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Abstract

The Digital Surface Model (DSM) provides significant input data for solar radiation
analysis. The DSM data for a small area like a university can be obtained from Unmanned
Aerial Vehicle (UAV) photogrammetric surveys. This method has the advantages of
being low cost and less time consuming while also having high-resolution and accurate
results. This study analyzed solar radiation with Point Solar Radiation analysis tools
from the ArcGIS software. A rooftop solar radiation map was derived and used for
identifying potential buildings for installing photovoltaic (PV) systems and to estimate
the PV value. Most of the PV-potential areas consisted of structured buildings with flat
and pitched roofs covering 10.2% of the rooftop area. The pitched roofs were oriented
toward the south and not over a 40° slope. PV values estimated from the installed PV
systems were compared with the actual PV values. The estimated values were higher
than the actual values by 0.19%. The potential PV area was analyzed by comparing the
estimated PV value with the university’s electricity demand. It was estimated that the
installation of PV systems in the potential PV areas could reduce electricity costs by up
to 42.28%. Solar radiation analysis and potential PV assessment can provide supportive
information on the financial feasibility and estimated power cost savings that would
accrue on installing rooftop PV systems in buildings and help in decision making.

Keywords: Solar radiation; Solar rooftop; Photovoltaic (PV); Digital Surface Model (DSM);
Geographic Information System (GIS)

1. Introduction

The university under study was a large  not only reducing the power consumption
academic institution that consumed a large  but also by installing PV systems on the
amount of power; the air conditioning system institute’s rooftops. The power generated by
consumed 40% — 60% of the power, the PV systems is in synchronization with the
lighting consumed 10% — 30%, and other = demand which is more during the day and
devices like computer, monitor, photocopier, less at night. For this study area, Lampang
elevator, etc. consumed 5% — 20% (Ministry ~ Rajabhat University (LPRU) has an average
of Energy, 2007). The power costs were  monthly power consumption of 300,418 kWh.
significant, and there was a need to reduce  In 2021, a rooftop PV system with a capacity
them. The power costs can be reduced by  of 300 kW was installed, along with a policy
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aimed at reducing power consumption. These
initiatives collectively led to a reduction in
power costs by 5.26%. However, there is
still a considerable amount of available roof
area that can be utilized for the installation of
additional PV systems.

The rooftops of buildings are valuable
resources for generating solar power, but
the potential is limited by the shadows from
surrounding buildings and trees and building
orientation (Boccalatte et al., 2022; Han
et al., 2019). However, the amount of power
generated largely depends on the availability
of annual solar radiation more than on the
aforementioned factors (Moudry et al.,
2019). In recent years, advancements in PV
technology have led to higher efficiency
with lower area requirements, higher power
output, and lower costs. These advancements
encourage the installation of rooftop PV
systems in academic institutes that have high
power consumption with associated high
power costs and show a trend of increasing
power consumption over time. However,
the amount of power generated from the PV
systems varies with solar radiation, and an
analysis of solar radiation is needed to identify
high potential buildings and determine the
feasibility of investment in rooftop PV
systems.

The solar energy potential of rooftops
has been assessed in many countries using
various methods, with the geographic
information system (GIS) being an important
tool for this assessment (Huang ez al., 2022).
The use of GIS for solar radiation analysis
requires the application of the digital elevation
model or the DSM as the topography affects
the solar radiation potential. The DSM is
based on topography survey using light
detection and ranging or UAV technology.
UAVs have a limitation; they cannot survey
large areas as they have short flight times
due to limited battery capacity and a
short remote control range (Yalcin, 2018).
However, UAVs have always been used for
photogrammetric surveys of small areas
for generating DSMs with high accuracy,
high-resolution, and low cost (Bilasco
et al., 2022). The solar radiation analysis
tools available in ArcGIS were initially
developed in year 2000 (Fu and Rich, 2000).
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Since then, these models have been widely
utilized to assess solar radiation on rooftops
in various areas, including urban and rural
regions. Several studies have used DSM
data for the analysis of solar radiation on
rooftops (Kodysh et al., 2013; Pili et al.,
2018; Kazak et al., 2018). The results
enabled identification of high potential
buildings for rooftop PV system installation.
The validity and reliability of solar radiation
analysis tools were evaluated by comparing
the assessment of solar potential on rooftops
with actual solar radiation measurements
obtained through a solar radiation meter
(Suomalainen et al., 2017). The solar energy
potential on the roof of a building was
estimated prior to the installation of solar
panels and was then compared with the
actual data recorded after the installation
of the panels to evaluate the reliability and
performance of the estimation methods used
(Fuentes, 2020).

