observed in months of July signify for higher aerosols effect. These
values could be attributed due to the displacement of dust aerosols from the West Asian
region [16,17,48]. After the necessary calculations, it is proven that the AMF and CMF at all
these four stations are comparable which is an important finding for India because accurate
measurement of both these quantities is crucial when calculating the solar radiation losses,
as well as determining the total energy output of a PV system.
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Figure 7 emphasizes the absolute value of the percentage attenuation in GHI resulting
from AMF and CMF. RTM simulations yielded these results. The losses due to AMF include
the aerosol effect, whereas the losses due to CMF only include the cloud effects. Studies
conducted in other regions [15] suggest that generally the impact of aerosol is more stable
than that of clouds over the course of a year. Therefore, the losses resulting from AOD do
not have significant changes when compared to losses caused by clouds, which display
substantial fluctuations, as shown in Figure 7. In Figure 7 the interquartile range within
the box is between 25th and 75th percentile to show the median whereas the vertical solid
lines show the upper whiskers which represents the maximum attenuation in GHI due
to aerosols and clouds. Attenuation due to clouds is observed during summer and early
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winter due to monsoon activity whereas attenuation due to aerosols is common during
all seasons as aerosol behavior is related to human activities or dust as well. A major
attenuation in GHI radiation due to clouds is seen during the month of July, August, and
September because of dense cloud cover due to monsoon activities in Alwar. Since the cloud
cover is not very dense in other seasons no attenuation in GHI radiation is observed. In the
case of reduction due clouds, the largest interquartile difference is observed for Thanagazi
whereas in case of lessening in GHI due to aerosols the maximum interquartile separation
is observed for Chopanki and Bhiwadi location. In literature [49], Iqbal method [50]
was employed to estimate solar irradiance, taking into consideration the impact of total
optical thickness determined by AERONET. The author demonstrated that in a cloudless
atmosphere, the incident solar irradiance is attenuated by 23.5%, with aerosols accounting
for an average contribution of 13.5%. In literature [51], the Iqbal model C has been utilized
for GHI estimation and analysis conducted over several years showed that annual average
deviation ranged from 8.7% to 19.2%. Our proposed RTM method fed with EO data got
average annual percentage attenuation in GHI ranges from 9% to 10% attributable due
to cloud variations across the four different locations in Alwar. Additionally, the annual
average attenuation in GHI resulting from aerosols is observed between 5% to 7%. So,
our finding is justified as per the previous literature. The maximum monthly average
attenuation in GHI due to aerosols for Thanagazi, Ceramics, Chopanki, and Bhiwadi
locations are 9.4%, 10.5%, 11.3%, and 11.3% respectively noticed during June whereas the
maximum monthly average attenuation in GHI due to cloud is 24.4%, 22.8%, 22.5%, and
22.5% respectively noticed during August.
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3.3. Real Time and Simulated PV Comparisons

We made the comparison between the GHI under three different conditions i.e.,
GHIclean & clear sky, GHIclear sky, GHIall sky along-with the simulated PV and the real-time
ground-truth measured GHI radiation for all the four stations in Alwar as shown in
Figure 8. Real PV in Figure 8 is measured GHI, which was used in order to quantify the
reliability of the simulations performed. The accuracy of the estimated GHI has been
tested and validated against real time ground measured GHI measurements [52]. These
measurements are represented in Figure 8 as black line plot, labeled as “Real PV”. The
simulations were compared with the real PV measurements, and the accuracy of the
estimated GHI was evaluated based on how closely it matched with real PV data. The
GHIclean & clear sky (i.e., GHI0; red color) shows the highest values during the summer
months. Among all the four farms, the maximum value (311 kWh m−2) of GHI0 is obtained
during July whereas the minimum values (150 kWh m−2, 147 kWh m−2, 146 kWh m−2,
and 146 kWh m−2, respectively for Thanagazi, Ceramics, Chopanki, and Bhiwadi) during
the month of December as depicted in Figure 8. The simulated GHI under cloud free
sky conditions (GHIAMF; green color) shows quite similar variations with slightly lower
values (Figure 8), which clearly indicates that the effects of aerosols do not dominate in
these locations of Alwar. In a parallel manner, the simulated GHI under all sky conditions
(GHICMF; represented by blue color) shows similar monthly variation with the simulated
PV for all four solar power plants, which suggests that clouds play a bigger role than
aerosols (Figure 8). During monsoon months, the GHICMF, simulated PV as well as real-
time GHI (Real PV) measurements show a drop due to the significant cloud coverage over
all four solar farm locations. The comparison between the GHI under different conditions
clearly shows the accuracy of the model simulations which are quite suitable for real-time
PV investigations. In addition, in Figure 8 the simulated PV (shown by cyan color) with the
tilt angle of the PV panel is found to match very well with the real-time PV (measured GHI)
measurements. However, the simulated PV data overestimate real-time PV due to some
technical issues such as panels soiling, maintenance, inverter, ac-dc conversion efficiency,
remote sensing data information resolution and subsequent uncertainties, panel efficiency,
possible failures following with temperature and shadow effect.

