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Abstract: This study presents a method to estimate the solar energy potential based on 3D data
taken from unmanned aerial devices. The solar energy potential on the roof of a building was
estimated before the placement of solar panels using photogrammetric data analyzed in a geographic
information system, and the predictions were compared with the data recorded after installation.
The areas of the roofs were chosen using digital surface models and the hemispherical viewshed
algorithm, considering how the solar radiation on the roof surface would be affected by the orientation
of the surface with respect to the sun, the shade of trees, surrounding objects, topography, and the
atmospheric conditions. The results show that the efficiency percentages of the panels and the data
modeled by the proposed method from surface models are very similar to the theoretical efficiency of
the panels. Radiation potential can be estimated from photogrammetric data and a 3D model in great
detail and at low cost. This method allows the estimation of solar potential as well as the optimization
of the location and orientation of solar panels.
Keywords: unmanned aerial vehicle; solar irradiation; geographic information systems; photovoltaic
systems; digital surface model; solar panel efficiency

1. Introduction
Around the world, renewable energies are promoted, especially solar energy, in the drive to
achieve smart cities and environmentally sustainable cities. The active and passive use of solar energy
can make energy use more effective in commercial and urban spaces, feeding power plants that
are complementary or primary energy suppliers. Photovoltaic energy can be actively applied for
electricity generation in a distributed generation style; it can also be applied passively by taking
into account architectural designs and civil works where the building includes photovoltaic systems
on its roofs and facades. In Colombia, for example, the company Celsia is a pioneer and leader
in the development of large-scale photovoltaic solar energy projects at companies, real estate and
industrial projects, and logistics complexes for the generation of electricity in residential and commercial
buildings. In the vast majority of buildings, the roof space is available to exploit the solar radiation.
As an illustration, in Colombia, the available sources on solar resource information indicate that
the country has an average irradiation of 4.5 (kWh/m2 /d) [1], which exceeds the global average of
3.9 (kWh/m2 /d) [2]. This shows a significant and untapped resource for the deployment of photovoltaic
systems. The potential solar radiation maps for Colombia have been developed by the Institute
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of Hydrology, Meteorology, and Environmental Studies (Instituto de Hidrología, Meteorología y
Hydrology, Meteorology, and Environmental Studies (Instituto de Hidrología, Meteorología y
Estudios Ambientales—IDEAM) and the Mining and Energy Planning Unit (Unidad de Planeación
Estudios Ambientales—IDEAM) and the Mining and Energy Planning Unit (Unidad de Planeación
Minero-Energética—UPME). These maps show the wide geographic distribution of the solar radiation
Minero-Energética—UPME). These maps show the wide geographic distribution of the solar
resource available in the country (Figure 1).
radiation resource available in the country (Figure 1).
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isolated or easily accessible areas; and they can be more aesthetically attractive to neighbors than some
of the other distributed renewable options, such as wind energy [4]. Considering the potential that
Colombia has to increase the number of photovoltaic systems mounted on roofs, there is a need to
identify the buildings and roofs with the greatest suitability for photovoltaic and thermal installations
and evaluating their performance.
The identification and analytical methods should be accurate, fast, and inexpensive, allowing us to
reduce the number of complex analyses and field visits from the number currently used in estimations
of this type. The lack of information on the daily, monthly, or annual solar radiation specific to each
building or construction limits our ability to analyze and identify the potential photovoltaic electrical
performance. Although there are thousands of solar radiation monitoring stations throughout the
world (many associated with weather stations), for most geographic areas, there are no accurate data
on insolation. The ability to model the solar potential on the roofs of buildings with three-dimensional
(3D) data can offer an efficient and more accessible way to characterize the potential of a specific area
or place.
According to the UPME Atlas of solar radiation, particular regions of Colombia, such as La
Guajira, a large part of the Atlantic Coast, and other specific regions in the departments of Arauca,
Casanare, Vichada, and Meta, among others, present levels of radiation above the national average that
can reach the order of 6.0 (kWh/m2 /d) [5]. On the other hand, regions such as the Pacific Coast receive
below-average levels, though these are still above the average annual levels received in, for example,
Germany [6]. Table 1 presents the average annual calculation of irradiation in the 12 largest cities of
the country according to IDEAM.
Table 1. Annual global irradiation averages in the largest cities of Colombia [3].
City

Elevation (MSL)

Annual Average (Wh/m2 )