The objective of this study was to assess
the solar rooftop potential at LPRU based on
DSM from UAV. The PV value was estimated
for the areas with PV installation and checked
against the actual PV value obtained from the
meter readings. This approach helped assess
the solar rooftop potential in terms of the
electricity generated. The results of this study
can be used to justify the installation of rooftop
PV systems in other buildings within LPRU
thereby reducing the power costs and fossil
fuel consumption and promoting sustainable
energy while reducing CO, emission to Net
Zero Emission GHGs.

2. Materials and methods

This method for estimating the solar
energy potential with ArcGIS solar analysis
tool based on DSM from UAV data facilitates
the creation of solar radiation maps on
rooftops with high precision. These tools
are integrated into the above workflow to
analyze the solar radiation potential of a
specific area. In this work, the solar energy
potential of the method is compared against
the real performance obtained from the solar
PV system installed in the study area. Figure
1 shows a flowchart of the method performed
in this work.
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Figure 1. Flowchart of assessment of solar rooftop potential

2.1 The UAV photogrammetric survey

Aerial imagery was obtained using a
DJI Phantom 3 Professional UAV equipped
with an FC300X (3.61 mm) camera with
4000x3000-pixel resolution. Specifically,
flights were executed with 80% along-track
overlap and 80 % cross-track overlap. The
UAV-based aerial photography produced
high-resolution (0.1 m) DSM with high
accuracy. 20 autopilot missions over an LPRU
area (18°13°27” N to 18°14°27” N latitude
and 99°28°27” E to 99°29°32” E longitude)
of 2.35 km? produced 2,253 aerial images.
A data processing procedure was executed
with the preinstalled GCPs in Agisoft
PhotoScan Professional software, running on
a Windows 10, with a 16-core AMD Ryzen 9
3950X processor, 64 GB RAM, 5 GB NVIDIA
Quadro P2000 video card. The positions of
12 GCPs and 26 Check Points were marked
and measured with a portable GNSS CHC i80
receiver. A Real Time Kinematic (GNSS RTK)
receiver can provide positioning information
to centimeter-level accuracy and further
enhance the accuracy of the output model
(Abdollahnejad et al., 2018). After GCP
establishment, flight operations, and data
processing, a georeferenced orthophoto and a
DSM with a ground sampling distance of 5.06
cm/pixel were produced as shown in Figure 2,
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and the processing time was 29 hours 10
minutes. The localization accuracy (RMSE)
of the model was determined as 9.95 cm
and 13.05 cm for the horizontal and vertical
planes, respectively, as shown in Table 1. This
high-resolution DSM can be used as an input
to solar radiation analysis tools.

2.2 Extraction of the roof area

The roof area represents the building
footprint. Using the rooftop edges to define
polygons for each building and represent
the outline of a given building. The building
footprint approach involved manually
digitizing the roof outlines. 7 LPRU buildings
had installed PV panels, and the other
buildings did not, as shown in Figure 3(a). The
roof DSM, created using building footprints,
can be used as input to solar radiation analysis
tools as shown in Figure 3(b).

