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Abstract

The importance of solar energy as a global energy source is expected to grow. Solar power's
future looks bright, especially with an aged and deteriorating energy grid and rising fossil fuel
prices. More precise methods for assessment of solar capacity are needed as more homes and
companies investigate the possibility of small-scale photovoltaic (PV) solar installations. In
this study, a spatial solar energy PV potential assessment method based on the combination
of LiDAR (Light Detection and Ranging) datasets and GIS (Geographic Information System) is
proposed. The proposed methodology is applied to an area in the capital city of Skopje in N.
Macedonia, from where the results of the possible annual energy output of PV systems for the
selected rooftops were presented. The results of the study were presented in a map showing
rooftops that are most suitable for installing PV systems. From this map, three random roofs
were selected to perform manual estimates of the number of panels that could fit on them and
the potential energy output of the solar PV systems. This study provides crucial results for
financial and urban planning, policy formulation for future energy projects and also allows to

analyze different mechanisms to promote PV installations on publicly available rooftops.

1. Introduction

Solar energy is the most abundant and cleanest
renewable energy source. Because of its availability and
long-term viability, solar energy is recognized as one of
the most important renewable energy sources in the
world [1-2]. The relevance of solar energy as a global
energy source is expected to grow. Electricity from
photovoltaic (PV) systems are expected to become
increasingly essential in this scenario as performance
improves, production costs decrease, and the cost of
electricity from other sources rises [3]. Solar energy is
also seen as a democratic energy source, with anyone
able to explore and utilize it.

Unlike commercial sources such as fuel and coal,
using renewable energies such as solar does not
contribute to today's ever-increasing environmental
challenge [4]. More countries are turning to use solar
power to meet their energy needs, harnessing this high-
potential energy source through PV systems, which
converts sunlight into electricity [5].

According to the United Nations (UN), half of the
world's population now lives in cities, which will rise to
60 % by the year 2050 [6]. As a result, developing urban
plans that secure their long-term expansion should be a
more significant problem. All countries' energy policies
should prioritize promoting the transition to a new
energy model based on efficient use of electricity and
renewable energy sources [7]. The European Union (EU)
has recommended a reform of the energy system to adapt
to this situation. According to Directive 2009/28/EC, the
EU shall achieve a minimum 25 % renewable energy
share after 2025 [8].

Sustainable development refers to meeting current
needs without jeopardizing future generations' ability to
meet their own. There is an endeavor to reconcile
environmental, economic, and social concerns within
sustainable community development.

While this study focuses on the feasibility of solar PV
systems as a means of reaching environmental targets for
greenhouse gas reduction, there are additional social and
economic considerations when examining the viability of
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solar energy. For numerous reasons, the study is limited
to the solar energy potential of rooftops. Solar
conversion technologies such as solar heating and solar
PV are often implemented on building roofs [9-12].
Furthermore, the usage of these technologies on rooftops
implies that they are being used on the existing area and
do not require space that forgoes other opportunities
[13].

For this reason, having a methodology that can
estimate the sun irradiation of specific locations is
critical. These roof potential measurements can help
solar planners, installers, and property owners to save
money and speed up the evaluation process for rooftops
and "green" structures [14].

Active airborne remote sensing is increasingly being
utilized to acquire high-resolution data that can be used
to create urban models with various detail levels. A
remote sensing technique based on LiDAR (Light
Detection and Ranging) can be used for developing high-
resolution 3D Digital Terrain Model (DTM) and Digital
Surface Model (DSM) for the simulation of incoming solar
radiation hitting the rooftops [15-18]. Furthermore,
information about ambient temperature and attributes
of the chosen solar systems must be included to produce
the best results for PV potential estimations.

Reput__)lié of N. 'M;i':'qunia

The main data used in this study was the 1 m spatial
resolution LiDAR point cloud obtained from the Agency
for Real Estate Cadastre of N. Macedonia [19] as well as
data for the Typical Meteorological Year (TMY) from the
European Union Joint Research Centre [20]. The LiDAR
data is from an area in the capital city Skopje (Fig. 1). The
processed LiDAR data was used to identify roof planes
within the selected area and determine their suitability
by measuring their area, slope, aspect, and other
characteristics like shade. In order to predict the possible
annual energy output of each roof within the selected
area, this was paired with the irradiation data. The
development of this kind of model, which combines the
ability of GIS to correlate alphanumeric data with spatial
data, has become a crucial tool for comprehending the
territory and, as a result, has contributed to the
development of true "smart cities".

This research aims to create a methodology based
on publicly available data that will enable for large-scale
assessments of roof spaces and the maximum capacity of
solar PV panels that can be put throughout entire cities
and neighborhoods.