Santa Marta
Barranquilla
Cartagena
Valledupar
Cucuta
Villavicencio
Ibagué
Medellin
Cali
Pereira
Armenia
Bogotá

7
8
2
184
311
444
1323
1440
996
1342
1485
2547

5606.4
5601.4
5552.5
5423.6
5301.6
4704.1
4679.2
4530.9
4521.0
4210.9
4081.0
4037.7

However, the potential data of the large cities of Colombia presented in Table 1 are not adequate
to calculate the photovoltaic potential in different areas, especially on rooftops, mainly because, to
understand the behavior at detailed scales, a high spatial resolution of the area is needed. To model the
solar energy potential, characteristics of the roof such as its geographic location, slope, shape, inclination,
and shadows must be taken into account. To improve the modeling of the solar potential for different
photovoltaic and thermal applications, software tools have been developed for the modeling of specific
solar systems. These tools include the following: Clean Energy Management Software (RETScreen),
a program developed by the Natural Resources Agency of Canada [7]; Hybrid Optimization of
Multiple Energy Resources (HOMER), a program of the National Renewable Energy Laboratory
(NREL) of the US Department of Energy [8]; INSEL, from the German company of the same name,
which provides parameters for the simulation of all photovoltaic modules and inverters available on
the market [9,10]; Solar Advisor Model (SAM), also developed by the National Renewable Energy
Laboratory, which can model many types of renewable energy systems [9,11]; PVsyst, developed by
the Institute of Environmental Sciences (ISE, for its initials in French) of the University of Geneva in

Electronics 2020, 9, 2144

4 of 21

Switzerland, which simulates autonomous and networked photovoltaic systems [12]; Transient System
Simulation Tool (TRNSYS), developed by the University of Wisconsin solar energy laboratory, which is
a model for the simulation of autonomous and networked photovoltaic systems [13]. Many of these
tools aim at estimating the solar energy potential in various areas for both photovoltaic and thermal
systems. Some also evaluate the possible economic benefits of, for example, a given configuration
of photovoltaic systems. However, they do not take into account the complex modeling of the 3D
surfaces and the precise geographical position of a roofs. In addition, they do not take into account the
specific characteristics of the building, such as trees and adjacent buildings, which could affect the
estimation of the solar potential.
In recent years, significant advances have been made in the modeling of solar radiation using
such approaches as numerical simulation, statistics, analytics, artificial intelligence, and geographic
information systems (GIS) [4]. Many solar radiation models require many parameters that are
determined empirically and in conjunction with complementary data acquired with measurement
tools that are not widely available in many areas. As a result, the models have difficulty simulating
the long-term solar potential for making predictions in areas where measurement instruments are not
available or where data are missing from the solar radiation database.
Many of the models where solar radiation simulations have been developed by taking into account
the complexity of the terrain and the shapes of the roofs are based on the use of GIS in conjunction
with digital surface models (DSMs) or digital terrain models (DTMs) from different types of source
data, as illustrated in Table 2. So far, advanced models have been implemented for mapping the urban
and rural solar potential through terrain modeling, from photogrammetric, satellite, or aerial sources
such as light detection and ranging (LIDAR) and unmanned aerial vehicles (UAVs). These models
have allowed the reconstruction of the 3D shape of buildings and other constructions with great detail
and precision.
Table 2. Studies around the world that have implemented solar radiation analysis with geographic
information systems.
Place

Technique

Reference

Turkey
USA
China
China
Czech Republic
Spain
Argentina
Japan
USA
Turkey
Canada
Sweden
Canada
Burkina Faso and Mali
Czech Republic
Theoretical
China
Taiwan
Korea
UK
Slovenia
Italy
Slovakia
Spain
UK
U.S.A.

GIS, 3D Models
GIS, LIDAR, UAV
GIS, Satellite
GIS, LIDAR
GIS, UAV
GIS, LIDAR
GIS, LIDAR
GIS, 3D Models
GIS, LIDAR,
GIS, DRONE
GIS, LIDAR
GIS, LIDAR,
GIS, Aerial photo
GIS, LIDAR, UAV
GIS, LIDAR
GIS
GIS, LIDAR
GIS
GIS, 3D Models
GIS, 3D Models
GIS, LIDAR
GIS, LIDAR
GIS, 3D Models
GIS
GIS
GIS

