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Evaluation of optimum PV tilt angle with generated and predicted
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Abstract. In this article, a novel approach to ﬁnd out optimum tilt angle using generated and predicted solar
data is presented. Here the generated electricity outputs data of the photovoltaics (PVs), installed on the building
rooftops at the Indian Institute of Technology (IIT) Roorkee, India, have been obtained from the Institute for the
past four years (2015–18). Simultaneously, the solar PV output data have been predicted using open source
software application, geographic information system (GIS), Perl, global horizontal irradiance (GHI), remote
sensing, and cloud computing. The satellite-derived GHI has been obtained from the database developed by the
National Renewable Energy Laboratory (NREL), United States, and local GHI using a pyranometer to validate
the results. In the presented work, tilted GHI has been estimated using modiﬁed tilt angle algorithm implemented
using Perl in a cloud environment. Further, the usable rooftop area has been digitized on high-resolution
WorldView-3 image and calculated using QGIS. In this study, the validation of an optimum tilt angle has been
performed by the comparison of the output from the installed solar plant to the predicted solar potential. The
processing of optimum tilt angle obtained (19.86) at IIT Roorkee has been performed using XenCenter server.
This helped in processing the computation-intensive tilted GHI at various tilt angles. This approach also helped
in providing further expansion plan. The R2 value between the predicted solar potential and actual generation for
this study is 0.82.
Keywords.

Optimum tilt angle; Generated-predicted PV data; Cloud computing; Tilted GHI; Perl; R2 test.

1. Introduction
Solar energy is the source of future energy [1]. It is in huge
demand all over the world. Almost all organizations are
using solar energy. Some of the important factors such as
an intergovernmental panel on climate change (IPCC)
[2, 3], Paris agreement [4], massive energy demands, pollution control, and the government’s initiatives to reduce
carbon footprints are pushing the organizations towards
solar energy. The estimation of the optimum and best tilt
angle of solar photovoltaic (PV) is very much important to
harness the maximum amount of electricity using solar
plants [5, 6]. This is a global problem since the tilt angle
varies with different geographic locations (latitude, longitude, and altitude) [7]. Abdeen et al [1] have calculated the
PV tilt angle to get maximum energy by neglecting the
effect of dust in the desert. They have developed an
approach to demonstrate the PV output decrease with
increase in tilt angle. The solar potential assessment (SPA)
is very much important to estimate the amount of solar
*For correspondence