2.3 Calculation of the solar radiation

The solar radiation analysis tools in
the ArcGIS Spatial Analyst extension
calculate radiation across a landscape or
for specific locations, based on methods
from the hemispherical viewshed algorithm
developed by Rich ef al., (1994) and
further developed by Fu and Rich (2000).
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Figure 2. Results of the topographic survey in LPRU: (a) DSM and (b) Orthophoto

Table 1. Control points and check points RMSE

X error Y error  Zerror (cm) XY error Total Image
(cm) (cm) (cm) (cm) (pix)
12 GCPs
1.19498 1.4352 0.378067 1.86755 1.90544 0.132
26 Check Points
6.7107 7.35172 13.0484 9.95396 16.4116 0.229

[ eV Installed

Uninstall

Figure 3. (a) Building footprints and (b) DSM on bulldlng rooftops

Highly optimized algorithms account
for influences of the upward-looking
viewshed, surface orientation, elevation,
and atmospheric conditions. Since radiation
can be greatly affected by topography and
surface features, a key component of the
calculation algorithm requires the generation
of an upward-looking hemispherical viewshed
for every location in the digital elevation
model (DEM). The solar radiation tool
consists of the following calculations:
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2.3.1 Viewshed calculation

The viewshed is a raster representation of
the entire sky that is visible or obstructed when
viewed from a particular location. A viewshed
is calculated by searching in a specified
number of directions around a location of
interest and determining the maximum angle
of sky obstruction, or horizon angle. For all
other unsearched directions, horizon angles
are interpolated. Horizon angles are then
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converted into a hemispherical coordinate
system, thus representing a three-dimensional
hemisphere of directions as a two-dimensional
raster image. Each raster cell of the viewshed
is assigned a value that corresponds to whether
the sky direction is visible or obstructed.
Output cell locations (row and column)
correspond to zenith angle 0 (angle relative
to straight upward) and azimuth angle a
(angle relative to north) on the hemisphere
of directions.

Viewsheds are used in conjunction with
sun position and sky direction information
(represented by a sun map and sky map,
respectively) to calculate direct, diffuse, and
total (direct + diffuse) radiation for each
location and to produce an accurate radiation
map.

2.3.2 Sun map calculation

The direct solar radiation originating
from each sky direction is calculated using a
sun map in the same hemispherical projection
as the viewshed. A sun map is a raster
representation that displays the sun track,
or apparent position of the sun as it varies
through the hours of day and through the
days of the year. The sun map consists of
discrete sectors defined by the sun’s position
at particular intervals during the day (hours)
and time of year (days or months). The sun
tracking is calculated based on the latitude
of the study area and the time configuration
that defines sun map sectors. For each sun
map sector, a unique identification value is
specified, along with its centroid zenith and
azimuth angle. The solar radiation originating
from each sector is calculated separately, and
the viewshed is overlaid on the sun map for
the calculation of direct radiation.

2.3.3 Sky map calculation

Diffuse radiation originates from all
sky directions as a result of scattering by
atmospheric components (clouds, particles,
and so forth). To calculate diffuse radiation
for a particular location, a sky map is created
to represent a hemispherical view of the entire
sky divided into a series of sky sectors defined
by zenith and azimuth angles. Each sector
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is assigned a unique identifier value, along
with the centroid zenith and azimuth angles.
Diffuse radiation is calculated for each sky
sector based on direction (zenith and azimuth).

2.3.4 Solar radiation calculation

After obtaining the calculations of the
viewshed, the sun map, and the sky map, this
information is taken to calculate the diffuse
and direct radiation received by the elevation
model. The total solar radiation or global
solar radiation (Rad_Glob) is calculated as
the sum of the direct (Rad Dir) and diffuse
solar radiation (Rad_Dif) of all sectors of the
sun map and the sky map. This calculation
takes into account the position of the sun, the
attenuation of the atmosphere, and how the
topographic reception surface is oriented. The
result is a solar radiation map for the entire
area of interest, as illustrated in Equation (1)

Rad_Glob = Rad_Dir + Rad_Dif (1)