Colak et al., 2020 [14].
Nelson, and Grubesic., 2020 [15].
Guo et al., 2020 [16].
Huang et al., 2019 [17].
Fogl and Moudrý, 2019 [18].
Quirós et al., 2018 [19].
Machete et al., 2018 [20].
Togawa et al., 2018 [21].
Halama et al., 2018 [22].
Usta et al., 2017 [23].
Salimzadeh, and Hammad, 2017 [24].
Lingfors et al., 2017 [25].
Chow et al., 2016 [26].
Szabo et al., 2016 [27].
Fogl and Moudrý 2016 [28].
Li et al., 2016 [29].
Huang et al., 2015 [30].
Ko et al., 2015 [31].
Byrne et al., 2015 [32].
Erdelyi et al., 2014 [33].
Lukač et al., 2013 [34].
Agugiaro et al., 2012 [35].
Hofierka and Kaňuk, 2009 [36].
Izquierdo et al., 2008 [37].
Gadsden et al., 2003 [38].
Fu and Rich 2002 [39].
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4. Study Methods
4. Study Methods
This section details the methods based on the use of photogrammetric data from a UAV, which we
This section details the methods based on the use of photogrammetric data from a UAV, which
call the DSM-UAV method. This method facilitates and improves the estimates of the radiation
we call the DSM-UAV method. This method facilitates and improves the estimates of the radiation
potential from a 3D model in great detail and at low cost.
potential from a 3D model in great detail and at low cost.
4.1. Digital Surface Models Based on UAVs
4.1. Digital Surface Models Based on UAVs
Photogrammetry is a 3D reconstruction technique based on stereoscopic images that is used to
Photogrammetry is a 3D reconstruction technique based on stereoscopic images that is used to
capture topographic information of the Earth’s surface from platforms such as airplanes, satellites,
capture topographic information of the Earth’s surface from platforms such as airplanes, satellites,
and UAVs. The UAV system involves the use of photographic sensors mounted on the body of the
and UAVs. The UAV system involves the use of photographic sensors mounted on the body of the
aerial platform. During a flight, the onboard camera captures hundreds of photos with an overlap of
aerial platform. During a flight, the onboard camera captures hundreds of photos with an overlap of
at least 60% between aerial images [48]. Aerial photographs must contemplate a height and a flight
at least 60% between aerial images [48]. Aerial photographs must contemplate a height and a flight
plan referring to the object to be measured in order to construct a 3D image. These aerial images
plan referring to the object to be measured in order to construct a 3D image. These aerial images by
by themselves do not include elevation data. For the data to be useful for the calculation of the
themselves do not include elevation data. For the data to be useful for the calculation of the elevation,
elevation, the position of each image at the time of shooting must be known. To capture elevation,
the position of each image at the time of shooting must be known. To capture elevation, a global
a global positioning system (GPS) is mounted on the UAV. As the photographic sensors take the
positioning system (GPS) is mounted on the UAV. As the photographic sensors take the images, the
images, the GPS sensor records the location of the data. The final product is the photograph with its
GPS sensor records the location of the data. The final product is the photograph with its exact
geographically recorded longitude, latitude, and elevation. These data are fed into collinearity
algorithms to reconstruct the 3D shape of the terrain in a surface model.