energy available at a speciﬁc location [8]. Different models
such as Heliosat-4, -2 [9, 10] and REST-2 [11] have been
developed to estimate global irradiances at ground level.
Researchers have devised equations to calculate the
optimum tilt angles for the manual PV tracking systems
that resulted in 3–4% more electrical energy [12]. They
have calculated a number of optimum tilt angles for different months. These types of PV installations are good for
smaller organizations or households. Tırmıkci and Yavuz
[42] have determined the tilt angles of the monthly average
daily basis for Sakarya, Turkey, using corrected old equations and parameters of PV module in Matlab [13]. In this
study, the optimum tilt angle has been calculated for the
huge rooftop solar plant having a capacity of 1.812 MWp
using PV generated data, pyranometer data, and satellitederived data from National Renewable Energy Laboratory
(NREL), United States, for validation. In previous work
[14], the SPA of Meerpur has been calculated using
developed software and Perl programming. In this study,
the optimum tilt angle has been calculated and validated
using generated PV data obtained from Indian Institute of
Technology (IIT) Roorkee and global horizontal irradiance
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(GHI) using a pyranometer [15] and NREL. Estimation of
optimum tilt angle using generated PV data and Perl script
(cloud environment) has not been discussed in the literature
[16, 17]. Halilovic et al [12] have developed an analytical
method of ﬁnding tilted GHI at the best possible tilt angle
[18]. They have employed the inverse transposition model
and validated the results using several error methods such
as relative root-mean-square, relative mean-bias, and
Pearson correlation coefﬁcient. The objective of this study
is to calculate the optimum tilt angle to get the maximum
quantum of solar energy at the rooftops using a modiﬁed
algorithm [19]. To process the historical data and number
of iterations for tilted GHI calculations, a novel approach of
ﬁnding an optimum tilt angle using Perl in the cloud
environment has been implemented. Perl script has been
developed to process these data in the cloud environment,
i.e. a Citrix XenCenter bare-metal hypervisor.
The validation of the optimum tilt angle has been performed using the actual generated PV rooftop data of four
years (2015–18) from IIT Roorkee, GHI values using the
pyranometer, and NREL online database. A further solar
expansion plan of IIT Roorkee has also been proposed to
increase the capacity of the solar plant. It has been mentioned in the literature that tilted GHI (at tilt angle) changes
with different latitudes, longitudes, and elevations of the
locations. Therefore this study has been performed to
establish a well-deﬁned approach to deal with the aforementioned problem. This approach is useful in calculating
the tilt angle of the proposed/new solar plants. The validation has not been performed using generated data only
because that will limit the extraction of tilt angle to the
generated data output only [20]. To calculate the best
possible optimum tilt angle, predicted data are necessary
for the best possible PV output forecast (to generate the best
possible electricity). The validation of the tilt angle has
been performed using both generated and predicted data
based on the following assumptions: the predicted data
have provided the maximum PV forecasts and all the possible tilt angles have been tested and validated with the
predicted data. Predicted data are based on the ground data
collected using the pyranometer. Hence it may be taken to
be more accurate and authentic.
The NREL has used several parameters for accurate
estimation of GHI such as visible band from geostationary
satellites, aerosol optical depth (AOD), water vapor, and
ozone information. The GHI values from NREL and
pyranometer ‘LP Pyra-03’ have been used in this study for
the corresponding validation of satellite and ground-based
GHI values, respectively [21–24]. In terms of ground-based
validation, pyranometers have been used by many
researchers. Martinez et al [20] have devised an inexpensive pyranometer to measure solar irradiance in the wavelength range of 400–750 nm for installation purpose [25].
In this study, the satellite-based GHI values from the NREL
database have been validated using ground-based measurements through the pyranometer. Miller et al [22] have
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described short-term up to 3 h solar prediction using
satellite-derived model GHI using clouds’ details in a
radiative transfer model [26]. The direct and diffuse-sky
solar irradiance have been predicted by these models.
It has been identiﬁed by many researchers that solar
potential estimation and inclined PV assessment are very
much important for the feasibility of solar projects [27, 28].
Researchers have demonstrated and validated the transposition methods using linear ranking and pairwise checking
[29]. In this study, an isotropic model has been utilized
using a modiﬁed algorithm to get the tilted GHI for the
computation of the optimum tilt angle. Dileep and Singh [6]
have carried out a study to ﬁnd out the total solar potential
of rooftops on the Hulhumale Islands of the Maldives. They
found that the yearly electricity potential was 4–8.0 GWh
based on the technical and economic feasibility analysis.
Researchers have used an artiﬁcial neural network (ANN)
with backpropagation algorithms to assess the average
global solar irradiance using 10 years of meteorological
data from 5 stations [30]. They identiﬁed that most
(98–99%) of the assessed values were close to the measured
values. The dust on the sensors is the main reason for
degradation in the performance of the PV panels, which
results in low power generation. Here the dust refers to the
very high contents of the aerosols. Tidemann et al [41] have
developed an index of economic resources (IER) to
demonstrate the incorrectness of using highly combined
datasets such as higher resolution satellite data images and
household PV installations [31]. A decision support system
using computation demanding shadow process algorithm
has been utilized to process solar potential in cloud computing environment [32]. They have found the best rooftops
for PV installations in Geneva considering shadow effect.
The rest of the paper is described in the remaining four
sections. Section 2 deﬁnes the study area selected for this
study. It also includes why this area has been selected for
this type of study. Software and methodology parts have
been described in Section 3 using a detailed methodological
ﬂowchart. Results have been shown in Section 4 with discussion about the outputs obtained. The paper is summarized in the last section describing the conclusions and
limitations for the future scope.