The total direct radiation (Rad Dir)
for a given location is the sum of the direct
insolation (Dir) of a sector of the sun map with
a centroid at the zenith angle 0 and azimuth
angle a as expressed in Equation (2)

Rad_Dir =¥, Dir 6,a 2)

The total diffuse solar radiation (Rad_Dif)
for a given location is the sum of the diffuse
radiation (Dif) of a sector of the sun map with
a centroid in the zenith angle 8 and azimuth
angle o, as illustrated in Equation (3):

Rad_Dif =Y. Dif 6,a 3)

Direct radiation is calculated using

Equation (4):

Dir = ConS x fm(8) x SolDuré, a x SolGap8, a x cos (AngInb, a) (4)

Where ConS is the solar constant and has
avalue of 1.367 kW/m?; f3 is the transmissivity
of the atmosphere for the shortest path in the
zenith direction; m(0) is the relative optical
path length; SoIDur6,a is the time duration
represented by the sky factor; SolGapb,a is
the gap fraction for the sun map sector; and
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Anglnb,a is the angle of incidence between the
centroid of the sky sector and the axis normal
to the surface.

Diffuse radiation (Diff) is calculated using
Equation (5):

Dif = Rglo x Pfr x Dur x SkyGap8,a x Weight6,a x cos (AngIn6,a) (5)

Where Rglo is the global normal solar
radiation; Pfr is the proportion of global
normal solar radiation flux that is diffused;
Dur is the time interval for analysis;
SkyGap0, a is the gap fraction (proportion
of visible sky) for the sky sector; Weight0, o
is proportion of diffuse radiation originating
in a given sky sector relative to all sectors;
and Anglnf, o is the angle of incidence
between the centroid of the sky sector and
the intercepting surface.

Atmospheric conditions such as cloud
cover, precipitation, dust, and others
can significantly decrease the amount of
diffuse and direct solar radiation reaching a
surface. The approach adopted in this model.
Transmittivity is a property of the atmosphere
and is the ratio of the energy received at
the upper edge of the atmosphere to that
reaching the earth’s surface by the shortest
path (in the direction of the zenith). Values
range from 0 (no transmission) to 1 (complete
transmission). Typically, observed values are
0.6 or 0.7 for very clear sky conditions and
0.5 for a generally clear sky.

In the solar radiation model, it was
possible to set model parameters to account
for site-specific variables that impacted
solar radiation levels for a particular
location, such as transmittivity values (clear
sky) and time of year (the whole year with
monthly intervals). The calculation of the
solar radiation was based on the Point Solar
Radiation tool in ArcGIS 10.3, which was
used by DSM to generate the aspect map
and slope map, which, along with specific
locations in a point feature class or location
table, contribute to the calculation of the
solar radiation value for the pixels in the
DSM. The calculations for finding the sum
and average of pixels in the area of interest
on the rooftops, in the PV installed and
PV-potential areas, were done by ArcGIS
zonal statistics.
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2.4 Calculation of solar energy

The raster calculator tool in ArcGIS was
applied to create a series of monthly solar
energy data using the refined solar radiation
data from the building rooftop map. Formula (7)
was employed to estimate the electrical energy
produced by the PV system (Pop ef al, 2021).

E=AXRxHXPR (7)

Where E is produced energy in kWh, 4
is the total area of PV panels in m?: in this
simulation, it was the pixel area of 0.01 m?
(0.1 m x 0.1 m), H is the average solar
radiation on the PV panels in kWh/m?: in this
simulation, it was the solar radiation value of
the pixels, PR (Performance ratio) is a very
important value for evaluating the quality of a
PV system because it guarantees performance
regardless of the orientation or inclination of
the panel. It includes all the loss coefficients
(between 0.5 and 0.9). In this simulation,
the conversion efficiency from DC to AC
was considered as 85% (0.85), and R is the
efficiency of the solar panel given by a ratio %;
this ratio is given for Standard Testing
Conditions: radiation = 1000 Watts/m?, cell
temperature = 25 °C, wind velocity = 1 m/s,
AM = 1.5 in this simulation. The Solartron
Solar Module SP320 solar panel was used at
amaximum power (P,,,) of 320 Watts, and the
area of the solar panel was (length x width)
1.958 m?. Using the formula (8), the efficiency
of the solar panel was calculated as 16.34%

