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Abstract: The utilization of solar energy is one of the best effective methods to combat the climate
change. The estimation of solar potential in urban areas can vary depending on the urban
morphology. This paper performs a directional statistical analysis of the distribution of the
monthly solar potential of rooftops in Caceres city, related to the orientation of the rooftops in
different neighborhoods. The orientation values of the roofs will be treated as a directional data
and the radiation values as a linear data. The circular graphics representing the orientation data is a
suitable representation of the distribution of the buildings being related with the urban framework.
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1. Introduction

The utilization of solar energy is one of the best effective methods to combat the climate change
and this is supported by governments and policy makers [1]. This issue has developed the need to
assess the city’s solar potential of developing countries and cities [2]. Solar potential models of
rooftops in urban areas are usually generated by Geographical Information Systems (GIS) since
many years ago [3]. To improve the precision in those models, Light Detection And Ranging
(LiDAR) data has been included for urban areas. Nowadays, the most accurate solar potential
model, in an urban area, is obtained using a Digital Surface Model (DSM), determined from LiDAR
data, and local meteorological time series [4]. If further evaluation of the radiation is performed, the
orientation and the slope of the roofs are crucial issues and they can be calculated from LiDAR data.
To perform this evaluation, a vector could be defined by an azimuth, the orientation of the roof, and
a module, the value of the received radiation.

Directional statistics deal with angular data, axes or vectors, and allow us to analyze the
orientation in two dimensions. The analysis of angular data requires special methods because
directional data is different from the analysis of linear data. Literature dealing with circular data can
be consult in [5,6].

The purpose of this work is to perform a directional statistical analysis of the distribution of the
monthly solar potential of rooftops in Caceres city related to the orientation of the rooftops in three
different neighborhoods. The orientation values will be treated as a directional data and the
radiation values as a linear data. The monthly potential solar of rooftops have been calculated using
the methodology described in [7].
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2. Study Case

The working area is Caceres, Spain, a medium size city with a mixed urban distribution. It is a
city of 23 km? with a population of around 100,000 and a Mediterranean climate and positioned in
the area with higher solar potential values in Europe, with approximately 5.1 kWh/m?2. Three
neighborhoods were selected according to different urban characteristics; A portion of the city center
with irregular streets and different types of buildings (zone 1), a new residential area in the outskirts
of the city with more regular and wide streets and similar buildings (zone 2), and, finally an
industrial area (zone 3), with wide streets and similar industrial warehouses buildings. The rooftops
delineations were provided by the local council administration and their gables were detailed in
most of the buildings.

The variables to be analyzed in these cases are:

e  The orientation value of the rooftops. It is the compass direction (North) of the descending
slope of the gables measured clockwise and given in degrees.

e  The radiation value. These values were obtained from a GIS and a DSM of the city from
airborne LiDAR data [7]. Radiation data are given in kWh/m?.

To perform the statistical analysis two applications were used, Oriana [8] and VecStatGraphs2D
[9], that it is an R package.

3. Methods

Linear statistics has been used to analyze the radiation values (module of the vector). The
analysis comprises the usual descriptive statistics. Directional statistics has been used to analyze the
angular data, that are, the orientation.

The joint distribution of circular and linear data has been provided by a two-variable circular
histogram graphic (Figure 1). This kind of graphic consists in a histogram wrapped around the
circle. Every wedge is divided up the radiation variable into frequency classes represented by a color
ramp. Blue colors represent low values of radiation and red color implies a higher level of the
received radiation.
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Figure 1. Two-variable circular histogram graphics of the three zones for January and June.
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4. Results

The directional statistical analysis of the distribution of the monthly solar potential of rooftops
in Céceres city is based on the study of the vector distribution. In this study, the module of the vector
corresponds to the radiation value. Some descriptive statistics for the radiation values for the three
zones are shown: the arithmetic mean and the minimum and maximum radiation values received.
The mean values for the arithmetic mean in zone 1, 2 and 3 are, respectively 3.77, 4.06 and 4.46
kWh/m?2. The minimum value of the received radiation is in the range of 0.003 for the zone 1. A
higher value is reached for the zone 2 (0.03) and a mean value of 0.01 for the zone 3. In the three cases
with little variation between months. Therefore, the zone 1, in the city center, receives a smaller
value of the radiation than the other two zones.

It is observed that the maximum value of the arithmetic mean values and the maximum value
of the radiation is obtained in July for zones 1 and 2 and in June for zone 3. These maximum values
of the arithmetic mean are 6.28, 6.75 y 7.44, respectively. The maximum value of the radiation is 8.33,
8.27 and 8.31, with the same criteria. The minimum value of the arithmetic mean values is obtained
in December for zones 2 (1.16) and 3 (1.13) and in January for zone 1 (1.08).

The two-variable circular histogram graphic (Figure 1) is a histogram wrapped around the
circle which each section of the histogram, with 30° wedge-shaped, depict the number of
observations (radiations) falling within that portion of the range. Blue colors represent low values of
radiation and red color implies a higher level of the received radiation.

According to two-variable circular histogram graphics, the roofs oriented to the North, receive
less radiation that the ones oriented to the South specially from September to March. From May to
July, the sun is higher and the differences between the two oriented roofs are more equal.

5. Discussion and Conclusions

The numerical and graphical results allow us to compare the radiation values along a year in
different types of building in a small city in Spain. According to two-variable circular histogram
graphic, the roofs oriented to the North, receive less radiation that the ones oriented to the south,
specially from September to March. From May to July, the sun is higher and the differences between
the two oriented roofs are more similar. Regarding the urban characteristics, the differences in solar
radiation founded in the three different neighbourhoods are also in accordance with works like [10],
where the organization of the streets, buildings and other urban elements had a high impact on the
obtained results.

The achievements of the present work make possible to compare the radiation values
throughout a year in different types of neighborhoods in a medium size city. The results reveal more
in depth the best urban characteristics for capturing solar energy. The proposed analysis could also
be extrapolated to urban planning for the designing of more sustainable cities to face with the
challenge of climate change.
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