2. Study area and data
IIT Roorkee has been selected as the study area (ﬁgure 1). It
is situated in Roorkee, a small city located in Uttarakhand
state, in northern part of India. The central coordinates of
the James Thomason Building, IIT Roorkee, are latitude
29 51’ 53.91‘‘ N and longitude 77 53’ 47.7’’ E. Tata Solar
Power, India, has installed the PV panels of 1.812 MWp at
the building rooftops. The generated electricity output of
four years, i.e. from 2015 to 2018, from PVs has been
analyzed and used for calculating an optimum tilt angle and
validation purpose in this study.
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Figure 1. Satellite image of IIT Roorkee campus.

The solar plant has been installed at the rooftops of
27 locations (i.e. departments and centres). The study
has been carried out to device an approach for the
optimum tilt angle, assessment, validation, and maintenance of solar plants. The generated four years of
electricity data of solar plant have been obtained from
IIT Roorkee. In this solar plant, the generated electric
power has been directly supplied for consumption with
grid electricity. This is the reason why there is no
storage facility (i.e. batteries) available for this rooftop
solar plant. Electric power generated from a solar plant
has been directly supplied at threshold voltage to link
with the grid electricity using inverters. The campus of
IIT Roorkee can be considered as a global role model
for harnessing the available solar potential and meeting
a major portion of its electricity/energy requirements.
Meteorological data obtained from the National
Institute of Hydrology (NIH) Roorkee of the previous
29 years, i.e. from 1989 to 2017, have been used in
this study. These data include the following attributes
such as temperature (minimum, maximum, mean in
degrees), rain (mm), relative humidity (in % at 08:30
hours), wind velocity (km/h), wind direction (at 08:30
hours), weather type (partly cloudy, clear, cloudy, dark
fog in morning/night), sunshine (hours), and number of
rainy days. These data have been utilized to validate
the sunshine hour’s calculation while calculating the
tilted GHI. A number of rainy, cloudy, and sunshine

days have also been estimated using these data for
accurate SPA.

3. Software and methodology
Geo-referencing and digitization have been performed
using QGIS 3.2 Bonn to estimate the area and perimeter
of the building rooftops. Perl programming language has
been used to implement the modiﬁed tilted GHI algorithm. The methodology adopted for this study is shown
in ﬁgure 2. High-resolution satellite images of IIT
Roorkee have been downloaded using Google Earth and
Elshayal Smart geographic information system (GIS). A
reference scanned hardcopy map has also been obtained
for better GIS analysis from the Geomatics Laboratory,
IIT Roorkee, comprising detailed information of buildings, lawns, laboratories, centres, and structures. The
latitude and longitude of six prominent points have been
obtained from the Google Earth to geo-reference the
satellite images and scanned map of IIT Roorkee. QGIS
has been used to create shape-ﬁles of the 27 building
rooftops and the outer boundary of IIT Roorkee using
satellite images, and to calculate the usable area of the
building’s rooftops for PV installations. The usable areas
are different for buildings based on their shape, structure,
and size. A unique code is assigned to each building (L1,
L2, …, L27).
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Figure 2. Methodology used in the study.

GHI data have been obtained from the web portal
maintained by the NREL. These GHI values have been
measured on a horizontal surface. Therefore, these GHI
values need to be converted onto the tilted surface to get the
maximum quantum of the solar energy reaching Earth’s
surface based on optimum tilt angle. This tilt angle depends
on the latitude of the location [33]. Mostly it is ±15 to the
latitude of the location in northern India.
The modiﬁed algorithm has been applied on the GHI
dataset using the Perl programming language. The Perl
script has been selected since it can handle a large
amount of data very efﬁciently, effectively, and accurately. It has the capability of processing thousands
(kilo) of lines of code (KLOC). The computation part
has been performed using an algorithm’s predeﬁned
functions in the Perl programming language. The
computation-intensive tasks have been performed using
Perl script in the cloud environment. The output is
obtained on the console of the terminal and a ﬁle. An
input ﬁle containing all the values is required for
converting GHI into tilted GHI. In this Perl script,
calculations of the tilted GHI data have been made
using six parameters. These six parameters for each
GHI value in a row are day of the month (n), latitude
(d, degree), omega (x, time of the day), tilt angle (s,
degree), daily irradiance (H, kWh/m2), and GHI (h,
kW/m2) separated by comma (ﬁgure 3). The monthly
and annual GHI values have been converted into tilted
GHI using the developed Perl script.
In this study, the GHI values (average of years 2002–08)
on monthly/annual basis have been converted into tilted
GHI. The output ﬁle contains input and output parameters,
out of which tilted GHI is further used to calculate monthly
and annual solar potential. Rooftop areas have been
obtained through digitization in QGIS software. These
rooftop areas have been converted into usable areas for PV
installations according to the building’s size, shape, and
number of PVs to be installed. The usable area has been

