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Abstract: The precise knowledge of the capacity to produce energy from renewable resources
requires an adequate study to determine the spatial dimension of the territory. The aim of this paper
is to present diverse procedures for the solar potential analysis in urban environments. Models and
tools, based on the implementation of geo-information technologies and airborne remote sensing data,
have been developed considering a certain level of complexity, where urban structure is composed of
different areas characterized by their morphology and function. Before any analysis, establish the
available information and define the three-dimensional modeling of the urban environment are the
first actions. In addition, techniques for the treatment of data and assess the parameters needed to
define the optimal location of solar systems for energy generation, are taken into account. Besides,
there is a description of some web services developed to show the results and finally, the advances
which may improve the precision and increase the detail degree in these studies.
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1. Introduction

The need to mitigate the effects of climate change caused by the emission of greenhouse gases
such as carbon dioxide and rising energy costs [1] requires take on new strategies in the supply
electricity sector. A main priority in energy policies of all countries should be to promote the
transition to a new energy model based on the rational use of electricity, the improving of efficiency
in facilities and the use of renewable energy sources. In order to adapt it to this situation, the
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European Union (EU) has proposed the transformation of the energy system, and, according to
Directive 2009/28/EC, the EU should reach a minimum share of 20% of energy from renewable
sources by 2020 [2,3].

Consequently, there are increased efforts in research of renewable energy as a sustainable and
clean alternative way of power generation. This type of energy is playing an important role in the
diversification of energy resources to ensure the future supply [4,5]. In this sense, the solar
photovoltaic (PV) technology is an available and easy access option for on-site power generation.

According with this problem, we should take into account that nowadays, about half of the
world population lives in urban areas and the UN’s projections estimate that is will become 66% by
2050 [6]. In consequence, a higher challenge should be to develop urban plans that ensure their own
sustainable expansion [7]. This policy, should consider that cities concentrate a significant fraction of
the energy consumption but they can also produce it. Along these lines, it has lately tried to expose
methods for integrating solar energy into urban areas [8].

European Union directive on energy efficiency in buildings (2010/31/EU) [9] shows that they
are responsible for consuming about 40% of the energy. This situation has led the European
authorities to promote the development of photovoltaic energy. The program aims that all new
buildings and, if it is possible the largest number of existing ones, reach an almost zero energy
consumption [10]. It is claimed that the installation of PV systems in buildings, has the advantage of
not requiring additional space for them to be mounted in areas like roofs or facades [I1].
Furthermore, it helps to decrease the required ground area by power plants and, due to the electricity
production is located near consumers, to reduce losses by transport energy.

The assessment of the solar potential is a valuable tool to develop strategies to use this source of
energy, design facilities and set up appropriate policies for better urban planning [12]. When it is
trying to implement plans to install PV systems in urban areas, it is essential a deep knowledge of the
urban structure. It is significant to identify available areas on roofs and assess their potential to
generate electricity establishing processes that perform a quick and easy analysis [13].

Depending on the complexity of the urban area, more or less precise variables are required in
the study. Remote sensing technologies are increasingly used for obtaining high-resolution data that
let develop urban model with different levels of detail. These models, joining the ability of
Geographic Information Systems (GIS) to associate alphanumeric information and spatial data, have
become an essential instrument for understanding the territory [14] and contribute, in this way, to the
development of real “smart cities”.

In this sense, we will present different methodologies to date to apply LIDAR (Light Detection
and Ranging) data and GIS based models to evaluate solar potential in urban environments. This
paper focuses on the next steps: (i) describe the wide range of data source consulted; (ii) define an
accurate representation of the urban morphology; (iii) show several methods for the assessment the
solar radiation; (iv) strategies to perform a detailed estimation of photovoltaic potential; (vi) analyze
of solar mapping tools; (vi) proposed methodology to calculate the photovoltaic potential on roofs in
urban areas; and, (vii) what works may be develop in the future.

2. Study Area and Data Source

Many studies have investigated the relationship between energy production and the configuration
of urban environment. It is required for a proper analysis not only the definition of the geographical
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unit and territorial structure but also the variety of scales to work. Taking into account the size of the
studied area, the available data cannot always be applied at the same way to local or regional
analysis [15]. In addition, an important aspect to consider is that the extent of the studied area is
sometimes limited by the available data [16]. Considering different levels of complexity, there have
been done some local studies (cities, districts and blocks) [17,18] and others more general (national
and regional) [19,20].

Previously established the study area, an important step is the initial collection of data. It is not a
simple task, information has often an heterogeneous origin with various levels of detail or scale.
Sometimes, it is incomplete, does not cover the same extent and it is needed to consult different
sources of information [21,22]. A further aspect to be considered is the updating data and how to use it.
Information is not always updated with the same periodicity and the latest one is often not available or
its cost is high. In these cases, a previous review to identify areas that have changed, it may be
necessary to consider this divergence in the final results. These features will influence on both the
number of factors that can be analyzed and the accuracy of the final results.

Vector cartographic maps [23], digital cadastral services [24,25] and state geographic
information systems [26] are reference sources used in evaluating potential candidates buildings for
the installation of PV systems. These resources provide information about the buildings footprint and
some useful data such as height or classification of the buildings types (residential, commercial,
industrial, etc.). In some cases, all these data are used together with digital surface models (raster
format) of the urban areas [27]. Moreover, the aerial images are a good complement for checking the
objects which form the urban model [28,29].

Although these data provide information about the buildings layout, it is not possible to
determine exactly their structure. When solar potential is calculated, not only the situation of each
building influences over the results, but also the size and typology of the roof (flat or tilted). In this
sense, these data are quite adequate to provide an overview of the study area. Considering the general
characteristics of the buildings, it can be estimated the number of roofs for different types,
approaching the parameters which are needed in the determination of the solar potential.