Efficiency (%):C’% x100% (8)

rea X 1000,

2.5 Calculation of the percentage error

In the PV installed area, the estimated
solar energy was compared with the actual
PV value from the meter readings as a
percentage error (%error). Using the formula
(9), the %error was calculated as the difference
between the estimated and actual PV values
in percentage. In the PV-potential area, the
estimated solar energy was subtraction of the
%error, the resulting estimated solar energy
potential matched the actual value.

d value — actual value

%error = IeStimate I x 100 (9)

actual value



W. Wongwan et al. / EnvironmentAsia 16(3) (2023) 68-81

3. Results and discussion

This study presents a method for
estimating the solar radiation values for
multiple buildings in a small area, such asin a
university. The method uses a high-resolution
DSM taken from a UAV photogrammetric
survey with a solar radiation model, which
was a hemispherical viewshed algorithm to
account for the unique variables that influence
solar radiation potential in GIS. This method
has been demonstrated to work effectively for
creating building rooftop solar radiation maps
of a small area.

3.1 Roofiop solar radiation maps

The output of the solar radiation analysis
was a series of monthly rooftop solar

99°29'0"E

18°14'10"N

18°14'0"N

18°13'50"N

99°29'0"E

99°29'10"E

radiation maps in LPRU from January to
December 2021. The annual total of solar
radiation on the rooftops (given in kWh/
m?) was in the range of 234.25 — 1810.53
kWh/m?, as shown in Figure 4. To achieve
maximum efficiency in generating electricity,
PV panels in Thailand should be oriented
towards the south to receive continuous solar
radiation throughout the day. In contrast,
the north direction receives the least solar
radiation. East and west directions receive
moderate amounts. However, solar intake
is limited for panels facing east or west,
primarily in the morning until noon, resulting
in reduced panel capacity. This information
aligns with the solar radiation map, which
also indicates that roofs with high slopes
can have an impact on the amount of solar
radiation received.

18°14'10"N

18°14'0"N

18°13'50"N

99°29'20"E

Figure 4. Rooftop solar radiation map of LPRU in 2021
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Figure 5 shows buildings in LPRU were
divided into three types by roof structure:
pitched roof, flat roof, and complex roof
buildings. When identifying PV-potential
areas on rooftops, consideration is given
to high solar radiation and roof structure.
The following guidelines apply: (1) For flat
roof buildings with non-high solar radiation,
solar panels should be oriented towards the
south and inclined at a 15° angle for optimal
efficiency. (2) Pitched roofs can have a
part with a maximum tilt of 40°, preferably
oriented towards the south or southeast to
maximize solar exposure. (3) Complex roof
buildings may have areas similar to the above
guideline (2), where the available space is
sufficient to accommodate at least 80 solar
panels (capacity 25 kW). In such cases,
installing a PV system becomes cost-effective.
However, it is crucial to ensure that the PV-
potential area is free from shadows caused
by trees or other buildings, as this can affect
the efficiency of the rooftop PV installation.

After conducting an analysis to identify
areas with potential for PV system installation
on rooftops, a total of 23 buildings were
identified as suitable candidates. Among these,
16 buildings had pitched roofs, 5 buildings had
flat roofs, and 2 buildings had complex roofs.
The slope of the pitched roofs was measured

Pitched roofs
v ] G

Flat roofs

at an average angle of 20.42°, while the
complex roofs had a slope of 19.75°. The
average monthly solar radiation on the flat
roofs was 146.15 kWh/m?, on the pitched
roofs was 142.14 kWh/m?, and on the complex
roofs was 146.65 kWh/m?.