Figure 3. Input ﬁle required by Perl script.

utilized to estimate the capacity of the solar plant (the
number of PV panels to be installed) at that location. In this
study, 80% of the rooftop area has been taken into consideration with rest of the area left vacant for future
expansion, development, and maintenance activities.
For each GHI value in the input ﬁle, optimum tilt angle
and tilted GHI have been calculated using parameters such
as n, u, x, s, H, and h. These variables have been used to
calculate declination
d ¼ 23:45½sin
sunshine hour angle

360
ð284 þ nÞ;
365

ð1Þ
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hs ¼ cos1 ½ tanðuÞ tanðdÞ;
and average daily extraterrestrial solar irradiance



360n
H0 ¼ HSC 1 þ 0:033
365



2phs
cosðuÞ cosðdÞ sinðhs Þ þ
sinðuÞ sinðdÞ ;
360

ð2Þ

ð3Þ

where HSC = 1353 (W/m2). The clearness index has been
calculated using daily solar irradiance and average daily
extra-terrestrial solar irradiance:
clearness index ðKT Þ ¼

H
:
H0

ð4Þ

The diffused irradiance on the horizontal surface
hd ¼ ½0:775 þ 0:00653ðhs 90Þf0:0505 þ 0:0045ðhs 90Þg cosð115KT 103Þ:

ð5Þ
Irradiance tilt factors for beam, diffuse, reﬂected, and
tilted irradiances have been calculated including the effects
of tilt angle by following equations:
sinð/  sÞ sinðdÞ þ cosð/  sÞ cosðdÞcosðxÞ
;
sinð/ÞsinðdÞ þ cosð/Þ cosðdÞcosðxÞ
1 þ cosðsÞ
ð6Þ
Rd ¼
;
 2

1  cosðsÞ
Rr ¼
qg :
2
Rb ¼

The ﬁnal result, i.e. tilted GHI at optimum tilt angle, has
been obtained using
hT ¼ hb Rb þ h d Rd þ h r R r ;

ð7Þ

where beam irradiance hb = (h – hd), reﬂective irradiance
hr ¼ ðhb þ hd Þ, and reﬂectivity of surface (rooftop in this
case)/albedo qg ¼ 0:5. These steps have been repeated for
each and every value of the GHI values at all the building
rooftops.
The generated electricity output of IIT Roorkee’s solar
plant of 4 years (month-wise) from 2015 to 2018 has been
obtained. These data contain a usable area (m2), peak power
output (kWp), and the actual generation for 27 locations at
IIT Roorkee.
Various types of quality control (QC) checks such as
six steps QC using Baseline Solar Radiation Network
(BSRN) data, QC of automatic weather station (AWS)
data with plotting the graphs, checking the ranges of
the temperature, wind velocity, humidity, weather type
(total cloud, precipitation, and obscuration) have been
devised to correct and analyze the measured data
[34, 35]. Researchers also suggested using the hybrid
QC methods that are combinations of the old and new
methods such as instrument setting, human error, personal training, random error, systematic error, rough,
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and micrometeorological errors [36, 37]. In this study,
the QC has been performed using the plotting of the
measured variable such as generated PV data, temperature, wind velocity, humidity, rain, weather, and
evaporation. These variables have also been tested with
the historical dataset. The typographical errors have
been corrected in the weather data. Some values of the
temperatures have been found to be more than the
usable values obtained using online AccuWeather
website. Very low values of the PV output at RS Wing
and Lecture Hall have been observed due to tree shadow and plant shutdown for 6 days, respectively.
The afore-mentioned usable areas and calculated tilted
GHI have been used to compute the solar potential
available for the generation of electricity. This is called
predicted solar potential. This predicted and generated
solar potentials from the solar plant have been compared
and analyzed in the next section. Khalilian [17] has
reported that with or without shading effect, respectively,
the energy efﬁciency of 9.32% and 6.57% can be
achieved [38]. Eke and Demircan [8] have estimated the
effect of the shading on the PV installed at the building
facades as 16% annual and 10–24% monthly intervals
[39]. The practice of bi-monthly cleaning and maintenance of the PVs to remove the shading effects due to
tree shadow, bird droppings [40], etc. has been carried
out at IIT Roorkee since these shading effects not only
inﬂuence the PVs in shadow but also decrease the voltage (\240 V) in the whole series. Since this PV supply
is directly being appended with grid electricity, a
threshold voltage has to be maintained all the time.
These shading effects as a whole degrade the overall
solar output of the building. Therefore, to remove the
shading effect and decrease in voltage, PVs have been
shifted to vacant locations on the building if required.
Also, in the study area, the clearance for the PV has
been provided properly. Hence major shading effect is
not present in this study. The predicted solar potential
has been computed using two approaches. In the ﬁrst
approach, solar potential
SPA1 ¼ hT a1