However, the requirement of more accurate three-dimensional city models, has increased the
application of LIDAR point clouds [30,31,12]. LIDAR is a remote sensing technology, based on active
sensors, to characterize surfaces with a suitable detail [32]. This kind of data more and more can be
found available for urban areas (Figure 1). If the quality and density of data is appropriate, it can
provide precise information about elements in an area such as buildings, trees or any surrounding
object that is necessary to define [33].

As we will see later, models are usually used to estimate the solar radiation reaching the ground,
but data from meteorological stations in the study area [15,31] and maps of solar radiation are applied
too. There are several web services that provide access to a set of information related to solar radiation,
from a map-based interface can display a specific location. They are public access sites, for example:
PVGIS is a data inventory for the evaluation of solar energy and power generation from PV
systems [34,35]; SoDa (Solar Energy Services for Professionals) is a web service that offers links to
resources from solar radiation distributed by different countries [36].

Sometimes, other subjects are analyzed and are used, such as series of statistical data on
population, economic factors, power consumption, etc. The information available in the statistical
services is useful for relating population data and area of PV systems [37] or the number and type of
buildings in municipalities [25].
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Once selected and treated the information layers, they are integrated into geographical databases
with those other attributes that influence the use of solar energy.

Figure 1. LIDAR point clouds provided by the National Geographic Institute (IGN)
from Spain [38] (Miraflores de la Sierra, Madrid).

3. Urban Morphology

In order to quantify photovoltaic potential at cities scale, it is fundamental to have a 3D urban
model [39]. For the identification of suitable roofs where install solar panels, it is necessary to have a
better representation of the buildings geometry and any other object in the studied area [35]. Some
roofs can be quite complex and the ability to provide accurate data to identify them properly is
essential [40].

This type of analysis has increased the demand for more detailed urban models and data
acquisition of high-resolution remote sensing technologies, such as airborne LIDAR, have shown
great potential. These data can be used to determine the available roof area because they define the
planes that form the roofs as well as their slope and orientation. But depending on the purpose of the
study, other elements can be classified like walls, infrastructures, trees and even vehicles [41]. Ifa
high density LIDAR point clouds is available, besides to establish more accurately the structure of the
roofs and their surroundings, it is possible identify chimneys, aerials or another elements on the roofs
that can affect the availability of useful surface.

In recent years, there have been done several works with point clouds in order to make models
of the urban environment (Figure 2). Procedures have been developed that extract and reconstruct
buildings automatically [42,43,44] even create algorithms for the detection of flat roofs and their
segmentation [45,46,47]. Polygons with the outline of the buildings are used for integrating planes
roofs extracted from point clouds with each individual building [48,49]. Moreover, due to the
different levels of complexity that roofs may have, also LIDAR data has been combined with aerial
images [50,51].

When trying to establish the structure of the buildings with urban models, one aspect to consider
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is the presence around of other elements. For example, if there are trees located near buildings, they
can hinder the delimitation of roofs because there is no difference between the points corresponding
to one or another area [52]. The urban areas characterization, not only makes easier to determine the
position and shape of the roofs as well a more realistic study of other parameters like shadow areas
or solar radiation are developed [53].

Figure 2. Digital Surface Model (DSM) from LIDAR (source: CIEMAT).

When urban 3D models are created, the LIDAR data processing is not described in most of the
works. Important issues are the review and classification of the point clouds to get a proper model of
the urban area. It is necessary to debug errors (duplicate or redundant points) and check the relevant
elements allocation for the analysis such as buildings, vegetation or ground. The procedure should be
done preserving the roofs shape, keeping as much as possible the boundary of surfaces without
changing the accuracy of the results.

4. Assessment of the Solar Tadiation

Solar radiation is one of the biggest energy sources and estimate, the amount and how it
displays, is the purpose of radiation models. The global radiation incident on a surface is formed by
three components (direct, diffuse and reflected), depending on how reaches the objects on the earth
surface [54]. There are different factors that can influence over the distribution of radiation and limit
the final production of electricity. Not all the solar radiation reaching the atmosphere comes to the
surface because the variation of weather conditions, topography, and the characteristics of the ground
surface affect it. Even though, latitude, the time and seasons changes solar radiation [55].

Sometimes urban environments have a complex structure. The distribution of solar radiation is
modified due to the topography and the presence of obstacles, such as buildings or trees that block it
and cast shadows [56]. Quantified these factors is essential to evaluate its influence on the
availability of radiation and consequently on the potential use of solar energy. It is necessary to
establish an appropriate distribution of the urban structure for each level of detail required.

Notable progress has been made towards the estimation of solar radiation with the application of
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some software tools. The rsun model from GRASS GIS has been used as a tool to develop, among
others, the solar radiation database PVGIS [57]. This model produces raster maps of irradiation and
irradiance, reflectance and shadows for horizontal or inclined surfaces considering the weather (it is
suitable for clear sky and cloudy) [55,23]. Another widely used tool is ArcGIS 'Solar Analyst'
extension that calculates the global radiation (direct + diffuse) for a given area, latitude and a specific
time [58,59,60]. The analysis takes into account changes in the sun position and the effect of
buildings or other topographic feature defined in elevation model of the area, applying their slope
and orientation (Figure 3).