Table 2 shows the rooftop solar radiation in
three areas. 1) The rooftop area had an average
monthly solar radiation of 130.69 kWh/m?.
The maximum solar radiation was 163.70
kWh/m? in July and the minimum was
87.10 kWh/m? in December. The annual
total solar radiation was 1,568.34 kWh/m?.
2) PV installed area: In 2017, LPRU installed
PV systems on rooftops. 944 panels (size
of panel 1.96 m?) were installed. The total
installed area was 1,836.74 m?, and the annual
total solar radiation was 1,722.03 kWh/m?.
3) PV-potential area could install 5,050
more solar panels. The total potential arca
was 7,977.14 m?, the average monthly solar
radiation was 144.38 kWh/m?, and the annual
total solar radiation was 1,738.70 kWh/m?.
In conclusion, our analysis of the solar
radiation of rooftops in the PV-potential arca
indicates that these values closely with the
solar radiation observed in the PV installed
area. This finding validates our successful
identification of the PV-potential area.

Complex roofs

\

Figure 5. Slope and solar radiation on pitched, flat, and complex roofs
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Table 2. Solar radiation on the rooftop area

Solar radiation (kWh/m?)

Month Rooftop PV installed PV -potential
area area area

Jan 93.33 115.14 113.38
Feb 101.99 122.34 120.31
Mar 137.44 158.23 155.32
Apr 150.35 165.78 162.47
May 162.95 173.37 169.71
Jun 158.85 166.45 162.86
Jul 163.70 172.87 169.19
Aug 158.76 172.90 169.37
Sep 143.55 163.21 160.13
Oct 116.08 137.75 135.39
Nov 94.25 115.62 113.82
Dec 87.10 108.36 106.75
Monthly average 130.69 147.67 144.89

Yearly total  1,568.34 1,772.03 1,738.70

Area (m?)  96,186.00 1,836.74 7,977.14

200
180
160
140
120
100
0
0
0
20

0

& o D

Solar radiation (kWh/m?)

il

q i
il 1l
I |

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

m Rooftop area

mPV installed area  m PV-potential area

Figure 6. Analemma and solar radiation on the rooftop area of LPRU in 2021

The solar radiation on rooftop areas in
year 2021 is shown in Table 2. It illustrates
the variations in solar radiation resulting
from the changing position of the sun in the
sky throughout the year. This movement
follows a pattern resembling the number 8,
known as the analemma phenomenon, caused
by the Earth’s tilt of approximately 23.5°.
In April, the sun aligns with the crossover
of the number 8 and then moves northward,
reaching its northernmost position during
the summer solstice on June 21. Afterward,
it starts moving southward, reaching the
crossover of the number 8 again in August.

During the winter solstice on December 21,
the sun is at its southernmost position before
returning to the north (Figure 6). The upper
curve of the number 8, spanning from May
to July, corresponds to the period when
the North Pole faces the sun, representing
the summer season with the highest solar
radiation of the year. Conversely, the lower
curve of the number 8, spanning from
November to January, represents winter
when the North Pole is turned away from the
sun, resulting in the lowest solar radiation
of the year.
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3.2 Solar Energy Potential

The output of solar energy assessment
was a series of monthly rooftop solar energy
maps in LPRU. The annual total of solar
energy on the rooftops (given in kWh) was
the range of 0.326 — 2.515 kWh, as shown
in Figure 7.

The total energy was calculated from the
pixels in the PV installed area of the solar
energy map (Figure 7). The annual total of
estimated PV values was 452,716.38 kWh,
and the monthly average was 37,726.37
kWh. In the same area in 2021, actual values
obtained from meter readings for the PV
installed area were 380,789.18 kWh, and
31,732.43 kWh for annual and monthly
averages, respectively, as shown in Table 2.
From the above result, it can be seen that the
estimated PV value was more than the actual

99°29'0"E

18°14'10"N

18°14'0"N

18°13'50"N

99°29'10"E

99°29'10"E

o

PV value by 0.19% (error). The estimated
solar energy of the PV-potential area was
the estimated PV value after subtraction of
the %error.