ð8Þ

is the predicted solar potential that has been obtained using
tilted GHI (hT) and usable area (a1) acquired from IIT
Roorkee. In the second approach, solar potential
SPA2 ¼ hT a2

ð9Þ

has been predicted using tilted GHI obtained in the ﬁrst
approach and usable area (a2) considered through digitization of the rooftops in QGIS software. These equations
(8, 9) have been applied to calculate the solar potential for
each month from year 2015 to 2017 at 27 building rooftops.
SPA1 value has been validated with the actual generated
data of the solar plant at IIT Roorkee. This shows a very
good matching with the generated datasets on analyzing
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Figure 4. Online live streaming of the electricity data from the solar plant at IIT Roorkee.

values through R2 test method. SPA2 has been carried out to
propose the extension of the PV installation on the campus.
Real-time electricity generation data are available on
the LED screens in every department/centre (ﬁgure 4).
PV and its daily output graph at the rooftop of Civil
Engineering Department, IIT Roorkee, are shown in
ﬁgure 5. Actual generation and usable area have also
been obtained from the IIT Roorkee for validation

purpose. The ‘NR’ values in ﬁgure 4 show that at this
instant, these values have not been fetched by the software. The peak power output of this L4 building (Civil
Engineering, mentioned in ﬁgure 4) is maximum, i.e. 200
(kWp) among all the buildings. The manufacturer’s rating of the PV installed is 230 Wp with efﬁciency in the
range 15–30%.
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4. Results and discussion

Figure 5. PV installed at the rooftop of Civil Engineering, IIT
Roorkee.

Figure 6. XenCenter installed on the server to perform parallel
computing.

The processing of the modiﬁed algorithm to calculate solar potential over the rooftops of IIT Roorkee
has been performed using XenCenter cloud computing
environment (ﬁgure 6). The processing has been performed in a parallel computing architecture. The
hardware conﬁguration used in this study includes an
Intel i7 processor, 93 vCPU, 318 GB RAM, and 9 TB
hard disk. A virtual machine has been created over this
bare-metal hypervisor to install the libraries of the Perl
environment in Ubuntu 18.04.2 LTS (Bionic Beaver)
operating system. Various tilt angles in the range of
0–90 have been tested and tried to obtain the best
optimum tilt angle. This server helped in processing
several iterations to achieve the best optimum tilt angle
for PV.