In addition to this, RADIANCE is a simulation software that has been developed for the
analysis of urban radiation and the study of daylight for determining the solar potential on roofs and
facades [61]. This software employs an algorithm that computes radiation tracing several rays from a
set of points, on a volumetric 3D city model. Based on RADIANCE and all weather sky model of
Perez et al. (1993) [62], the Daysem software also performs simulations of daylight around buildings,
tracking each segment of the sky and the sun position. It considers additional information about
weather and shading based on a three-dimensional geometric model of buildings [63,30].

Annual Global Radiation (KW/m?)

I 300-500 [ 500-700 [ 700-900 [ ] goo-1100 [ 1100-1300 [ 1300-1600

Figure 3. Annual global radiation on roofs calculated using ArcGIS. Town of
Miraflores de la Sierra (Madrid) (source: CIEMAT).

Furthermore, models and algorithms have been developed to include the effect of shadows in

their analysis. Melo et al. (2013) [64] estimate the energy losses of photovoltaic systems because of
shadows caused by buildings or other elements present in the environment. Redweik et al. (2013) [65]

AIMS Energy Volume 3, Issue 3, 326-343.



332

use irradiation values from weather observations for calculating radiation in an area employing the
sky view factor (SVF is the relationship between the visible area of the sky and the one hidden by
obstacles in a specific point of observation). In another work, Erdélyi et al. (2014) [66] evaluate
direct radiation with SORAM model and, as an improved of Pérez model, add the calculation of
diffuse radiation. Although, the created algorithm calculates the 3D shadows of obstacles in urban
areas, does not consider the reflected radiation.

Related with shadowing, there are also studies that apply urban models generated from LIDAR
data. Verso et al. (2014) [67] determine the shadows, slope and orientation of the roofs with this data.
They calculate the radiation that incidents on the PV panels using a geometric method. The
horizontal radiation is decomposed into the direct and diffuse components. Furthermore, about
shadows, Tooke et al. (2012) [68] make a distinction. Instead of treating all elements in the urban
environment that cast shadows as solid, they consider trees as semitransparent. They examine the
fraction of radiation that can be transmitted through the vegetation cover, according to the state of
vegetation cover at the time of taking LIDAR data.

In general, procedures to analyze solar radiation should focus on establishing an adequate
characterization of the radiation components, the effect of the shadows and changing atmospheric
conditions. Nevertheless, taking into account different procedures, a subject for future works would
establish whether these models are applicable in the analysis of large urban areas. These studies
include parameters that require complex calculations that need too much runtime.

5. Estimation of Photovoltaic Potential

Estimating the photovoltaic potential of urban environments can be a complex matter. It
requires taking into account a variety of parameters that depend on the distribution and morphology
of the urban area [3,17]. Although common elements, there is no standard methodology to estimate
the potential. The proposed objectives are usually different but complementary, because of the
project needs, the developed phases of the proceedings or even the available data in each case. The
studies establish the potential on different ways that mainly require: determine the solar radiation
incident on a surface considering the factors that influence it (physical potential); identify available
roof surface to place the appropriate PV systems (geographic potential); estimate the potential power
generation of a given technology in view of the technical limitations and efficiency (technical
potential); and finally, the measurement of costs associated with the installations and the energy
generation (economic potential).

5.1. Physical potential

In some studies, the suitability of the roofs to install PV systems has been set using the potential
radiation in the area. Araya-Mufoz et al. (2014) [28] evaluate the solar radiation with local weather
data. The model considers the roofs geometry made of topography and combined with the
observation from aerial photographs of the buildings. Nevertheless, as already mentioned above, the
use of remote sensing (LIDAR data) to establish the structure of urban areas is becoming more
common. These data make easier the characterization of the composing and shape of the roofs
(orientation, slope, etc.), improving the evaluation of solar radiation available for potential operating
of PV systems. Borfecchia et al. (2014) [35] obtain a map of monthly global radiation, evaluating the
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reflected component, the distribution of atmospheric turbidity and albedo (acquired from Landsat
satellite imagery).

The layout of the urban area with LIDAR data can also be completed with measurements of
global and diffuse radiation from pyranometers as shown Lukac et al. (2013) [31]. This analysis also
includes the effect on the roofs of the shadows from trees, buildings and surrounding elements.
Furthermore, Redweik et al. (2013) [65] create shadow models to integrate roof potential and the
facades. They lay down that although the received radiation by the facades is lower, when there is a
considerable surface, it has to be taken into account due to its influence on global potential of the
area.

5.2. Geographical potential

The roof surface, where PV systems can be installed for energy production, has been investigated
in different procedures based on the use of GIS technology and 3D mapping. In the quantification of
roof surface is essential a three-dimensional distribution of the urban layout and a proper definition on
the morphological characteristics of buildings [14].

Analyzing large-scale areas, reduction factors are needed to estimate the useful surface on roofs,
because the characteristics that define the roof shape (slope, orientation or shadows) are not estimated
by the urban model [3,15]. Karteris et al. (2013) [69] present a methodology for the evaluation of
blocks of flats with horizontal roofs on a statistical model calculation. In this model, the morphological
and functional characteristics of the dwellings have been classified according to their orientation. The
results have been validated with real measurements on buildings in the city of Thessaloniki (Greece).
In another procedure, Bergamasco et al. (2011) [29] calculate the available roof area for PV panels
with an algorithm based on the analysis of aerial images. The algorithm, which has been developed in
MATLAB software, checks the roofs and is able to consider the shadows and objects that are located
on roof.

However, more detailed models generated with LIDAR data, can define the planes that constitute
the rooftop and allow managing without reduction factors [49]. Chaves et al. (2010) [70] have
designed a model with ArcGIS to analyze the most suitable location on roofs using a Boolean
multicriteria system. This model generates a DSM derived from LIDAR point clouds and calculates
the slope, inclination and radiation.

