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Abstract

In the recent years, the growing demand for energy and environmental requirements has focused much
attention on the solar energy as a renewable source. The building rooftops are the most suitable places for
installing photovoltaic panels in the urban and rural areas. In large districts, accurate estimation of radiation
received by the rooftops requires the existence of detailed 3D information about them. This research work
aims to provide an efficient method to estimate the solar energy production potential from the rooftops using
the UAV photogrammetry method and GIS. The proposed method considers both the factors of the
geometric features of the rooftops (slope and azimuth) and the shadow of the adjacent features. A threshold
for minimum separated suitable rooftops for installing photovoltaic panels received radiation and rooftop
area. Converting the received radiation into electrical energy was made based on the average level of current
world technology for solar panels. Providing a comparison between the amount of electricity produced
during the four seasons and throughout the year as an effective parameter related to the consumption pattern
is another achievement of this research work. The findings of this work can be used in various fields such as
electricity and the construction industry, as well as macro-planning, to benefit from clean energy. The results
of implementing the proposed method for a rural area show that out of a total of 543 existing roofs, 422 roofs
are suitable for installing solar panels. Also for these rooftops, the potential to produce 5741 MWh of

electricity will be available in one year.

Keywords: Renewable Energy, Photovoltaic, Photogrammetry, Geographic Information System,

Digital Elevation Model.

1. Introduction

The utilization of renewable energies has faced
significant growth in the recent years, so we are
witnessing severe investments by governments for
their utilization. The development of solar energy
extraction technologies is evident in both
countries rich in hydrocarbon resources (such as
the Persian Gulf countries) and countries that do
not benefit from solar radiation (such as European
countries) [1]. For example, in the center of
Europe in 2020, Germany provided only 48,641
GWh of its electricity needs through solar energy.
This value is 10953 GWh for Turkey [2]. It is also
worth mentioning that Saudi Arabia has targeted
solar electricity production of about 350,000 GWh
by 2030 [1].

Despite being on the belt with the most solar
radiation, Iran has produced only 584 GWh of its
energy needs from this source [3]. The significant
advantages of using solar radiation, compared to

other sources, explain the necessity of planning to
benefit from this energy source. Photovoltaic
systems can be implemented more effectively and
cheaply by individuals or governments in small or
large areas than other energy sources [4]. One of
the essential advantages of using photovoltaic
systems is their availability, relatively low cost,
and the possibility of independently implementing
them for residential units. Considering its
geographical location and weather conditions, Iran
has a high potential for using solar energy. On the
other hand, the growing population and the
increasing industrial needs of the country, along
with the air pollution caused by the consumption
of fossil fuels, reinforce the need to use solar
power as a clean source.

Due to the dependence of the received radiation of
each point on the earth's surface on spatial
information, a large part of the research works in
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this field aimed at estimating the potential of
using photovoltaic systems to generate electricity
based on the spatial data [5]. Assessing the
potential of rooftop solar energy has taken a
significant part of the research. Various methods
have been developed for this purpose; most of
them have used GIS tools to calculate the amount
of energy received using the data of the Digital
Surface Model (DSM) [6]. Three data sources
including lidar, CAD-based model, and recently,
the UAV photogrammetry method, have also been
mainly used as a basis for DSM production [7].
Due to its high cost and less accessibility, aerial
lidar has not been very popular among the
methods of evaluating the potential of solar
energy. In addition, the relatively low density of
point cloud obtained from lidar compared to the
UAV photogrammetry method may make it
difficult to get a high-detail DSM on the rooftops,
and consequently, to estimate the amount of
received radiation accurately.

Using a CAD-based model instead of the realistic
3-D model for rooftops, the radiation received by
the rooftops can not be assessed correctly. The
effect of shadows will be omitted, and the impact
of geometrical parameters of the rooftop (slope
and azimuth) will be neglected in radiation
computation. Some existing methods are also
based on the mapping of 2D outlines on elevation
models. Due to their low of level of details, they
cannot provide a complete geometrical description
of the rooftops. As a result, an accurate estimate
of the energy production potential cannot be
estimated based on 2D CAD-based maps [8].

Also a large part of the research is devoted to
evaluating the potential of receiving solar energy
on the earth's surface. A lesser part is devoted to
estimating the amount of radiation received and
the electricity produced from the rooftops,
especially using accurate and detailed 3D models.
A general evaluation of the potential of receiving
solar radiation in the country of Eritrea was
carried out in research [9].

The UAV photogrammetry method has many
applications, especially in the field of spatial
information. Mapping [10], forestry [11],
archeology [12], natural hazard studies [13],
geology [14], etc. are among these applications.
However, there are a few research works
regarding solar energy potential studies using the
UAYV photogrammetry method.