Table 3 shows that May has the highest
solar energy values for the PV Installed area
(both actual and estimated) and estimated
value of the PV-potential area, due to the
higher solar radiation value compared to
the other months (Table 2). Meanwhile, the
error was more in the period June — October
as it was the rainy season. The cloud cover
affected the solar radiation, and therefore, PV
systems generated less power (Figure 8). The
error occurred because the solar radiation
analysis was under clear sky conditions
without regard to the atmospheric conditions
especially the cloud cover of the area. For
this reason, the estimated values were higher
than the actual values.

o o b 0 o/ i i M

18°13'50"N

99°29'20"E

Figure 7. Rooftop solar energy map of LPRU in 2021
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In solar energy calculations, the air
mass value helps estimate the reduction in
solar energy intensity due to factors such
as absorption, scattering, and reflection
by atmospheric components like gases,
aerosols, and clouds. Air mass represents the
distance sunlight travels through the earth’s
atmosphere to reach an observer on the
ground. It is affected by the declination angle
of the sun, which in turn depends on the sun’s
position in the sky. When the sun is directly
overhead (at zenith), the air mass is minimal
as the light takes a shorter path through the
atmosphere, the air mass is considered to be

1. As the sun moves away from the zenith, the
angle of incidence increases, and the air mass
increases. When the sun is at an angle of 60°
from the zenith, the air mass is approximately
2. The higher the air mass value, the longer
the path length and the greater the atmospheric
attenuation experienced by the sunlight.
The air mass value of 1.5 is often used as a
standard to estimate solar energy absorption
and atmospheric effects on light propagation.

However, in order to the resulted estimated
solar energy potential matched the actual PV
value. Finally, the estimated solar energy of the
PV-potential area was subtraction of the %error.

Table 3. Estimated solar energy of the PV Installed and PV-potential area

PV Installed area PV-Potential area
Month Actual Estimated %Error  Estimated (kWh)
(kWh) (kWh)
Jan 28,212.00 29,490.56 0.05 116,475.14
Feb 30,480.60 31,310.24 0.03 126,738.90
Mar 35,150.44 40,444.38 0.15 144,164.73
Apr 35,826.80 42,321.72 0.18 146,742.99
May 38,705.12 44.211.50 0.14 161,870.14
Jun 32,990.20 42,425.78 0.29 129,746.42
Jul 36,240.00 44.,074.26 0.22 147,710.27
Aug 31,386.31 44.122.00 0.41 111,337.95
Sep 29,974.20 41,703.51 0.39 106,805.17
Oct 29,217.05 35,241.58 0.21 116,665.45
Nov 27,001.66 29,609.70 0.10 110,795.82
Dec 25,604.80 27,761.13 0.08 104,991.17
Monthly 31,732.43 37,726.37 0.19 127,003.68
average
Yearly 380,789.18 452,716.38 0.19 1,524,044.15
total
Actual PV value (kWh) Estimated PV value (kWh)  e===The Number of Rainy Days
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Figure 8. Number of rainy days in 2021, comparison of actual and estimated PV value of
the PV Installed area
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Figure 9. Solar energy potential of (a) PV installed and (b) PV-potential arca

As derived from the PV-potential area
(Figure 9), the annual total of the estimated
PV value after subtraction of the %error was
1,524,044.15 kWh and the average monthly
value was 127,003.68 kWh, as shown in
Table 3. The average monthly electricity
consumption was about 300,418.12 kWh.
The installation of the PV system in the PV-
potential area can reduce electricity costs by
up to 42.28%.