The complex areas of roofs and elements such as antennas, chimneys and air conditioning
systems are difficult to identify. Jacques et al. (2014) [8] have developed an algorithm to classify the
roof profiles using LIDAR data available. This work analyzes small and large buildings separately.
The small roofs segmentation algorithm assigns a roof profile to each building from a catalog. On the
other hand, the slope and inclination is calculated for large roofs because they are better delineated.
Moreover, shadows and the presence of objects on roofs are estimated with a reduction factor of the
surface.

However, other works calculate the roof area affected by shadows. Kassner et al. (2008) [5]
analyze the surfaces according to the slope, orientation and calculate shadows applying the ArcGIS
tool “Hillshade” [71]. Besides, the study of Nguyen et al. (2012) [72] provide an algorithm that
incorporates the ground and nearby elements, creates shadows and uses the model r.sun GRASS GIS
software for modeling the radiation.
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5.3. Technical potential

After the examination of suitable roof surfaces for PV systems, their capacity for energy
production is determined by analyzing their characteristics of efficiency. Bergamasco et al. (2011) [3]
propose some possibilities for the exploitation of solar energy at regional level. They have evaluated
different technologies available in the market (monocrystalline, polycrystalline and thin film),
considering their efficiency values and the optimal inclination of the panels. Wiginton et al.
(2010) [37] also make a basic analysis of photovoltaic potential, dividing the studied area into
smaller geographic units. They determine the relationship between the roof surfaces with population,
and calculate an approximation of the photovoltaic potential and the energy generated for different
types of panels.

There are studies that show the results of the solar potential for different uses of buildings.
Hofierka et al. (2009) [23] calculate the potential electricity production using PVGIS. They establish
some types of buildings: residential blocks, industrial and other facilities (schools, garage, sport and
entertainment halls, etc.). Another example, Ordofiez et al. (2011) [73] investigate the potential for PV
systems connected to the network of residential buildings in Andalusia (Spain). Defining the
characteristics of buildings and the technical parameters of PV systems, they estimate the amount of
electricity that could be generated annually by solar panels.

Although, factors that affect facilities are common, not always they are analyzed in the same way.
Hong et al. (2014) [74] make GIS model based on optimizing the generation of electricity, analyzing
the parameters related with the PV system (location, temperature, number of panels, etc.) that affect
their generation. Additionally, Ko et al. (2015) [75] investigate the effects of shadows on the installed
potential of PV systems in Taiwan. They have the objective of determining the capacity of the installed
potential to generate photovoltaic energy and what regions or cities are priorities for photovoltaic
development.

Nowadays, published papers tend to focus on analyzing the rooftops. Esclapés et al. (2014) [76]
present a method to define the potential of solar PV also on urban facades. They generate 3D solar
maps from cadastral cartography and solar radiation data got by the Spanish Meteorological Agency
(AEMET). The method has provided results such as floor space for PV systems, generated energy
and avoided CO, emissions.

5.4. Economic potential

Different studies have included other parameters about the amount of electricity demand that
would be covered with photovoltaic panels. Brito et al. (2012) [60], based on LIDAR data, calculate
the photovoltaic potential taking into account the population and the average electricity consumption.
Another model, develop by Mainzer et al. (2014) [25], compares the technical potential calculated
for an available roof surface with power consumption of municipalities in Germany. It checks the
amount of local demand that can be supplied with photovoltaic energy. Also, the socio-economic
influence has been analyzed with the objective of presenting a tool for decision support to manage
solar energy. In their study, Gooding et al. (2013) [27] chose factors such as income, education,
environmental consciousness, building stock and ownership.

According to economic viability, Sun et al. (2013) [20] have a regional model that considers the
geographic distribution of energy production and establishes what is the cost of generation. They show
the payback period of the investment and its effect on potential emissions. Finally, Kucuksari et al.
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(2014) [13] try to maximize long-term profits of photovoltaic installations and add investment costs,
operation and maintenance, payback period of investment and energy saving benefit.

6. Solar Mapping Tools

The availability of solar energy data is becoming greater and gradually the number of cities that
allow access to this information is increasing. In order to have querying platforms for people and
also a useful tool for administrators and companies to support the decision making [78], there have
been developed web applications. These services display a specific area of the urban environment to
calculate the solar potential in the selected location.

What roofs are the most suitable for solar installations?, what kind of solar installation is
convenient?, how much energy could produce a particular installation?, or what is the necessary
investment?, are some of the issues that have being solved. The amount of available information
varies considerably in different services. The level of detail changes from solar maps that only
provide information about solar irradiance to solar maps that determine the photovoltaic and thermal
potential. Some services can provide a catalog of existing facilities and even be part of larger
programs that offer additional economic information [79].

Lisbon Solar Potential Map [80] is an online application through Google Maps for all buildings
in the city. It displays information about the incident radiation and the estimated thermal and
photovoltaic solar productivity per square meter.

Solar roof cadastre webs are tools that have considerable advantages to establish the suitability
of roofs for solar systems in cities. Bologna Solar City [81] uses ArcGIS tools for calculations which
evaluate the solar panels location and map publishing is done by ArcGIS Server [16,54]. In other
case, the city of Paris [82] reports the solar potential of buildings and identifies places for installing
solar panels through a color code. It indicates the radiation exposure, calculated from the simulation
of the annual average of solar radiation and taking into account the shadows of buildings or trees.