In this research work, rooftops are not
investigated for photovoltaic panel installation;
just an overall estimate of solar radiation is
calculated. Meanwhile, installing solar panels on
the roofs of buildings in urban and rural areas has
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many advantages over other surfaces. Among
these advantages are the amount of receiving
more energy with less influence from shadows
and disturbing effects, less wvulnerability with
more extended durability, and no need for a
transmission network and related equipment to
direct the flow of produced electricity to
consumption sources [15].

By studying the previous research works, we can
see that various data have been used to calculate
the received radiation, which is mainly suitable
for general studies. Due to their low resolution
and level of detail, they are inefficient for studies
requiring high accuracy. On the other hand,
checking the suitability of roofs for installing
photovoltaic panels and the possibility of
calculating the amount of electricity produced for
each rooftop separately and in each predetermined
historical period are among other things that have
not been investigated in previous research [16].
Also most of these research works have only
calculated the amount of received radiation, and
have not examined the amount of electricity that
can be extracted. Another thing that has not been
addressed is the need to accurately assess the
potential of solar energy during different seasons
of the year according to the amount of energy
required in each season.

This study investigated the potential of rooftops
for solar energy production using GIS as a
computing tool and UAV photogrammetry as the
method for generating the base data. Due to some
limitations and problems arising from the
DSM/DTM used in rooftop solar power potential
estimation, in  this study, the UAV
photogrammetry method was used to produce the
DSM of the studied area. Using GIS tools and
rooftops extracted from DSM, each rooftop's
exact amount of received radiation was calculated
separately. The roofs lacking the necessary
qualification for solar panel installation were
identified, and the received radiation was
converted into electricity for suitable rooftops.
The proposed method was implemented in a rural
area in the north of Iran. For the four seasons and
throughout the year, rooftop solar power potential
was assessed, and the results were analyzed.

2. Materials and methods

The flowchart presented in figure 1 shows the
basic steps of the proposed method. The detailed
steps and the implementation and evaluation of its
results are presented in the following.
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Figure 1. Structural framework of this study.

2.1. Studied area

Gol-Ceshmeh village, located in the central areas
of Golestan province-lran, with an approximate
height of 60 m above the mean sea level and an
approximate area of 40 hectares, was selected as
the studied area. This village has a relatively large
number of trees and buildings with sloping and
flat roofs. Figure 2 shows the geographical
location of the studied area on the annual solar
radiation map of Iran.

Long term average of PVOUT. period 1999-2018
4 38 42 48

Dailytotals: 3. 50 54
inwp

Yearytotsls: 1241 1387 153 1680 1826 1972

Figure 2. Geographical location of studied area [17].
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The orthophoto and DSM, which contain
information about the study area, are presented in
figure 3.

Figure 3. Orthophoto and DSM of studied area.

2.2. DSM
photogrammetry
Calculating the exact amount of received radiation
for each point requires having accurate spatial
information about that point and its surroundings.
For each point, the relative position of the sun and
the time of radiation are among the most
important influencing factors. Regarding the
rooftops, the two geometric features of slope and
azimuth are of great importance in the amount of
radiation received [18]. Due to estimating the
amount of radiation received by each cell of
DSM, the result is sensitive to its resolution and
level of detail.

This study used the point cloud obtained from the
UAV photogrammetry method to produce DSM.
Aerial imaging of the studied area was done in a
convergent network with 80% forward and 60%
lateral overlap. Georeferencing was made in the
WGS84-coordinate  system and  UTM-map
projection using 15 ground control points with
proper distribution in the studied area. The
Agisoft PhotoScan 1.2.6 software [19], based on
the dense matching algorithm, was used to
generate the point cloud. The point cloud density
was estimated at an average of 97 points per
square meter. The photogrammetric accuracy
assessment of the point cloud showed an average
of 3 cm and 5 cm of planimetric and altimetric
accuracy.

Figure 4 shows a part of the 3D model produced
for the studied area. As it can be seen from this
figure, the features (especially the roofs) in the 3D
model have a high level of detail. As a result, it is
possible to calculate the radiation received by any
point on the rooftop concerning shadow and
geometric effects.

generation using UAV
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Figure 4. A representation of the dense point cloud used
to generate DSM.

In the presence of noises, the extraction of
geometric parameters such as slope from DSM
can be accompanied by significant errors; in this
study, a low-pass filter was used for noise
reduction of rooftops point cloud; for this purpose,
the method presented in [20] was used. In each
neighborhood with a number of 10 points, the
distances of the neighboring points to the center of
the neighborhood were calculated, and the points
with a distance greater than the average distance
plus one time the standard deviation of the
distances were removed.