3.3 Discussion

Solar radiation analysis must take into
account the topography in DSM (Park et al.,
2016). Surface analysis of the topographic
features, such as slope and aspect, generated
from the DSM affect solar radiation, and
help assess solar radiation efficiently (Cioban
et al, 2013). The DSM used for this study
was generated from a UAV photogrammetric
survey. It was a high accuracy and
high-resolution DSM (0.1 m) and provided
significant data input for solar radiation
analysis, similar to studies (Yalcin, 2018;
Bilasco et al., 2022). The high-resolution
DSM was used to assess solar radiation with
Point Solar Radiation tools in the ArcGIS
Spatial Analyst extension, was under clear
sky conditions without regard to the weather
of each area (Machete et al., 2018)

The generated solar radiation map
could identify the potential buildings for the
installation of PV systems. The rooftop solar
radiation map generated from solar radiation
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analysis showed the solar radiation potential
obtained from pixels was better than the
regional solar radiation average from the
buildings. Solar radiation analysis showed
that the annual total solar radiation of 1,568.34
kWh/m? was less than the long-term annual
average for the period 2007 — 2018 from
Solargis by 1,839.00 kWh/m?. The results
indicate that a suitable area for PV systems
should have a maximum 40° slope, should
be oriented toward the south or southeast,
and be free of barriers and shadows of trees or
buildings that may block the solar radiation.
Rooftops that sloped more than 40° would get
lesser solar radiation, thereby having a lower
efficiency of power generation (Wong et al.,
2016). The solar radiation map helped identify
the high potential buildings for PV system
installation and helped decide the suitability
based on the best orientation and slope without
shadows from surrounding trees or buildings
(Rodriguez et al., 2017).

The assessment of solar rooftop potential
compared the estimated PV value for the PV
installed area with the actual PV value obtained
from the meter readings. The estimated PV
value was higher than the actual PV value
with a 0.19% difference. The conclusion was
that the estimated PV value closely matched
the actual PV value. The difference occurred
as the solar radiation analysis assumed a
clear sky without considering the specific
weather conditions in each area (especially
temperature), which affected the amount
of power generation (EKICI et al., 2016).
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The solar rooftop potentials were calculated
only from the PV-potential area. If all the
rooftop areas were included, it may lead to
over or under estimation (Zhong et al., 2022).
In addition, it was found that the area exposed
to high solar radiation would have high solar
energy potential since the amount of electricity
generated from the PV system varied with the
solar radiation (Polo et al., 2015).

4. Conclusion

The high-resolution DSM generated
from the UAV photogrammetric survey,
along with the solar radiation analysis tools
in the ArcGIS, provided significant data for
the assessment of solar radiation on building
rooftops under clear sky conditions. Rooftop
solar radiation maps were used to assess the
rooftop solar energy potential, and that, in
turn, helped identify the part of the rooftops
with high solar energy potential. This study
found that 10.2% of rooftop areas had a high
potential for solar power generation. On flat
roof structures, solar panels could be installed
to cover all areas except the barrier area. On
pitched roofs, the panels could be installed
only on the sloping areas oriented to the south
and with a tilt of 40° maximum. Complex
rooftops were not conducive to solar power
generation. These points should be taken
into account in new buildings to ensure that
the roof structures, slopes, and orientations
support PV system installation and solar
power generation.

The solar rooftop potential was confirmed
by comparing the estimated PV value with
the actual value. The estimated PV value
was higher than the actual PV value by
0.19%. The difference arose because the
cloud cover was not accounted for in the
analysis. However, these are important factors
affecting solar power generation. When the
difference was subtracted from the estimated
PV, the resulting solar potential assessment
matched the actual. This estimated solar
potential is vital for decision making about
the installation of rooftop PV systems and
provides an opportunity to reduce power
consumption costs. This study introduces
a method for estimating solar radiation on
building rooftops, improving upon previous
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approaches. The method generates rooftop
solar radiation maps using a formula to
estimate electrical energy generation from
photovoltaic (PV) systems. The accuracy of
the estimations was validated by comparing
them to actual data, revealing significant
improvements in the estimation values.

Future research should be considering
the impact of cloud cover, as it affects the
amount of solar radiation reaching the PV
panels, and temperature, which can influence
the efficiency of the PV system.
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