Some projects, such as SUN-AREA from aircraft scanner data, determine the solar potential
considering parameters like the slope of roof, orientation and shading [83]. This methodology has
been applied in some municipalities in Germany [84,85,86] and in Bristol (England) [87]. The results
are published in an interactive map that shows the produced potential energy, the useful surface, the
CO; savings and the investment grade for each roof surface.

For Berlin have also designed a solar atlas [88,89] which presents the solar potential of each
building, analyzing whether the investment is viable. It presents an individual report that evaluates
the area of modules, their duration and cost, showing the buildings in 2D and 3D.

In USA, the city of San Diego has a website which can be included in Google Maps [90]. It has
information about where solar systems have been installed, determines the feasibility of building
rooftops and eases to find panel installer companies. Some cities have systems that let people
estimate costs, payback period of investment, saving in energy bills or cost after all incentives and
taxes. Los Angeles [91], New York [92] and San Francisco [93] provide this type of data, the same as
Mapdwell project [94] where can be looked up information of multiple cities. The online application
designs nearly your own installation, delimiting the roof area that would occupy.

In addition to the studies for cities, online tools have been developed to large-scale studies. The
Noord-Brabant province (Netherland) [95] and Braunschweig region (Germany) [96] analyze solar
potential, displaying information about the planning and building of the solar system for a resident.
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The Zonatlas web from Netherland [97] shows the suitability of roofs for solar power generation of a
municipality or province and adjusts the standard calculations to a concrete situation.

All these online tools, which map the allocation of solar energy technologies, can increase
environmental awareness of population, helping in the future to a better consideration of their
possible use in cities. However, these web sites need to properly define their target audience,
adapting the content to the end user, but without losing or hide the quality of the information served.
In this sense, the incorporation of metadata and all the information concerning to the origin and
quality of the data, as well as the models and calculations applied, is essential. To this we must add,
the convenience of using ranges of values appropriate to the scale and the ultimate goal of the web
map. This should help improve the usability of the solar maps through internet.

7. Proposed Methodology

In this research field, the main objective of gSolarRoof project, developed by Geographic
Information Technology and Renewable Energy team of CIEMAT, is developing a geographic model
for evaluating the photovoltaic potential in urban areas. The study is based on performing a 3D urban
model of the town of Miraflores de la Sierra (Madrid) [59,67]. The urban model is generated from
LIDAR data, previously processed and classified. This is integrated into the ArcGIS model in order to
determine the possibility of installing PV systems on roofs for energy generation. The methodology
consists on three main steps:

» To calculate the total surface available on the for PV systems and select the most suitable
locations that consider the following factors: (i) energy losses caused by the tilt and orientation of
the roof according to the criteria established by the Spanish ‘Regulation Technical Building’ [77];
(i1) shadow areas on the roofs throughout the year, applying the ArcGIS tool 'Hillshade'; (iii)
perimeter space of the roof that provides an access for the PV systems maintenance, and; (iv)
identify those specific buildings and monuments that are not appropriate for installing PV
systems due to cultural or architectonical reasons.

» To determine the global annual radiation received on rooftops in the study area with ArcGIS
“Solar Analyst”. The analysis considers the shape of the buildings, the trees in the neighborhood
and other urban elements defined in MDS that may affect the distribution of the radiation (for
small areas, an specific equation has been developed [67], but due to the intensive calculation
needs it couldn’t be applied to the whole area by the moment).

» To estimate the power potential and the energy production considering the most common types of
PV modules on the market (Si-monocrystalline, Si-multicrystalline, CIS, TeCd and amorphous
SI). For its determination, it has been designed two ArcGIS tools in Python that allow selecting
the type of PV module for performing the analysis.

The model not only makes global calculations for the study area, but also provides the individual
data of all buildings, assigning to each one the results that have been obtained in implementing the
model.

8. Future Works

Improve the accuracy of the obtained results and add other possible factors that may influence the
determination of the PV potential, different studies have proposed various alternatives. Although some
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papers have already included these type of improvements, they may be generalized as the procedures
to estimate the economic potential [17,74] with statistics population data [98], energy
demand [99,100] or calculate the required period of time to get back the investment made [4].
However, it is necessary to have more detailed statistics about buildings. For example, energy
consumption information is too general and it is difficult to analyze the parameters corresponding to
the variety of buildings [101].

The current LIDAR data resolution limits the definition of the roofs and the acquisition of more
dense cloud of points, it will make easier to build better 3D urban model [40]. Border roofs
delineation improves and may be included other elements such as chimneys, skylights or air
conditioning systems which are usually generalized [23]. But the roofs are not the only areas in
buildings where install PV systems. When facades are analyzed, they have often been defined as
vertical elements without balconies, windows and other architectural elements. Refine LIDAR data
will transform the DSM to determine more precisely the area available on the facades of
buildings [25,33].

On the other hand, a higher density of LIDAR data may provide a better characterization of the
surrounding elements of buildings like vegetation. Trees structure is determinant in radiation
captured by photovoltaic panels on roofs and a proper species selection is useful for reducing energy
consumption [52]. It would be interesting to know how the trees morphology changes depending on
the seasons by using LIDAR and the phenological stage of the different species, analyzing other data
as the images.

Around the buildings there are other objects, whether large or small, such as posts or aerials that
may be considered in the analysis of the shadows. Develop algorithms for identifying small shadows
and indirect radiation would help to approach the actual shape of the shaded areas [53].

Although the characterization in-depth of the urban environment is a key objective in the study
of photovoltaic potential, there are several factors that have been included in previous analyzes, but
that may be defined better. Have climatic data with a higher spatial resolution [57], analyze the
influence of temperature variations and the effect of air masses [32], would complete the study of
radiation. It may be included losses in energy production that take place in solar panels due to
shadows, position or the presence of dust [102].