Electronics 2020, 9, 2144

7 of 21

exact geographically recorded longitude, latitude, and elevation. These data are fed into collinearity
Electronics 2020, 9, x FOR PEER REVIEW
7 of 21
algorithms to reconstruct the 3D shape of the terrain in a surface model.
UAVs have several advantages: it is easy to collect many photos from low altitudes (less than
UAVs have several advantages: it is easy to collect many photos from low altitudes (less than
150 m) and in small areas because the photography portion of the project is reduced from days to
150 m) and in small areas because the photography portion of the project is reduced from days to
hours, and the data collected are of greater precision and detail than those taken with satellites or
hours, and the data collected are of greater precision and detail than those taken with satellites or
conventional aircraft. The large amount of high-resolution 3D data collected from a UAV and the
conventional aircraft. The large amount of high-resolution 3D data collected from a UAV and the
products derived from surface models that in turn come from aerial photos are the basis of the proposed
products derived from surface models that in turn come from aerial photos are the basis of the
UAV-DSM method. We use this method for the estimation of solar energy potential on different surfaces,
proposed UAV-DSM method. We use this method for the estimation of solar energy potential on
especially roofs of buildings. The resolution of the elevation model to estimate the solar potential on
different surfaces, especially roofs of buildings. The resolution of the elevation model to estimate the
roofs should accurately reflect the unique characteristics of the roof, such as slope, orientation, adjacent
solar potential on roofs should accurately reflect the unique characteristics of the roof, such as slope,
structures, and vegetation. In this study, a DJI Phantom 3 Advanced multicopter equipped with a
orientation, adjacent structures, and vegetation. In this study, a DJI Phantom 3 Advanced multicopter
12.4-megappixel camera was used for image collection.
equipped with a 12.4-megappixel camera was used for image collection.
The height of the flights performed in this study was approximately 80 m above the ground,
The height of the flights performed in this study was approximately 80 m above the ground, and
and more than 400 images were selected for further processing and 3D point cloud generation.
more than 400 images were selected for further processing and 3D point cloud generation. The
The acquired images were processed in Pix4D version 4.5 software, which uses a combination of stereo
acquired images were processed in Pix4D version 4.5 software, which uses a combination of stereo
camera motion approaches and collinearity algorithms in a widely used method to derive point clouds
camera motion approaches and collinearity algorithms in a widely used method to derive point
known as DSMs. Some examples of these derivations in geospatial data can be found in works based
clouds known as DSMs. Some examples of these derivations in geospatial data can be found in works
on high-resolution photogrammetric sources [44,49–51].
based on high-resolution photogrammetric sources [44,49–51].
The UAV-DSM method performs an alignment procedure, iteratively refining the external and
The UAV-DSM method performs an alignment procedure, iteratively refining the external and
internal orientations of the camera and the camera locations through a least-squares method, generating
internal orientations of the camera and the camera locations through a least-squares method,
a scattered point cloud, followed by a 3D reconstruction algorithm. The alignment is completed
generating a scattered point cloud, followed by a 3D reconstruction algorithm. The alignment is
using the alignment precision parameter and the preselection of pairs in the point cloud and mesh.
completed using the alignment precision parameter and the preselection of pairs in the point cloud
High-precision GPS support points are introduced to improve the accuracy established in the “high”
and mesh. High-precision GPS support points are introduced to improve the accuracy established in
configuration, guaranteeing a correct mapping of the position, while the preselection of images
the “high” configuration, guaranteeing a correct mapping of the position, while the preselection of
guarantees the best image coincidence with the terrain support points. The DSM and the photomosaic
images guarantees the best image coincidence with the terrain support points. The DSM and the
model are generated after adjusting the photogrammetric block to generate a dense point cloud,
photomosaic model are generated after adjusting the photogrammetric block to generate a dense
as illustrated in Figure 4, where the 3D shapes are reconstructed with high quality. We georeferenced
point cloud, as illustrated in Figure 4, where the 3D shapes are reconstructed with high quality. We
the point clouds using 10 ground support points established within the study area that were taken
georeferenced the point clouds using 10 ground support points established within the study area that
with
high-precision
GPS receiverGPS
(MobileMapper
CX, Magellan,
France).
wereataken
with a high-precision
receiver (MobileMapper
CX,
Magellan, France).
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4.2. Solar Simulation of the Celestial Vault
Simulating the solar energy potential of some surfaces, such as the roofs of buildings, is complex
and requires very detailed information to achieve good results. The large amount of radiation from
the sun, modified as it travels through the atmosphere, is calculated as the solar constant, which is
approximately 1367 [kW/m2]. The extraterrestrial solar radiation that actually reaches the Earth and
is usable is highly variable. According to Šúri and Hofierka [52], three main factors determine the
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Simulating the solar energy potential of some surfaces, such as the roofs of buildings, is complex
and requires very detailed information to achieve good results. The large amount of radiation from
the sun, modified as it travels through the atmosphere, is calculated as the solar constant, which is
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approximately
1367 [kW/m2 ]. The extraterrestrial solar radiation that actually reaches the Earth
and
is usable is highly variable. According to Šúri and Hofierka [52], three main factors determine the
interaction of solar radiation with the Earth’s atmosphere and surface: (i) the position of the Earth
interaction of solar radiation with the Earth’s atmosphere and surface: (i) the position of the Earth
with respect to the sun; (ii) the land surface; and (iii) the atmosphere. To estimate solar irradiance,
with respect to the sun; (ii) the land surface; and (iii) the atmosphere. To estimate solar irradiance,
GIS models must take into account these three factors, usually in the form of (i) solar parameters; (ii)
GIS models must take into account these three factors, usually in the form of (i) solar parameters;
a DSM to estimate the orientation of the building, roof slope, and shading; and (iii) information on
(ii) a DSM to estimate the orientation of the building, roof slope, and shading; and (iii) information
the atmospheric absorption and dispersion of solar radiation. Climate and other atmospheric
on the atmospheric absorption and dispersion of solar radiation. Climate and other atmospheric
considerations, such as the effect of aerosols (solid or liquid substances present in the atmosphere)
considerations, such as the effect of aerosols (solid or liquid substances present in the atmosphere) and
and atmospheric diffusion, also affect the final values of solar radiation.
atmospheric diffusion, also affect the final values of solar radiation.
The elevation model is used to project the hemispherical viewshed in a two-dimensional grid
The elevation model is used to project the hemispherical viewshed in a two-dimensional grid
where we can characterize all possible directions around the geographical position and analyze the
where we can characterize all possible directions around the geographical position and analyze
maximum possible angle of obstruction around the surface model. To perform this calculation, the
the maximum possible angle of obstruction around the surface model. To perform this calculation,
shadow effect of the highest pixels in relation to their lowest neighbors is used. The resulting
the shadow effect of the highest pixels in relation to their lowest neighbors is used. The resulting
viewshed shows the directions in which the sky is visible and obstructed. After the calculation of the
viewshed shows the directions in which the sky is visible and obstructed. After the calculation of the
viewshed from the surface model, the sunmap is produced, which is equivalent to a representation
viewshed from the surface model, the sunmap is produced, which is equivalent to a representation
of the apparent solar path of the sun according to its variation over time in certain intervals (hours,
of the apparent solar path of the sun according to its variation over time in certain intervals (hours,
days, months), according to the latitude and location of the study area, as shown in Figure 5. This
days, months), according to the latitude and location of the study area, as shown in Figure 5. This map
map is used to estimate the amount of direct solar radiation that a certain location in the surface
is used to estimate the amount of direct solar radiation that a certain location in the surface model
model receives. The solar position (zenith and azimuth angles) is calculated as a function of latitude,
receives. The solar position (zenith and azimuth angles) is calculated as a function of latitude, day, time,
day, time, and year using astronomical formulas [53]. The skymap in Figure 5 subdivides the sky
and year using astronomical formulas [53]. The skymap in Figure 5 subdivides the sky vault into zenith
vault into zenith and azimuth, grouped into different sectors. This map is used in the calculation of
and azimuth, grouped into different sectors. This map is used in the calculation of the diffuse solar
the diffuse solar radiation received by the surface model. Diffuse solar radiation originates from all
radiation received by the surface model. Diffuse solar radiation originates from all directions in the sky
directions in the sky as a result of the scattering of sunlight by the atmosphere (due to the presence
as a result of the scattering of sunlight by the atmosphere (due to the presence of particles, aerosols,
of particles, aerosols, dust, and clouds). The different visible sectors of the sky show the central point
dust, and clouds). The different visible sectors of the sky show the central point and the azimuth angles
and the azimuth angles that represent the direction of each sector of the sky when assigning a single
that represent the direction of each sector of the sky when assigning a single identification value.
identification value.