Solar potential has been calculated using open source
software application. The open source software application is available in public domain at the website (http://
www.solarcloudgis.appspot.com/) to anybody. The SPA
of IIT Roorkee area has been carried out. A GIS analysis
of the solar plant installed at rooftops of 27 buildings has
been performed using QGIS 3.2 Bonn. A map containing
27 building locations at IIT Roorkee is shown in ﬁgure 7.
The actual generation data discussed in the previous
section, obtained from IIT Roorkee, have been analyzed
and used for validation with the assessed solar potential
obtained after applying the tilt angle algorithm using Perl
script in a cloud environment. Table 1 shows the optimum tilt angle of 19.86, which has been obtained using
many iterations of the algorithm deﬁned in the previous
section. A detailed analysis has been performed to study
the effect of tilt angle. The different tilt angles ±5,
±10, ±15 have been analyzed to estimate the optimal
tilt angle for this study. Other studies also validated the
tilt angles from 0 to 65 and recommended the optimal
tilt angle at Roorkee as 25 [41]. We have published the
results of variation of tilt angles at latitude 29.65 in the
study as 19.65 (January, February, March, April,
October, November, December) and 14.65 (May, June,
July, August, September) as optimal tilt angles. This
seasonal and monthly tilt angles for speciﬁc location will
be included in our future studies. However it will be time
consuming and costly to change the tilt angles parameters for ﬁxed PV panels on monthly or seasonal basis at
IIT Roorkee. These computed and generated solar
potentials have been analyzed with the help of the
graphs. It has been found that there is only 8% yearly
variation present in the computed solar potential (ﬁgure 8). The variation in the calculated and generated solar
potential is based on several factors such as the noncleaning activity of the PV and the shadow of the trees
and plants. These factors prevented Sun rays from falling
on the PV panels.
A coding scheme has been created to assign unique codes
to the different department/centres at IIT Roorkee. In this
coding, each and every department and centre has been
allocated a unique value such as L1, L2, …, L27. In this
study, 80% of the total rooftop areas have been taken into
consideration for the SPA.
Annual actual generation and assessed solar potential
of 27 buildings at IIT Roorkee are shown in ﬁgure 8. The
monthly graphs depicting validation between the assessed and actually generated electricity from solar energy
have been shown in ﬁgure 9. Each bar chart of every
quarter (i.e. Q1, Q2, Q3, and Q4) of the entire year, i.e.
2017 and 2018 (27 locations), contain the averaged
actual generation and predicted solar potential. The relative errors (%)
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Figure 7. Rooftops of a few of the buildings at IIT Roorkee.

Table 1. Tilted GHI data obtained after applying Algorithm 1 at different tilt angles.

#

Month/annual

GHI

Tilted GHI (at 9.86)

1
2
3
4
5
6
7
8
9
10
11
12
13

January
February
March
April
May
June
July
August
September
October
November
December
Annual

3.160
4.431
5.858
6.828
7.373
6.466
5.634
5.381
5.287
5.129
3.832
3.211
5.218

3.72
4.961
6.251
7.037
7.458
6.485
5.664
5.482
5.541
5.658
4.483
3.88
6.413



assessed solar potential  actual generation
error ¼
assessed solar potential
 100
ð10Þ

Tilted GHI
(at 19.86/14.86)
3.993
5.276
6.517
7.147
7.459
6.457
5.650
5.507
5.637
5.992
4.820
4.189
6.975

(19.86)
(19.86)
(19.86)
(19.86)
(14.86)
(14.86)
(14.86)
(14.86)
(14.86)
(19.86)
(19.86)
(19.86)
(19.86)

Tilted GHI (at 19.86)
3.993
5.276
6.517
7.147
7.428
6.402
5.612
5.509
5.708
5.992
4.820
4.189
6.975

have been estimated for four years, i.e. from 2015 to 2018.
The relative errors of four years from 2015 to 2018 are
2.04%, 11.00%, 5.87%, and 5.87%. These bar charts have
shown a close correlation between the actual and predicted
solar potential.
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is performed [43]. The z-test has been applied to the
sample size of 1296. The level of signiﬁcance used for
this study is 5%. The value of z-test at the conﬁdence
level of 95% for this study is 1.96 [44]. Smaller value
of z-test indicates that less number of values have been
obtained that are far away from the normal
distribution.
The model performance has been presented using relative error, R2, MBE, RMSE, and MAPE between the generated and predicted values by the proposed approach
(Table 2) [45]. Validation of the proposed approach has
been carried out using statistical factors on annual and
cumulative basis (2015–18) such as

1 X i
Spredicted  Sigenerated
N
 X
2 1=2
1
i
i
RMSE ¼
Spredicted  Sgenerated
N



 Si
i

S
X


predicted
generated
100


MAPE ¼


i
N
Sgenerated


MBE ¼

Figure 8. The annual bar chart of actual generation versus
assessed solar potential at IIT Roorkee.