Finally, an issue to consider is that when the amount of information that has been managed is
increased, the procedures are more complex and require extra runtime. Improve preprocessing
LIDAR data [5], automating their treatment and minimizing manual intervention in the
characterization of the complexes roofs [16], should also be considered a target objective.

9. Conclusion

It is a fact that there is the increasing number of studies that have investigated the potential
capacity of solar systems to generate energy in cities and its potential benefits. The development of
GIS applications and the use of remote sensing like LIDAR have come out as a necessary tool with
very promising results.

It is widely accepted that in determining the spatial distribution of solar resources, are required
adequate 3D city models, adapted to different types of buildings. Several studies focus on that a
higher density of data may be needed to assess these complex environments because of the elements
definition that compose them would be improve. For the study of the suitability of roofs to install PV
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systems, parameters related to the position, shape of the roofs and shadows, as well as radiation and
generation technology used, each one with different levels of importance.

Although taking common elements, this diversity on the analyzed parameters, has provided
varying degrees of detail over the results that has been obtained. As it is shown in solar web services,
they offer different levels of detail. However, a general objective is the aspiration of incorporating
progressively, precise information to enable accurate results, whenever the availability of data makes
it possible.

In these sense, free access web-based has become an opportunity for public administrations to
carry out actions that stimulate renewable energy growth. When there is a tendency to create more
sustainable cities, these services may help to integrate solar potential into the design and planning of
“smart cities”.

Conflict of Interest
All authors declare no conflicts of interest in this paper.
References

1.  Amado M, Poggi F (2014) Solar Urban Planning: A Parametric Approach. Energy Procedia 48:
1539-1548.

2. Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the
promotion of the use of energy from renewable sources and amending and subsequently
repealing Directives 2001/77/EC and 2003/30/EC. Official Journal of the European Union L140.
pp. 16-62.

3. Bergamasco L, Asinari P (2011) Scalable methodology for the photovoltaic solar energy
potential assessment based on available roof surface area: Application to Piedmont Region
(Italy). Sol Energy 85: 1041-1055.

4. Nex F, Remondino F, Agugiaro G, et al. (2013) 3D Solarweb: A solar cadaster in the Italian
Alpine landscape. Int Arch Photogramm Remote Sens Spatial Inform Sci XL-7/W2: 173—178.

5. Kassner R, Koppe W, Schiittenberg T, et al. (2008) Analysis of the solar potential of roofs by
using official LIDAR data. Int Arch Photogramm Remote Sens Spatial Inform Sci XXXVII-B4:
399-403.

6. United Nations, Department of Economic and Social Affairs, Population Division (2014) World
Urbanization Prospects: The 2014 Revision, Highlights. 32 p.

7. Carneiro C, Morello E, Desthieux G (2009) Assessment of solar irradiance on the urban fabric
for the production of renewable energy using LIDAR data and image processing techniques. In:
Springer Berlin Heidelberg, editor. Adv GIScience: 83—112.

8. Jacques DA, Gooding J, Giesekam JJ, et al. (2014) Methodology for the assessment of PV
capacity over a city region using low-resolution LIDAR data and application to the City of
Leeds (UK). Appl Energy 124: 28-34.

9. Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the
energy performance of buildings. Official Journal of the European Union L153. 13-35.

10. Amado M, Poggi F (2012) Towards solar urban planning: A new step for better energy
performance. Energy Procedia 30: 1261-1273.

AIMS Energy Volume 3, Issue 3, 326-343.



339

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Charabi Y, Rhouma MBH, Gastli A (2010) GIS-based estimation of roof-PV capacity & energy
production for the Seeb Region in Oman. IEEFE Int Energ Conf: 41-44.

Nguyen HT, Pearce JM, Harrap R, et al. (2012) The application of LIDAR to assessment of
rooftop solar photovoltaic deployment potential in a municipal district unit. Sensors 12:
4534-4558.

Kucuksari S, Khaleghi AM, Hamidi M, et al. (2014) An Integrated GIS, optimization and
simulation framework for optimal PV size and location in campus area environments. App!/
Energy 113: 1601-1613.

La Gennusa M, Lascari G, Rizzo G, et al. (2011) A model for predicting the potential diffusion
of solar energy systems in complex urban environments. Energy Policy 39: 5335-5343.
Izquierdo S, Rodrigues M, Fueyo N (2008) A method for estimating the geographical
distribution of the available roof surface area for large-scale photovoltaic energy-potential
evaluations. Sol Energy 82: 929-939.

Africani P, Bitelli G, Lambertini A, et al. (2013) Integration of LIDAR data into a municipal
GIS to study solar radiation. Int Arch Photogramm Remote Sens Spatial Inform Sci XL-1/W1:
1-6.

Byrne J, Taminiau J, Kurdgelashvili L, et al. (2014) A review of the solar city concept and
methods to assess rooftop solar electric potential, with an illustrative application to the city of
Seoul. Renew Sust Energ Rev 41: 830-844.

Jo JH, Otanicar TP (2011) A hierarchical methodology for the mesoscale assessment of building
integrated roof solar energy systems. Renew Energ 36: 2992—-3000.

Miranda RFC, Szklo A, Schaeffer R (2015) Technical-economic potential of PV systems on
Brazilian rooftops. Renew Energ 75: 694-713.