Study area map = 375 000 m?

w 00s

Figure 1. The study area in city of Skopje, used for the analyses

2. Method
2.1. Tools and data

The free and open-source GIS software QGIS was
used for most of the core analysis in this study [21-24].
To generate the urban 3D model and to calculate the
solar potential, the following open-source plugins within
QGIS were employed:

e LAStools: LiDAR data-processing tool for seamless
processing of large amounts of points that represent
the selected urban objects [25].

e The Urban Multi-scale Environmental Predictor
(UMEP): a group of tools that can be used for various
applications related to outdoor thermal comfort,
urban energy consumption, climate change

mitigation, etc. The following services from this open-
source plugin were utilized [26]:

o UMEP MetPreprocessor: this tool is used to convert
the required temporal meteorological data into the
UMEP format. The following variables are usually
required as a minimum input: air temperature,
relative humidity, barometric pressure, wind speed,
incoming shortwave radiation and rainfall (if
available), other variables can be supplied as well.

o UMEP Wall Height and Aspect: this tool is used to
calculate the orientations and heights of the facades
of buildings from a DSM. Wall aspect is given in
degrees where north facing wall pixel has a zero
value. The output of this plugin is used in other UMEP
plugins such as Solar Energy on Building Envelopes.

e The SEBE (Solar Energy on Building Envelopes)
plugin (inside UMEP): this tool calculates pixel-wise
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potential solar energy using ground and building
DSM. SEBE is also able to estimate irradiance on
building walls.

e UMEP Daily Shadow Pattern: this tool calculates the
pixel-wise shadow analysis using ground and
building DSM.

The Agency for Real Estate Cadastre has started
conducting LiDAR scanning of the territory of N.
Macedonia. The activities are implemented within the
project entitles "LiDAR survey of the entire territory of
Republic of Macedonia for creating precise DEM and
other quantitative and qualitative analyses of the Earth
surface" [19]. The project activities include the LiDAR
scanning of part of the Republic of North Macedonia
territory. Most important input data which form the
backbone of the methodology are described as follows:

e LiDAR point cloud data from the selected area (file
from The Agency for Real Estate Cadastre N.
Macedonia).

e Digital Surface Model (DSM): topographic digital file
with elevation data of the urban environment,

TMY service
Download Weather data

LiDAR data

LiDAR data
ﬂng
Filter above d
ground-2m

including the elevations of urban elements and
represents the earth's surface, including all objects on
it such as buildings, vegetation or roads.

e Digital Terrain Model (DTM): digital file with
elevation data of the ground (bare Earth), on which
the urban environment is based.

e Weather Data: Detailed climate file of the study area.
This file is in the form of Typical Meteorological Year
(TMY), a collation of selected weather data for a
specific location, listing hourly values of solar
radiation and meteorological elements for a one-year
period. This detailed climate file was obtained from
the EU JRC using their online TMY tool. The data used
in this study is an average from the years 2006 - 2015
and contains the air temperature, air pressure, wind
speed, wind direction, humidity, global horizontal
irradiance, direct normal irradiance and diffuse
horizontal irradiance [27].

Fig. 2 depicts the workflow process using these tools
and data for analyzing the solar PV energy potential
based on an urban 3D model.

Intersection
between slope
and aspect

Vector file

.

nDSM raster file

Solar
irradiation
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selection

)
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Figure 2. Proposed methodology for solar energy potential assessment

The methodology begins with the definition of the
research area. The relevant LiDAR files (point cloud, DSM
and/or DTM - depending on availability) are downloaded
once the study area has been defined (download LiDAR
data from The Agency for Real Estate Cadastre N.
Macedonia). The LiDAR files must cover the entire
research region. Prior to use, the LiDAR data (point
cloud) must be filtered using LASTools (LiDAR data
filtering) (Fig. 3a). A raster files containing only ground
and building points is required due to this operation. This
raster files represent greyscale images where the color of
each pixel represents the elevation above sea level in
meters. Two different forms of LiDAR images were
generated in this process, a Digital Surface Model (DSM)
(Fig. 3b) and a Digital Terrain Model (DTM) (Fig. 3c). A
DTM contains only data for the bare ground, whereas a
DSM contains elevation data for buildings, trees, and
other surface structures. Both data sets have a spatial
resolution of 1 m, implying that each pixel representsa 1
m? area.