Due to the importance of building rooftops in
DSM data than other features, a two-scale strategy
was used in generating DSM from the point cloud,
corresponding to two levels of features including
roof and non-roof. In this way, the roofs requiring
a high level of detail were structured with more
resolution than non-roof areas. For this purpose,
the DSM cells were grouped into two parts,
located on the roof and non-located. The cells
inside the roofs were structured with 10 cm, and
other cells with 40 cm resolution. The final model
was created by combining two DSMs with
different resolutions related to roof and non-roof.
Due to the high resolution of the produced DSM,
it will be possible to calculate the potential of
solar energy because of the geometrical
specification of rooftops and applying the shadow
effects caused by adjacent features to the building
roofs.

2.3. Rooftop solar radiation assessment

Solar radiation received by different surfaces
consists of two parts: direct radiation (RadDir)
and diffuse radiation (RadDif) [21]. Direct
radiation, which includes most of the energy,
results from direct sunlight hits on surfaces. The
radiation scattered by the atmosphere or the
surrounding objects that hit surfaces in a scattered
form is also known as diffuse radiation. The
diffused radiation is lower than direct radiation,
and its calculation is not as easy as direct
radiation. Equation 1 shows the mathematical
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model used to calculate the amount of received
radiation [22].

Radgie, = Radpir +Radp;s 1)

In this study, the amount of radiation received by
each DSM cell is calculated based on two
datasets, DSM and the rooftop outlines of
buildings. In the first step o radiation calculation,
using the solar radiation tool in the ArcGIS Pro
software, the amount of received radiation was
calculated for each DSM cell. The scatter rate and
transmittance coefficient values were set to 0.3
and 0.5, respectively. The sky size was considered
100 m, and the daily time interval was also set to
1 hour. Calculations related to the amount of
received radiation in time in two situations:
throughout one solar year and the four seasons
were done separately.

In the next step, using the roof layer of the
buildings, the amount of radiation received for
each rooftop was separated from the generated
global radiation data. Finally, each roof's radiation
was calculated separately using the cells inside
that roof. Figure 5 shows the calculated received
radiation for all DSM cells of the studied area for
spring, summer, autumn, and winter.

Figure 6 shows the received radiation results only
for the roof cells. The amount of radiation
received throughout the year for all DSM cells
and only rooftop cells are presented separately in
figure 7.
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Figure 5. A representation of radiation received by
studied area in different seasons of the year.
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Figure 6. A presentation of the received radiation of the
roofs of the studied area in different seasons of the year.
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Figure 7. A presentation of annual received radiation.

The results presented in figures 5, 6, and 7 are in
KWh in the period specified for each figure. The
numerical values of the average radiation received
per square meter from the roofs of the study area
for the four seasons are given separately in table
1. As can be seen from figures 5 to 7 and table 1,
The amount of radiation received in the summer
and spring is similar. Also, the autumn and winter
seasons are similar in this respect. The amount of
solar radiation in the first two months is almost
twice as much as in the second two months of the
year.

Table 1. Amount of radiation received by the rooftops in kWh and kWh/m2

Season Spring Summer Automn Winter
The total radiation received by the rooftops (KWh) 14848.75 14792.14 5304.54 4946.42
The average radiation received by the rooftops (kWh/h2) 395.47 393.97 140.19 130.74

The amount of radiation received for all rooftops
throughout the year was estimated to be 40248.05
MWh, and its average for each square meter of
rooftops during a year was estimated to be

MEAN

1194.70 KWh/m?. Figure 8 shows the statistical
distribution of the average radiation received by
the roofs for each square meter.

Figure 8. Statistical distribution of the average amount of radiation received per square meter of rooftops.

The values listed in Figure 8 show the radiation
each roof receives throughout the year. The
difference in the received radiation values is
mainly caused by the area of each roof and its
slope and azimuth. Figure 9 shows the results of
estimating the amount of annual radiation
received for some rooftops. This figure shows that
the rooftops oriented towards the south have
received the most radiation.

255

* v K
hrS *

ﬂﬁt:ﬁ

Figure 9. A presentation of the effect of azimuth, slope,
and area on rooftop radiation.
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2.4. Converting rooftop solar radiation into
electricity

The values listed in table 1 indicate the amount of
energy that can be received by the entire surface
of each roof. Not all rooftops can be completely
covered by solar panels, and not all the energy
received can be converted into electricity. On the
other hand, some roofs do not receive enough
radiation due to improper slope and azimuth.
Temperature and atmospheric conditions, along
with the efficiency rate of the solar panel, are
among the other determining factors in the ¥
conversion factor of received radiation into \ 3 00”
electricity.

In order to achieve a realistic estimate of the
amount of electricity produced by solar panels
installed on the rooftops, two stages of refinement
were applied by thr?S.hOIdmg the .rOOfS m'”.'”?“m Figure 10. A presentation of the suitable rooftop detection
area and the minimum received radiation. results.