Sun Y, Hof A, Wang R, et al. (2013) GIS-based approach for potential analysis of solar PV
generation at the regional scale: A case study of Fujian Province. Energy Policy 58: 248-259.
Agugiaro G, Nex F, Remondino F, et al. (2012) Solar radiation estimation on building roofs and
Web-Based solar cadastre. Int Arch Photogramm Remote Sens Spatial Inform Sci 1-2: 177—-182.
Calvert K, Pearce JM, Mabee WE (2013) Toward renewable energy geo-information
infrastructures: Applications of GIScience and remote sensing that build institutional capacity.
Renew Sust Energ Rev 18: 416-429.

Hofierka J, Kanuk J (2009) Assessment of photovoltaic potential in urban areas using
open-source solar radiation tools. Renew Energ 34: 2206-2214.

Jochem A, Hofle B, Hollaus M, et al. (2009) Object detection in airborne LIDAR data for
improved solar radiation modeling in urban areas. Int Arch Photogramm Remote Sens Spatial
Inform Sci XXXVIII-3/W8: 1-6.

Mainzer K, Fath K, McKenna R, et al. (2014) A high-resolution determination of the technical
potential for residential-roof-mounted photovoltaic systems in Germany. Sol Energy 105:
715-731.

Kodysh JB, Omitaomu OA, Bhaduri BL, et al. (2013) Methodology for estimating solar
potential on multiple building rooftops for photovoltaic systems. Sust Cities Soc 8: 31-41.
Gooding J, Edwards H, Giesekam J, et al. (2013) Solar City Indicator: A methodology to predict
city level PV installed capacity by combining physical capacity and socio-economic factors. Sol
Energy 95: 325-335.

AIMS Energy Volume 3, Issue 3, 326-343.



340

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Araya-Mufioz D, Carvajal D, Saez-Carrefio A, et al. (2014) Assessing the solar potential of
roofs in Valparaiso (Chile). Energ Buildings 69: 62-73.

Bergamasco L, Asinari P (2011) Scalable methodology for the photovoltaic solar energy
potential assessment based on available roof surface area: Further improvements by ortho-image
analysis and application to Turin (Italy). Sol Energy 85: 2741-2756.

Jakubiec JA, Reinhart CF (2013) A method for predicting city-wide electricity gains from
photovoltaic panels based on LIDAR and GIS data combined with hourly Daysim simulations.
Sol Energy 93: 127-143.

Luka¢ N, Zlaus D, Seme S, et al. (2013) Rating of roofs' surfaces regarding their solar potential
and suitability for PV systems, based on LIDAR data. Appl Energy 102: 803—-812.

Luka¢ N, Seme S, Zlausa D, et al. (2014) Buildings roofs photovoltaic potential assessment
based on LIDAR (Light Detection and Ranging) data. Energy 66: 598—609.

Redweik PM, Catita C, Brito MC (2011) 3D Local scale radiation model based on urban
LIDAR data. Int Arch Photogramm Remote Sens Spatial Inform Sci XXXVIII-4/W19: 265-269.
European Commission, Photovoltaic Geographical Information System (PVGIS). Available
from: http://re.jrc.ec.europa.eu/pvgis. [Accessed on 4 February 2015].

Borfecchia F, Caiaffa E, Pollino M, et al. (2014) Remote sensing and GIS in planning
photovoltaic potential of urban areas. Eur J Remote Sens 47: 195-216.

SoDa, Solar Energy Service for Professionals. Available from: http://www.soda-pro.com/es.
[Accessed on 4 February 2015].

Wiginton LK, Nguyen HT, Pearce JM (2010) Quantifying rooftop solar photovoltaic potential
for regional renewable energy policy. Comput Environ Urban Syst 34: 345-357.

Gobierno de Espana, Ministerio de Fomento. Instituto Geografico Nacional. Available from:
http://www.ign.es/ign/main/index.do. [Accessed on 4 February 2015].

Carneiro C, Morello E, Ratti C, et al. (2009) Solar radiation over the urban texture: LIDAR data
and image processing techniques for environmental analysis at city scale. In: Heidelberg SB,
editor. 3D Geo-Information Sci: 319-340.

Agugiaro G, Remondino F, Stevanato G, et al. (2011) Estimation of solar radiation on building
roofs in mountainous areas. Int Arch Photogramm Remote Sens Spatial Inform Sci
XXXVII-3/W22: 155-160.

Xu Z, Coors V (2012) Combining system dynamics model, GIS and 3D visualization in
sustainability assessment of urban residential development. Build Environ 47: 272-287.
Dorninger P, Pfeifer N (2008) A comprehensive automated 3D approach for building extraction,
reconstruction, and regularization from airborne laser scanning point clouds. Sensors 8:
7323-7343.

Haala N, Kada M (2010) An update on automatic 3D building reconstruction. ISPRS J
Photogramm 65: 570-580.

Xiao Y, Wang C, Xi XH et al. (2014) A comprehensive framework of building model
reconstruction from airborne LIDAR data. /OP Conference Series: Earth and Environmental
Science 17: 1-6.

Jochem A, Hofle B, Rutzinger M, et al. (2009) Automatic roof plane detection and analysis in
airborne LIDAR point clouds for solar potential assessment. Sensors 9: 5241-5262.

Fan H, Yao W, Fu Q (2014) Segmentation of sloped roofs from airborne LIDAR point clouds
using ridge-based hierarchical decomposition. Sensors 6: 3284-3301.

AIMS Energy Volume 3, Issue 3, 326-343.



341

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Awrangjeb M, Fraser CS (2014) Automatic segmentation of raw LIDAR data for extraction of
building roofs. Remote Sens 6: 3716-3751.

Ludwig D, Lanig S, Kldrle M (2009) Location analysis for solar panels by LIDAR-Data with
Geoprocessing-SUN-AREA. Environmental Informatics and Industrial Environmental
Protection: Concepts, Methods and Tools; Shaker Verlag: 83—89.