In the quarter-wise bar charts of the years 2017 and 2018,
the validations of the assessed solar potential with the
actual generation data have been carried out. In the Q1, Q2,
Q3, and Q4 (2017) out of 27 locations, at location numbers
10, 18, 17, and 15 the assessed solar potentials are more
than or very close to actual generations. For the year 2018,
in Q1, Q2, and Q3 at location number 12, 17, and 22, the
assessed solar potential is more than or close to the actual
generation values. The different values at the other locations are because of the change in the usable area, dust on
the PV panels, and individual building plant shut down for
maintenance.
To validate the individual values for each of the 27
locations for all the months in four years, i.e. from 2015
to 2018, R2 test has been performed to compute the
correctness of the assessed solar potential. The R2 values
for this study are 0.84, 0.85, 0.82, 0.78, and 0.82 for the
years 2015, 2016, 2017, 2018, and 2015–18, respectively
(ﬁgure 10). Obiwulu et al [26] have performed the
assessment of different tilt angles using 44 models and
obtained the best value of R2 as 0.732 (tilt angle 16.8)
for the rank 1 model [42]. The cumulative R2 value
obtained in this study is 0.82, which is better than the
value estimated in the literature. This has validated the
optimum tilt angle, i.e. 19.86, obtained using the proposed methodology. The R2 values decrease from 2015 to
2018, which may be due to the degradation in the PV
systems installed at the rooftops. The other reasons
behind this are deposition of the dust and tiny particles
over the surface of the PV. This shows that the model
developed gives less uncertainty in the solar potential
prediction.
The z-test has been performed to evaluate the value
of the outputs going beyond the average mean. Since
the sample size of this study is greater than 30, z-test

ð11Þ
ð12Þ

ð13Þ

where N is the sample size; Sipredicted and Sigenerated are the
monthly predicted and generated solar potential of the
buildings at the ith iteration.
The MBE test provides the evaluation on the long-term
validation of the approach. A positive or zero MBE suggests overestimation in the predicted values and vice versa.
The RMSE value is non-negative. Ideal value of RMSE is
zero. The approach is good if it provides non-zero and less
positive value [46–49]. The MAPE is free from cancelation
problem. This parameter is not opted for the analytical
approach. The MAPE is a positive and non-differentiable
quantity.
The pyranometer data have also been used for the validation purpose. The per-minute data from 28-09-2018 to
05-10-2018 (8 days) at Geomatics Engineering rooftop
have been recorded to carry out the SPA at the local level.
Three days of data (GHI and daily GHI) from 29-09-2018
to 01-10-2018 have been shown in ﬁgure 11. Assessed solar
potential at IIT Roorkee using the pyranometer is 22.239
MW (Table 3). The efﬁciency considered for this study is
57% considering all the parameters [50]. Therefore, the
actual value of the assessed solar potential is 12.676 MW.
This solar potential is sufﬁcient to fulﬁll most of the energy
requirements of the Institute. This has validated the assessed solar potential using the proposed approach in this
study.
The solar irradiance calculation using satellite data with
the help of models like the NREL database, Heliosat-4,
REST-2 needs validation. In this study, the satellite-based
solar irradiance values (NREL database) have been utilized.
Therefore, the values obtained using satellite data need to
be validated. The ground level values of the GHI and daily
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Figure 9. Representation of actual generation versus predicted electricity for the year 2017 and 2018 (quarter-wise from (a) to (h)).
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Figure 10. R2 test applied to the values obtained after modeling assessed solar potential.