The tilt angle is one of the most important parameters for the calculation of solar PV
power. To optimize the annual production of solar energy for fixed non tracking solar PV
panels, the tilt angle is a few degrees below the latitude of the site. Therefore, in the present
work, we selected the tilt angle for Thanagazi, Ceramics, Chopanki, and Bhiwadi at 7◦,
6◦, 10◦ and 6◦ respectively. Figure 9 illustrates the monthly mean variation in percentage
increase in PV production resulting from different tilt angles. Figure 9 depicts that for
Thanagazi, the tilt angle of 10◦ results in maximum PV production increase, reaching as
high as 20% during the month of December. On the other hand, the lower tilt angles of
(6–7◦) for Ceramics, Chopanki and Bhiwadi results in 10% to 14% maximum PV production
increase which is observed in months of December. Figure 9 clearly indicates that the
percentage PV power production increase is very sensitive to the small changes in the
tilt angle observed over a course of year. Figure 9 also clearly reveals that the tilted PV
panels produce more energy but not during all the months. During April, May, June,
and July, PV energy production remains the same for every tilted angle. This could be
an attribute of the significant dominance of cloud coverage and hence the presence of
maximum diffuse radiation.

3.4. Economic Impact Due to Aerosols and Clouds

Figure 10, shows the economic analysis of the impact from aerosols and clouds on
solar energy production, quantified in terms of monthly mean along with total energy and
financial losses. The associated methodology is described in Section 2.2.2 and also available
in [53]. The monthly PV production and revenue for four locations are shown in Figure 10.
For Thanagazi solar plant, the monthly mean PV energy varies from 107 kWh m−2 to
198 kWh m−2 from January to May in the year 2018 and followed by a decrease from
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187 kWh m−2 to 97 kWh m−2 from June to December (Figure 10a). A similar variation in
PV energy production is clearly visible for all four solar power plants which are shown in
Figure 10. The total annual PV energy production (Ep), corresponding annual revenue,
energy loss due to aerosols (ELaerosol), energy loss due to clouds (ELcloud), financial loss
due to aerosols (FLaerosol) and financial loss due to clouds (FLclouds) for all four stations are
summarized in Table 2. These costs also include the general inspections, system cleaning,
mechanical maintenance, mounting, local taxes, site security and administration costs [54].
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(d) Bhiwadi.

Table 2. Annual energy production, revenue, EL and FL results for all four stations.

Stations Ep
(kWh m−2)

Revenue
(K INR)

ELaerosol
(kWh m−2)

ELcloud
(kWh m−2)

FLaerosol
(K INR)

FLcloud
(K INR)