Following the suitable rooftop selection step,
conversion of the received radiation into
electricity was performed by considering solar
panel efficiency and the maximum coverable area
of the rooftop.

In the first refinement step, rooftops with an area
of less than 30 m* were removed from the set of
rooftops. In the second step, roofs with an average
received radiation less than a calculation threshold
were excluded from the suitable rooftops. S
In order to calculate the threshold of the minimum o %
received radiation, the mean received radiation of \
the rooftops (RadX2$™) was calculated, and the o
rooftops whose received radiation is less than * py—
0.33*RadMe%™ were labeled as non-suitable sos’ =
rooftops. K
The total number of rooftops in the studied area ‘%‘.gp
was 543, and according to the refinement step, ‘e;"i oo
422 rooftops were selected as suitable rooftops. In T
figure 10, rooftops distinguished from others with
a highlight color are identified as eligible for solar

panel installation based on the rooftop solar Figure 11. A presentation of the distribution of electricity
radiation refinement step produced by suitable rooftops in MWh/yr.
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Figure 12. Statistical distribution of the amount of energy produced by each rooftop.
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This study calculated the amount of electricity
produced from the rooftops for only the roofs
identified as suitable for installing solar panels. In
order to convert the received radiation into
electrical energy, the standard introduced by the
United States Environmental Protection Agency
[23] was used (Equation 2). This standard
considers a conservative estimate for converting
the amount of radiation received into electricity
including an efficiency factor of 16% and a
performance ratio of 86%. These numbers mean
that solar panels, according to the world's average
technology, can convert 16% of the received
radiation into energy and then convert 86% of this
energy into electricity for use by consumption
sources. Radgp, Stands for the amount of solar
radiation received during a year in terms of MWh,
and Elecgio, Stands for the amount of electricity
produced equivalent to it in terms of MWh.

E|ECG|0b = Rad(;|ob*0.16*0.86

)

The amount of electrical energy produced from
suitable rooftops, according to equation 2, was
estimated at 5741 MWh/yr. This amount has been
estimated for 422 suitable rooftops out of 543
rooftops in the studied area. The maximum annual
electricity production is 80 MWh, which
corresponds to the roof with the largest area (459
m?). Also the result of converting the received
radiation to electrical energy is noticeable in
figure 11. The distribution diagram of the amount
of energy produced by each of the rooftops is also
presented in figure 12. Based on the results
presented in this figure, most of the rooftops of
the studied area can produce electrical energy in
the range of 6 MWh to 23 MWh. Also 15 MWh of
electricity are the most abundant in the amounts of
energy produced by each rooftop. According to
figures 11 and 12, roofs with a larger area
protected from the shadow of other effects such as
trees or nearby buildings will have a higher
chance of receiving solar radiation. Also the
impact of two geometrical specifications of the
rooftops, slope, and azimuth, is evident in the
results of receiving energy and producing
electricity by roofs. The south-oriented roofs with
slopes between 30 and 50 degrees receive the
most radiation. Figure 9 can explain this issue
well. Therefore, installing panels along the
optimal slopes can increase the amount of
electricity extracted.

3. Conclusion

This work addressed the issue of estimating the
rooftop solar power potential based on UAV
photogrammetry and GIS. Due to the high
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importance of the DSM in estimating rooftop
solar radiation, the photogrammetric high-
resolution point cloud was used as the basis for
the DSM creation. First, the proposed method
extracted the rooftops from the photogrammetric
point cloud with a high level of detail. Then the
amount of radiation received by the roofs was
estimated in four seasons and throughout the year
using GIS. The subsequent refinement step was
designed to identify suitable rooftops for covering
by photovoltaic panels. Therefore, suitable roofs
entered the step of converting the received
radiation into electricity in the next step. A
flexible mathematical model was adopted for this
purpose, which is compatible with the average
solar panels' efficiency and a standard coverable
area of the rooftop.

The proposed method was implemented for
different seasons and throughout the year. The
results show an increase of about two times the
amount of solar energy in spring and summer
compared to autumn and winter. Also the
potential of solar energy that could be extracted
for two seasons, spring and summer, and two
seasons, autumn and winter, showed relative
values. The results of implementing the proposed
method for a rural area in the Golestan province
of Iran showed that out of the 543 rooftops, 422
were suitable for installing photovoltaic panels.
For suitable rooftops, the potential to produce
4600 MWh of electricity in one year was
estimated, which can lead to the village's self-
sufficiency from other energy sources. The results
indicate the effect of two important geometric
features of roofs: azimuth and slope, on the
amount of radiation received by them. These two
parameters can be considered the essential factors
in installing photovoltaic panels. Their optimal
setting can increase the amount of produced solar
energy compared to the estimated values in this
study. The high flexibility of the proposed method
in calculating the production energy potential by
using various strategies is one of the other
advantages of the method presented in this
research.
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