Table 2. Relative error (%), R2, MBE, RMSE, and MAPE (%) calculated using generated and predicted data.
#

Year

1
2
3
4
5

2015
2016
2017
2018
2015-18

Relative Error (%)

R2

MBE

RMSE

MAPE (%)

2.04
11.00
5.87
5.87
6.19

0.84
0.85
0.82
0.78
0.82

0.22
0.40
0.39
0.36
0.05

1.95
1.91
1.92
2.17
1.99

17.55
13.45
13.36
15.09
4.39

Table 3. Solar potential assessed using pyranometer data
(instance).
Assessed
solar
potential*
GHI
Tilt angle Tilted GHI
Date/time (h, Wh/m2) (s, degree) (hT, Wh/m2) (SPA, MW)
30-09-18/
14:18
*

724

19.86

738.74

12.676

g (efﬁciency) = 57%.

5. Conclusions
Figure 11. Pyranometer LP Pyra-03 data showing GHI and daily
global radiation varying over time.

GHI have been measured using the pyranometer. These
data helped in better and accurate estimation of the optimum tilt angle and tilted GHI.

The usable area for PV has been extracted accurately from
high-resolution satellite image of WorldView-3, which has
helped in more precise estimation of the optimum tilt angle.
The huge amount of computation task in ﬁnding the optimum tilt angle and tilted GHI has been performed using
Hadoop architecture in XenCenter cloud computing. In this
study, reﬂective irradiances have also been taken into
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consideration for tilted GHI calculations. The value of the
optimum tilt angle obtained after several iterations and
validation using generated PV data at the rooftops of IIT
Roorkee is 19.86. At this tilt angle, PV panels are capable
of producing maximum quantum of electricity from solar
energy. The R2 value between the generated PV data and
calculated solar potential is 0.82, which shows a good
correlation between the generated and estimated values. A
similar approach can be implemented at other locations.
The validation of this tilt angle has also been carried out
with the local GHI (pyranometer) and meteorological data.
This study integrates the assessment, comparison, and
validation between the assessed and actual generation of a
solar plant at IIT Roorkee. The 1.812 MWp solar plant at
IIT Roorkee saves a lot of electricity and also reduces the
carbon footprints (approximately saving 62 kg/day CO2) of
the Institute. A comparison of the usable areas of the
rooftops obtained from IIT Roorkee and calculated in this
study has been performed. The solar potential varies ±14%
(monthly) and 11% (annual) in the actual and calculated
analysis. The percentage of the estimated usable areas
described earlier varies in accordance with the building’s
shape, size, and structure. The study shows that there is a
scope of expansion of the area for installation of more PV
panels. The other ﬁnding is that there are 13 buildings out
of 27 where the scope of installation of more PV panels is
available. The usable area considered for this study is 80%
of the total area extracted from the building’s rooftops. Rest
of the area is kept reserved for the movement, PV maintenance, and infrastructure development for the PV panels.
If 80% of the building’s rooftops can be utilized for PV
installation at this optimum tilt angle, the total power
generation of 2.743 GWh in a year can be achieved.
This study is useful in ﬁnding the correlation between
the installed solar plants and upcoming new solar plants.
It is easy to implement and can be replicated in other
small and huge solar plants for analysis or maintenance.
This study is also useful for the government to make
policies such as Kisan Urja Suraksha evam Utthaan
Mahabhiyan (KUSUM) and providing subsidy on the PV
panels to the people living in rural areas for agriculture
[51]. The Government of India’s KUSUM scheme focuses on the development of the farmers living in the
rural and off-grid (electric power island) areas. The
government has implemented this scheme to provide
electricity to them so that they can use it for irrigation
and daily needs. This scheme has been mentioned for the
betterment of the farmers/people using solar energy. The
authors mentioned this scheme to focus on the sustainable development of the people living in inaccessible
areas to use solar energy. The KUSUM scheme has been
mentioned to illustrate the example for other countries.
The surplus energy can be used for energy banking and
energy trading to get the best usage of solar energy. This
type of study helps in up-gradation of the existing solar
plants, predictive maintenance, and feasibility of the
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upcoming new solar plants. There is tremendous future
scope for real-time assessment of the operating solar
plants. Individual building assessment for cost analysis
and electricity storage is another perspective for future
studies. The vegetation cover over the rooftops has been
kept as future scope for these types of studies.
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