Thanagazi 1699 6107 230 458 828 1647

Ceramics 1560 5154 217 373 662 1231

Chopanki 1568 3178 232 358 550 914

Bhiwadi 1491 3649 224 373 548 913

Moreover, we have estimated the energy production loss error and financial loss
error due to clouds and aerosols for all four solar plants (Figure 11). Figure 11 shows
the limitations of EO data and simulation to represent the reality into PV production
and its losses due to atmospheric aerosols and clouds. In [55] the author has proved
that the uncertainties in the indirect effect of aerosol can be minimized with detailed
measurements of atmospheric aerosols and cloud properties. For this we need to establish
several observations all over India with the purpose to carry out in-situ measurement
of cloud parameters as well as chemical compositions, mixing state alongside with size
and shape of aerosol particles. In [56] author has shown the comparison between AOD
obtained from MODIS with the AERONET. As it is obvious, there is a large uncertainty
between the two data sources. This demands an AOD retrieval system with better spatial
resolution and more accuracy with complex climatology. This will greatly improve our
satellite-based estimations.
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The capabilities as well as the limitations of modern EO to simulate the PV energy
production over India in addition to the impact of atmospheric aerosols and clouds on
GHI make us retrieve the COT from MSG and AOD from CAMS. The COT and AOD
are used as two main input parameters for RTM simulation to find the GHI under all
sky and clear sky conditions and also to quantify the CMF for all four locations. We
have also investigated that the contribution of the Thanagazi plant is close to 70% of
total consumption. This study tries to harmonize the ground-truth solar irradiation and
production data with the modelled ones by exploiting exclusively Earth-Observation
data and methods. The region of southern Asia is not sufficiently covered in terms of
solar irradiation monitoring and forecasting management, while at the same time India
presents one of the highest solar energy production levels from big solar farms to small
and medium rooftop photovoltaic installations at urban scale and environment. To this
direction, the study of the atmospheric parameters effect on the energy captured by the
photovoltaics is crucial for efficient energy planning and decision making. However,
in order to simulate real-time PV energy production, we have certain capabilities and
limitations in our approach. The capabilities are continuous monitoring since the MSG
is a geostationary satellite. CAMS provides modeled aerosol information continuously
from satellites. Furthermore, the RTM converts the atmospheric inputs into solar radiation
and so we can estimate the PV energy production. Capabilities have to do with a realistic
estimation of the PV energy production by using exclusively EO data and techniques. This
capability enables the harmonization of real-time PV energy outputs with the simulations
and once succeeded, it performs energy management and production inspection (e.g.,
organizing the panels, cleaning and limit electricity outages due to previous knowledge of
the clouds and aerosols effect). Similarly, the capabilities are related to the PV planning in
order to identify the suitability of a region to host PV parks or a building roof to produce
adequate energy, taking into account the atmospheric and surrounding effects (e.g., the
shadow in an urban environment).

On the other hand, the limitations are mostly related to the available spatial and
temporal resolution observed by satellites and models of atmospheric parameters that affect
the PV panel efficiency under clear and all sky conditions alongside with the accuracy of
the simulated PV characteristics (e.g., panel materials and spectral response, the inclination
and the orientation calculation, the temperature effect on PV efficiency, the dust deposition
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etc.). It is important to understand that the limited ability of the simulations to represent
the PV production reality is directly related to the used data uncertainties as well as the
model’s ability to handle a portion of the solar irradiation effects by clouds and aerosol
since we just incorporate the COT and AOD and not the complete optical and physical
characteristics, i.e., the cloud effective radius, the cloud phase and type, the Ångström and
single scattering albedo for the aerosols. As a result, the modern EO data and techniques are
able to actively support the PV energy producers in any solar system scale and the produced
electricity handling entities (e.g., transmission and distribution system operators) by using
the provided information taking always into account that the outputs are simulations
accompanied with a wide range of uncertainties.

The limitations have to do with the accuracy and resolution of the EO data which have
to be even more reliable and highly resolution in the future in order to quantify even better
the atmospheric parameters that affect solar energy production.

4. Conclusions

This study aimed for GHI estimation in conjunction with PV power production with
modelled ones by exploiting exclusively the EO data on clouds and aerosols. To this
direction, AOD products from CAMS are used for the quantification of the aerosols effect
on GHI, and COT from MSG is used for the quantification of cloud effect. With the year-long
analysis of AMF and CMF from Figure 6 we found that cloud is the most limiting parameter
for solar energy production. The impact of aerosols and clouds on solar energy production
is presented in [17,24] where Earth Observation data sources were used for continuous
monitoring, modelling and forecasting of these parameters, none of these parameters
were accurately measured using the real time ground-based measurements. At Thanagazi
location, the monthly (January–December) average attenuation in GHI due to aerosol is
observed between 4.8% to 9.4% whereas due to cloud the percentage attenuation in GHI is
observed between 2% to 24%. On an annual basis, cloud reduces the GHI by 10%, whereas
aerosol reduces the GHI by 6% and has a significant impact on PV power generation and
profit from PV installations. Indicatively, for a 1175 kW of PV power installation, the
average FL due to cloud is 1647 K INR. The FL due to aerosol for the same installation
is 828 K INR. Hence, the results of this study highlight the nowadays capabilities of EO
to realistically capture the PV production in conjunction with the limitations of the EO
accuracy and resolution to precisely quantify the atmospheric parameter effect. In the
future, it will be interesting to carry out such a study for different locations in India for
accurate measurement of aerosol and cloud parameter using EO data and ground based
real time measurements.
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