A meteorological file is the final piece of data needed
to do the solar analysis. The EU JRC provided this
information via their online TMY service [27]. A TMY is a
whole year's worth of meteorological data for a certain
place on an hour by hour basis, including irradiance data.
It is made up of averaging over several years to get the
typical weather at any given period. The data used in this
study is an average of air temperature, humidity, wind
speed, wind direction, air pressure, global horizontal
irradiance, direct normal irradiance, and diffuse
horizontal irradiance for the years 2006 to 2015. This file
must be formatted in a specified manner. First, from the
EU JRC a Comma-Separated Values (CSV) file is
downloaded. Second, in the UMEP MetPreprocessor tool,
a matching between EU JRC weather data and UMEP
meteorological parameters needs to be defined and
performed. Finally, from the MetPreprocessor tool the
UMEP meteorological file is obtained, which is then used
in the SEBE tool.
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b) b

c)

Figure 3. a) LiDAR 3D point cloud from the study area b) Digital Terrain Model (DTM) generated from the LiDAR 3D
point cloud c) Digital Surface Model (DSM) generated from the LiDAR 3D point cloud

The next step of the proposed methodology in this
study is to identify the potentially suitable roofs upon
which a PV system could be installed.

The initial stage in this process was to generate a
difference layer by subtracting the LiDAR DSM elevation
values from the DTM elevation values. This results in a
nDSM, or normalized DSM, which gives the elevation of

Figure 4. The nDSM raster file is shown on the left (subtract DTM from DSM). The right image, which is overlaid on

surface features in meters above ground level rather than
above sea level. This makes processing the roofs easier
because a minimum height limit of 2 m (above the
ground) can be set to filter out some of the ground
characteristics. Fig. 4 shows the nDSM raster file with 2
m above the ground height limit filter.
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aerial image from the study area, is obtained by applying a 2 m height filter.

The next step in this methodology is using LiDAR data
in QGIS to analyze the slope and aspect of every roof in
the study area. Using the built-in QGIS capabilities the
height filtered nDSM was then used to construct an
aspect raster and a slope raster, assigning each pixel an
angle. The created aspect raster file represents an
angular direction where black represents 0° (North) then
each degree is assigned by shades of grey until looping
around to white representing 360°. Each pixel has an
angle assigned to it for the created slope raster file, with
black representing 0° (flat) and white representing 90°
(vertical). From these raster files, roof planes can be
distinguished because they usually face a common
direction and slope across the whole surface of the roof

plane. Fig. 5a shows aspect raster file with the shades of
grey represents a different angle, starting with black for
North, through grey, and wrapping around to white.
Fig. 5b shows slope raster file that represents a different
angle, with the shades of grey starting with black for flat
slopes and white for vertical slopes.

In order to identify the roof planes, the aspect raster
was reclassified to 4 classes and the slope raster was
reclassified to 3 classes in order to reduce the whole
range of values. The classes are value ranges that the
pixels in the raster's are assumed to have similar values.
This permits regions with similar aspects and slopes to
be grouped together. Fig. 6a and Fig. 6b depict this aspect
and slope reclassification process.
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Figure 5. a) Aspect raster file created from the nDSM with shades of grey as color representation, starting with black
for North, through grey, and wrapping around to white. b) Slope raster file created from the nDSM with shades of grey

as color representation, starting with black for flat slopes, white for vertical slopes and grey in-between.

90°

60°

98 ¢ : L?.‘
Figure 6. a) Aspect raster with 4 classes (N, E, S, W) by which each pixel was reclassified b) Slope raster with 3 classes
by which each pixel was reclassified

Points with slopes greater than 60° were deleted The QGIS Polygonise tool was then used to transform
because they were unsuitable for PV installation. the aspect and slope raster's into vector polygons. This
Following reclassification, the aspect and slope raster's tool builds a polygon to represent the area of pixels by
were filtered to eliminate noise using the Sieve tool in grouping together neighboring pixels with the same
QGIS. value. This format is significantly more useful because
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the polygons may be saved as an ESRI Shapefile, which
allows for the storage of the shape and position of each
polygon as well as any additional attributes like aspect
and slope that can be preserved as part of the database
file.

Because roof planes share a common aspect and slope
across their surface, the intersection of the aspect and
slope polygons may be used to identify them. This
intersection produces a new collection of shapes with a
single aspect value and a single slope value representing
roof planes. Fig. 7 shows the result of the intersection
between the aspect and slope polygons.