Figure 5. Viewshed, sunmap, and skymap on the roof of the case-study building.

Figure 5. Viewshed, sunmap, and skymap on the roof of the case-study building.

4.3. Calculation of Solar Radiation
After obtaining the calculations of the viewshed, the sunmap, and the skymap, 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 sunmap and the skymap according to Fu [54].
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4.3. Calculation of Solar Radiation
After obtaining the calculations of the viewshed, the sunmap, and the skymap, 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 sunmap and the skymap according to Fu [54].
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 sunmap with a centroid at the zenith angle θ and azimuth angle α, as expressed in
Equation (2):
Rad_Dir = Σ Dir θ,α
(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 sunmap with a centroid in the zenith angle θ and azimuth angle α, as illustrated
in Equation (3):
Rad_Dif = Σ Dif θ,α
(3)
Direct insolation is calculated using Equation (4):
Dir = ConS × βm (θ) × SolDurθ,α × SolGapθ,α × cos (AngInθ,α)

(4)

where:
•
•
•
•
•
•

ConS is the solar constant and has a value of 1367 [kW/m2 ], as calculated in 1981 by the World
Radiation Center [55];
β is the transmissivity of the atmosphere for the shortest path in the zenith direction;
m (θ) is the relative length of the optical path;
SolDurθ,α is the duration of time represented by the sky factor;
SolGapθ,α is the fraction of space for the sunmap sector;
AngInθ,α is the angle of incidence between the centroid of the sky sector and the normal axis to
the surface.
Diffuse radiation (Diff) is calculated using Equation (5):
Dif = Rglo × Pfr × Dur × SkyGapθ,α × Weightθ,α × cos (AngInθ,α)