Gathering information on each polygon shown in Fig.
7 such as accurate values for their aspect, slope, area, and
location was the final stage in determining the roof
planes. The latitude and longitude of each point were
kept as an attribute of each shape in the database file, and
QGIS was used to compute the center of each polygon.
The Zonal Statistics tool in QGIS was used to determine
the mean value for the aspect and slope of each roof
plane, which allows for statistical computations
involving a raster with a vector overlay layer. Circular
statistics were used for the aspect data to get an accurate
mean since the data is in circular form (0°-36009). QGIS
was used to determine the planimetric area of each
polygon and the true area, which was computed by
correcting the planimetric area using the mean slope of
each polygon to account for the roof planes' top down
projection.

Shading can be a critical component in determining a
solar PV system's output, therefore it must be taken into
account. The shading analysis was conducted using the
LiDAR DSM data from Fig. 3c since it allows for the
consideration of shade from buildings as well as other tall
objects such as trees and the landscape in general.

The DSM was used into the UMEP Daily Shadow
Pattern tool in QGIS, which generates a raster image of

the shadow pattern at any given moment, with 0
representing shaded areas and 1 representing bright
areas.

The plugin was used to create a shadow pattern for
every hour between dawn and sunset for 4 different days.
The solstices and equinoxes were chosen as the 4 days to
account for the whole range of the Sun's locations
throughout the year. Specifically, the days were 20th
March 2021, 21st June 2021, 23rd September 2021 and
22nd December 2021.

The generated hourly shadow raster's for each of the
selected days were combined to create a continuous
raster with values ranging from 0 to 1, where 0 means
that is shaded and 1 is lit throughout the whole day. Fig.
8(a-d) depicts these daily shadow raster's.

Because summer days are more significant for energy
generation than winter days, the allowed shade was
determined differently for each day of the season to
reflect the relative value of each day. A shade level of 50
% was found suitable for the days in March and
September. A shade level of 40 % was found suitable for
the day in June, and a shading level of 60 % was found
suitable for the day in December. This suggests that
pixels with a value of less than 0.5 for March and
September, less than 0.4 for June, and less than 0.6 for
December, could be regarded unacceptable for the daily
shadow raster's shown in Fig. 8(a-d).

By reclassifying unsuitable pixels to a value of 0 and
suitable pixels to a value of 1, these criteria were used to
construct daily binary shadow raster's (Fig. 9a). Finally,
the generated four binary raster (shown in Fig. 9a) were
multiplied to form a single binary raster. This means that
in order for a pixel to have a value of 1, it must have a
value of 1 in each of the four raster's. Fig. 9b depicts the
final shading raster, which can be used to determine
whether the roof planes are suitable or not.
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Figure 7. The intersection between the aspect and slope polygons representing roof planes with some additional
surrounding artefacts
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Figure 8. a) March shadow raster b) June shadow raster c
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Figure 9. a) Binary shadow raster's where black pixel takes a value of 0 (unsuitable) and white pixels take a value of 1
(suitable) b) Combined final shading raster depicting the area locations which are suitable (white pixels) and
unsuitable (black pixels) throughout the entire year

3. Results and Discussion

The first factor for a roof plane to be consider
suitable was that it exceeded the minimum suitable area.
In their study, Melius et al [28] characterized three
approaches to assessing roof suitability: constant-value
methods, manual selection, and GIS-based approaches.
Most previous estimates of PV technical potential have
relied on constant-value methods, which assume that a
certain percentage of building rooftops can be used as PV
areas, and these percentages are then applied to the total
building stock to estimate the area available for PV
systems [29-31]. Manual selection is based on visual
clues such as aerial photography and Google Earth to
determine the suitability of individual buildings for PV
installations [32-33]. Methods based on GIS provide
more precision than methods based on constant-value

and can handle much larger data sets than methods
based on manual selection [28]. In this paper, we used
GIS-based method to provide a detailed analysis of the
area available for PV system installations. A literature
review was conducted and it was concluded that the
minimum system size is a six-panel array which is
equivalent to an area of around 10 m? [16,18,23]. Also,
another factor must be considered: the buffer of
minimum 0.5 m around the installed panels. As a result,
considering the area of the panels and the buffer space
between them a minimum roof area of 16 m? was chosen.

The potentially acceptable polygons were then
filtered based on their slope and aspect. Following the
reviewed literature, any polygon with a mean slope
greater than 60° was ruled out as being too steep for a PV
system to be installed [23].
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The acceptable aspect range for pitched roofs was filtered, suitable roof planes represented by red
ENE through WNW or 67.5° to 292.5°, any roof outside polygons.
this range was excluded. Fig. 10 shows a sample of the

i . p - o ’y . - ’ - \f "' |

Figue 10. Identified red polygons that represent roof planes suitable for a solal.‘ PV system

The SEBE tools in UMEP was used to build a solar irradiation raster shown in Fig. 11. The output raster's
irradiation raster file, which was utilized to estimate the units are in kWh, and because each pixel represents 1 m?,
energy output of each roof [34]. This tool used the the output is numerically equivalent to the average
elevation data from the DSM and the weather and energy over an area of 1 m?, expressed in kWh/m?.

irradiance data from the TMY to generate the solar
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In order to make an assessment of the energy output
of a rooftop solar PV system, the number of panels that
could fit on each rooftop had to be estimated. This is a
very difficult and time-consuming task to be performed
manually for large-scale areas. Future work will include
an extension of the research to deal with this process.
The idea behind this step will be to develop an algorithm
that can find the maximum number of rectangles that can
fit inside any given shape.