(5)

where:
•
•
•
•
•
•

Rglo is the global normal solar radiation;
Pfr is the proportion of the global normal solar radiation flux that is diffused; it is approximately
0.2 for very clear sky conditions and 0.7 for very cloudy sky conditions;
Dur is the time interval for the analysis;
SkyGapθ,α is the fraction of space (proportion of visible sky) for the sky sector;
Weightθ,α is the proportion of diffuse radiation originating in a certain sector of the sky in relation
to all sectors;
AngInθ,α is the angle of incidence between the centroid of the sky sector and the intercept surface.
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4.4. UAV-DSM Method Workflow
The unique capabilities of the UAV-DSM method for estimating the solar energy potential from
GIS data based on surface models from UAV data facilitate the creation of solar radiation maps on
rooftops with high precision. These two tools are integrated into the above workflow to analyze the
solar radiation potential of a specific area. In this work, the solar potential of the UAV-DSM method
is compared against the real performance obtained from the solar panels in the case study. Figure 6
shows a2020,
flowchart
the REVIEW
UAV-DSM method performed in this work.
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Figure 6. Flowchart of the unmanned aerial vehicles–digital surface model (UAV-DSM) method.
Figure 6. Flowchart of the unmanned aerial vehicles–digital surface model (UAV-DSM) method.

4.5. Solar Irradiance Model of the Roof
4.5. Solar Irradiance Model of the Roof
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With this information
into ArcGIS
viewshed
algorithm
was used to divide
the sky into zenith and azimuth directions and to calculate the diffuse and direct radiation that falls
within the pixels of the surface model. Due to the small size of the study area and the high spatial
resolution of the DSM, the shape of the building was used to mask the roof structure throughout the
calculations. The result was a raster surface that contained values for the height of the roofs with
the annual irradiance specification of 2019. Each point in the output file was subject to 12 irradiation
measurements calculated in watt-hours per square meter (Wh/m2 ), one for each month of the year.
The annual total Wh/m2 was determined for each point by summing the monthly values of irradiance.
The result is illustrated in Figure 8.

of the panels. This provided a total viable surface to determine the correct installation position of
solar panels, as illustrated in Figure 7. The ArcGIS solar analysis tool was used to determine the
values of solar radiation over the entire roof and in the specific area of the solar panels. The analysis
tools require information on the elevation, slope, and shape of the roof, which were obtained from
9, 2144 from the UAV flights. The monthly atmospheric transmission values
11 of 21 of
theElectronics
DSM 2020,
derived
transmissibility of the study area were obtained from the Gaisma climate website [56].
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With this information input into ArcGIS software, the viewshed algorithm was used to divide
the sky into zenith and azimuth directions and to calculate the diffuse and direct radiation that falls
within the pixels of the surface model. Due to the small size of the study area and the high spatial
resolution of the DSM, the shape of the building was used to mask the roof structure throughout the
calculations. The result was a raster surface that contained values for the height of the roofs with the
annual irradiance specification of 2019. Each point in the output file was subject to 12 irradiation
measurements calculated in watt-hours per square meter (Wh/m2), one for each month of the year.
The annual total Wh/m2 was determined for each point by summing the monthly values of irradiance.
The result is illustrated in Figure 8.
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4.6. Shading Analysis
Shading analysis is a prominent step to calculate the photovoltaic capacity in a urban
environment as the case under study, due to the trees and power networks that project shading over
the PV systems. This type of analysis is used to determine the optimal location of the photovoltaic

Electronics 2020, 9, 2144

12 of 21

4.6. Shading Analysis
Shading analysis is a prominent step to calculate the photovoltaic capacity in a urban environment
as the case under study, due to the trees and power networks that project shading over the PV systems.
This type of analysis is used to determine the optimal location of the photovoltaic panels, considering
that there is a variation in function of length and direction of the shades projected by the structures
in the surroundings. Irradiation losses due to shades were estimated based on 23 September 2019
irradiation information during equinox above Earth’s Equator, taken as the closest value to the year
irradiation average. Hilshade incorporated in ArcGis was used to perform the shading analysis over
the DSM.
One of the results was the irradiation of the direct solar energy on each grid cell of the DSM.
This output file was subsequently reclassified to create three files containing all the shade cells for
the three most representative hours, i.e., 09:00, 12:00, 15:00 (Figure 9). This way, it could be possible
to identify that the most affected areas due to shade effect were the right and left edges of the roofs,
which had the largest loss due to shade, without panels installed accordingly.
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4.7. Extraction of Solar Panel Area
4.7. Extraction of Solar Panel Area
One of the underlying challenges to estimating the solar energy potential of rooftops is to
One of the underlying challenges to estimating the solar energy potential of rooftops is to
determine the real solar energy potential available in the area where the solar panels would be installed.
determine the real solar energy potential available in the area where the solar panels would be
installed. This requires identifying the portions of each roof on which the solar panels would be
installed and being able to accurately model their position.
We used the edges of the installed panels to create polygons for each object. The area of each
polygon was calculated after generating an irradiance model in the DSM after the installation of the
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This requires identifying the portions of each roof on which the solar panels would be installed and
being able to accurately model their position.
We used the edges of the installed panels to create polygons for each object. The area of each
polygon was calculated after generating an irradiance model in the DSM after the installation of the
solar panels, as shown in Figure 10. After completing all the calculations and extractions of specific
areas, we had two sets of data representing the solar area for each structure in the study area: one
the total area of viable roof before the installation of the solar panels, and the other the optimal area
after placing the panels on the roof. The total solar energy potential of the area of the panels as a
whole was calculated using the UAV-DSM method, and this was compared to the actual production
obtained directly from the installed photovoltaic system over one year of activity. The averages of all
the points that fell within each roof structure were calculated for each month, as well as for the whole
yar. The final shape files of the rooftop contained the total annual average irradiance value seen in
Figure 10.
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4.8. Comparison with PVSyst Software
4.8. Comparison with PVSyst Software
To validate the accuracy of the DSM-UAV methodology, it was performed the comparison
To validate the accuracy of the DSM-UAV methodology, it was performed the comparison
simulation of the study case using PVSyst software. This latter corresponds to a design and optimization
simulation of the study case using PVSyst software. This latter corresponds to a design and
tool of a PV solar system. The software simulates systems of any size, including the installation
optimization tool of a PV solar system. The software simulates systems of any size, including the
details [57]. Using PVSyst software, a layout of the campus building can be obtained in the simple
installation details [57]. Using PVSyst software, a layout of the campus building can be obtained in
3D vectorial space, with the corresponding positions and orientations. This allows to identify the site
the simple 3D vectorial space, with the corresponding positions and orientations. This allows to
on the roof with the best solar radiation according to the sun trajectory over the course of the day,
identify the site on the roof with the best solar radiation according to the sun trajectory over the
and consequently, determine the place for panels installation [58]. To decide the most appropriate
course of the day, and consequently, determine the place for panels installation [58]. To decide the
design for each PV system, the campus building was recreated in a 3D dimensional environment,
most appropriate design for each PV system, the campus building was recreated in a 3D dimensional
which contains the detailed dimensions, such as heights, lengths, widths, among others. Once the
environment, which contains the detailed dimensions, such as heights, lengths, widths, among
building model was obtained, several simulations with software PVSyst were performed. Figure 11
others. Once the building model was obtained, several simulations with software PVSyst were
shows simulation for solar panels installation on the campus building roof under study:
performed. Figure 11 shows simulation for solar panels installation on the campus building roof
under study:

course of the day, and consequently, determine the place for panels installation [58]. To decide the
most appropriate design for each PV system, the campus building was recreated in a 3D dimensional
environment, which contains the detailed dimensions, such as heights, lengths, widths, among
others. Once the building model was obtained, several simulations with software PVSyst were
performed.
roof
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4.9. Electricity Production of the Photovoltaic System
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Figure 12. Irradiation in the case study for the day 27 August 2019.

2.

The adequate temperature present in the solar panels allows the establishment of
optimal conditions for the production of electricity (as indicated by the manufacturer)
(Figure
13).
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Rapid recovery of investment: Currently, the photovoltaic system of the case study supplies
Rapid recovery of investment: Currently, the photovoltaic system of the case study supplies
approximately seven percent (7%) of the total electrical energy demanded by the university
approximately seven percent (7%) of the total electrical energy demanded by the university
campus, for an estimated recovery of financial investment (payback) in 5.71 years.
campus, for an estimated recovery of financial investment (payback) in 5.71 years.
Environmental benefits: One of the most important aspects in the installation of photovoltaic
Environmental benefits: One of the most important aspects in the installation of photovoltaic
systems is the environmental benefits. For the case study, for the year 2019, approximately 105
systems is the environmental benefits. For the case study, for the year 2019, approximately
tons of CO2 were saved from being emitted into the atmosphere because the building no longer
105 tons of CO2 were saved from being emitted into the atmosphere because the building no
acquired electricity from the Colombian electricity system, whose power plants emit pollutant
longer acquired electricity from the Colombian electricity system, whose power plants emit
gases (gas, diesel, gasoline, and coal) that have a CO2 emission factor of 164.38 g of CO2 per
kilowatt hour (kWh), according to XM data [59].