In order to present the methodology, three random
roofs were selected to have manual estimates of the
number of panels that could fit on them (Fig. 12). For
each of the selected roofs, a rectangular grid with the
appropriate dimensions was generated to represent a
solar array and the number of panels was then counted
that could fit inside the roof polygon.

Clipped annual solar irradiation raster
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Figure 12. Manual panel number estimation for the selected roofs

The efficiency of the solar PV panels was the last
variable to be determined in order to estimate the annual
energy output for the selected roof.

The online EU PVGIS tool was used to calculate the
average percentage loss for the selected location [27].
With a typical system loss of 14 %, the tool was used to
determine the overall percentage loss fora 310 Wp (watt
peak) yield crystalline silicon solar PV panel. The EU
PVGIS online tool estimate an average overall loss of 22.9
% for the selected location in this study.

Now that the annual irradiation, number of panels,
panel area, yield, and overall loss were estimated for each
of the selected roofs, the annual energy production could
be determined using the following term [35]:

E=AxN=x*rx*H=xPR (N

where:

E - annual energy output (kWh);

A - area of the solar panel (m?);

N - number of panels for a given roof

r - solar panel yield or efficiency given by the ratio:
electrical power (in kWp) of one solar panel divided by
the area of one panel (%) (in this case this value is
0.18 %);

H - Annual mean irradiation for a given roof (kWh/m?);
PR - Performance ratio, coefficient for losses (%) (this
value is 0.77- takes into account the 22.9 % energy loss).

Equation (1) was applied to each of the selected
rooftops to calculate the potential energy output if a solar
PV system with the previously defined electrical
characteristics were to be installed. The results are
shown in Table 1.

Table 1. Potential energy output of a solar PV system for the selected rooftops in the study area

Roof ID Roof area Number of Area of one Area of the PV solar Irradiation Energy output
(m?) panels panel (m?) array grid (m2) (kWh/m?2) (kWh)
1 227 78 1.65 128.7 1416 25258
241 82 1.65 135.3 1434 26891
3 497 154 1.65 254.1 1372 50502
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The results from Table 1 show the high potential
energy output of a solar PV system for the selected
rooftops. The calculated total annual energy output from
the selected roofs was 102.6 MWh from 314 panels
installed on 965 m?roof area. The results are promising
and emphasize the fact there is good potential for
residential solar PV energy production in N.Macedonia
that have annual mean solar irradiation of 1450 kWh/m?2.

The results of the study are significant as remote
sensing data and methods offer new techniques in many
fields [36], and especially the use of Lidar data is getting
more and more popular in the recent years [37-42].

4. Conclusion

Solar energy is one of the most promising ways for
cities to shift to lower-carbon energy sources, so
identifying potentially suitable roof spaces is vital for PV
system deployment modeling.

Small area from the capital city Skopje in N.
Macedonia was chosen as the study area. The analysis
relied heavily on 1 m resolution aerial LiDAR point cloud
for the selected area from the Agency for Real Estate
Cadastre of N. Macedonia as well as data for the TMY for
the selected area from the EU JRC.

The LiDAR data was used to locate roof planes in the
study area and determine their suitability by measuring
their area, slope, aspect, and other characteristics like
shade. This was paired with the irradiation data. In order
to predict the potential PV annual energy output, three
randomly selected roofs were chosen from the study
area.

Furthermore, the applicability of this assessment
method can be used as a guide for solar energy utilization
development plans in urban areas that can be extended
to all appropriate infrastructure facilities.

The presented methodology in this study with the use
of remote sensing, such as LiDAR, and GIS applications,
has proven to be tools with extremely promising results.
This type of research is expected to be extremely
valuable for city energy planning because it allows for the
assessment of PV solar energy potential of rooftops,
which might account for a considerable portion of total
building energy demand in cities.

The proposed method is repeatable, systematic, and
based on high-resolution open-data sources and non-
commercial software. The generated results offer high
precision because are considering the 3D geometry of the
buildings.
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