5. Analysis of Results
To evaluate the potential solar irradiance and the real energy potential of solar panels in an
urban roof, the solar irradiance values obtained by the UAV-DSM method and PVSyst estimate, were
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pollutant gases (gas, diesel, gasoline, and coal) that have a CO2 emission factor of 164.38 g of CO2
per kilowatt hour (kWh), according to XM data [59].
5. Analysis of Results
To evaluate the potential solar irradiance and the real energy potential of solar panels in an
urban roof, the solar irradiance values obtained by the UAV-DSM method and PVSyst estimate, were
compared with the electrical energy data obtained from the photovoltaic system in the case study.
In the UAV-DSM method, the DSM and the related layers were processed at a spatial resolution (details
visible in an image) of 2.79 cm. The horizontal accuracies in the X and Y planes and the vertical accuracy
in the Z plane in the elevation models from the UAV data approached 1 cm. The DSM used for the
modeling in this work was developed with an accuracy of 45 cm horizontally and 1.5 m vertically.
The estimates of annual irradiance with the UAV-DSM method and PVSyst estimate,
were compared with the electricity production of the solar panels over all of 2019. The DSM data created
from the UAV accurately estimated the shape and the optimal area of the roofs, which contributed
to calculating the energy potential that could be obtained from the solar panels to be installed.
The differences between the PVSyst and the UAV-derived estimates of irradiance and energy production
and the real data recorded by the solar panels are shown in Table 3.
Table 3. Differences in the variables related to the calculations of solar irradiance from UAV data,
PVSyst estimate and solar panels.
Variable

UAV-DSM Data
(Solar Panel Area)

PVSyst Estimate

Data of the Photovoltaic
System Case Study

Average annual irradiance
on the roof (kWh/m2 )

1417.98

1661.5

1317.88

Average monthly irradiance
on the roof (kWh/m2 )

118.16

138.46

109.8

Average daily irradiance on
the roof (kWh/m2 )

3.88

4.61

3.66

Energy production for the
year 2019 (Wh/m2 )

1236.96

246.92

217

Average annual energy
production (MWh) for 2019

1334.68

268.9

236.95

The average annual irradiance on the roof (given in kWh/m2 ) of the photovoltaic system was
obtained from the meteorological sensor installed on the roof of the building of the case study.
This value was 7.05% lower than the estimate of the UAV-DSM method PVSyst and 26.1% respect
to the data obtained with PVSyst. The electricity energy production of the photovoltaic system for
2019 was 17.7% (in kWh/m2 ) and 17.5% (in MWh) of the total energy calculated using the UAV-DSM
method. Compared with the result values of the PV system versus the PVSyst software, this one
estimated the energy in 19.90% (in kWh/m2) and 20.1% (in MWh). In the case of the UAV-DSM
method, this percentage agrees with the 16.82% efficiency of the solar panels according to the technical
data of the manufacturer. This is an important finding because these differences in irradiance values
approximate the reality of energy production models. This work thus verified the efficiency of the
polycrystalline technology of the solar panels when installed in the study area, coinciding with data
reported in other studies [60,61], where the average efficiency has been below 20%.
In this case, the solar potential for a roof was estimated by considering the local effect of the
topography on solar radiation using a hemispherical algorithm. In other experiences of implementing
the hemispheric viewshed [4,15], it was found that the models are highly accurate for a specific location,
which we corroborated in this work by modeling in great detail all the aspects of the shape and position
of the roof of the case-study building. The estimated monthly solar irradiation upon the roof of the
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case study illustrates the differences between the real values of the panels, the UAV-DSM model and
the PVSyst estimate. (Figure 15). In this sense, the UAV-DSM methodology gets the closest to real data,
considering the topography shapes and not the simplified shapes, as performed by the algorithm with
simulated data in PVSyst.
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