Voegtle T, Steinle E, Tovari D (2005) Airborne laser scanning data for determination of suitable
areas for photovoltaic. Int Arch Photogramm Remote Sens Spatial Inform Sci XXXVI-3/W19:
215-220.

Sisaki J (2013) Knowledge-based modeling of buildings in dense urban areas by combining
airborne LIDAR data and aerial images. Remote Sens 5: 5944-5968.

Wuming Zhang W, Wang H, Chen Y et al. (2014) 3D Building roof modeling by optimizing
primitive’s parameters using constraints from LIDAR data and aerial imagery. Remote Sens 6:
8107-8133.

Tooke TR, Coops NC, Voogt JA, et al. (2011) Tree structure influences on rooftop-received
solar radiation. Landsc Urban Plan 102: 73-81.

Alam N, Coors V, Zlatanova S, et al. (2012) Shadow effect on photovoltaic potentiality analysis
using 3D city models. Int Arch Photogramm Remote Sens Spatial Inform Sci XXXIX-BS:
209-214.

Minghetti A, Africani P, Paselli E (2011) Bologna Solar City, a web application for the analysis
or potential energy: From estimating solar radiation to the realization of the application. 17th
Building Services, Mechanical and Building Industry Days Urban Energy Conference Debrecen,
Hungary: 25-30.

Hofierka J, Suri M. The solar radiation model for Open source GIS: implementation and
applications; September 2002; Trento, Italy: 1-19.

Freitas S, Catita C, Redweik P, et al. (2015) Modelling solar potential in the urban environment:
State-of-the-art review. Renew Sust Energy Rev 41: 915-931.

Stri M, Huld TA, Dunlop ED (2005) PV-GIS: a web-based solar radiation database for the
calculation of PV potential in Europe. InterJ Sust Energ 24: 55-67.

An overview of the Solar Radiation tools, ArcGIS Help Library, ESRI. Available from:
http://resources.arcgis.com/en/help/main/10.2/index.html#//009z000000t4000000. [Accessed on
10 February 2015].

Martin AM (2014) Modelo geografico para la estimacion del potencial fotovoltaico en tejados.
Caso de estudio: Miraflores de la Sierra [MsC]. Madrid: Universidad Complutense. 82 p.
Available from: http://eprints.ucm.es/25543/. [Accessed on 10 February 2015].

Brito MC, Gomes N, Santos T, et al. (2012) Photovoltaic potential in a Lisbon suburb using
LIDAR data. Sol Energy 86: 283-288.

Robinson D (2006) Urban morphology and indicators of radiation availability. So/ Energy 80:
1643-1648.

Perez R, Seals R, Michalsky J (1993) All-weather model for sky luminance distribution -
Preliminary configuration and validation. So/ Energy 50 (3): 235-245.

DAYSIM, Advanced Daylight Simulation Software. Available from: http://daysim.ning.com.
[Accessed on 10 February 2015].

AIMS Energy Volume 3, Issue 3, 326-343.



342

64. Melo EG, Almeida MP, Zilles R, et al. (2013) Using a shading matrix to estimate the shading
factor and the irradiation in a three-dimensional model of a receiving surface in an urban
environment. Sol Energy 92: 15-25.

65. Redweik P, Catita C, Brito M (2013) Solar energy potential on roofs and facades in an urban
landscape. Sol Energy 97: 332-341.

66. Erdélyi R, Wang Y, Guo W, et al. (2014) Three-dimensional SOlar RAdiation Model (SORAM)
and its application to 3-D urban planning. Sol Energy 101: 63—73.

67. Verso A, Martin A, Amador J et al. (2015) GIS-based method to evaluate the photovoltaic
potential in the urban environments: The particular case of Miraflores de la Sierra. So/ Energy
117:236-245.

68. Tooke TR, Coops NC, Christen A et al. (2012) Integrated irradiance modelling in the urban
environment based on remotely sensed data. So/ Energy 86: 2923-2934.

69. Karteris M, Slini T, Papadopoulos AM (2013) Urban solar energy potential in Greece: A
statistical calculation model of suitable built roof areas for photovoltaics. Energ Buildings 62:
459-468.

70. Chaves A, Bahill T (2010) Locating Sites for Photovoltaic Solar Panels: Pilot study uses DEM
derived from LIDAR. ArcUser: The Magazine for Esri Sortware User 13: 24-27.

71. Hillshade (3D  Analyst), ArcGIS Help Library, ESRI.  Available from:
http://resources.arcgis.com/en/help/main/10.2/index.html#//00g900000036000000.  [Accessed
on 20 March 2015].

72. Nguyen HT, Pearce JM (2012) Incorporating shading losses in solar photovoltaic potential
assessment at the municipal scale. Sol Energy 86: 1245-1260.

73. Ordonez J, E. Jadraque E, Alegre J et al. (2010) Analysis of the photovoltaic solar energy
capacity of residential rooftops in Andalusia (Spain). Renew Sust Energ Rev 14: 2122-2130.

74. Hong T, Koo C, Park J, et al. (2014) A GIS (Geographic Information System) - based
optimization model for estimating the electricity generation of the rooftop PV (photovoltaic)
system. Energy 65: 190—-199.

75. Ko L, Wang JC, Chen CY et al. (2015) Evaluation of the development potential of rooftop solar
photovoltaic in Taiwan. Renew Energ 76: 582—595.

76. Esclapés J, Ferreiro I, Piera J et al. (2014) A method to evaluate the adaptability of photovoltaic
energy on urban fagades. Sol Energy 105: 414-427.

77. Government of Spain, Development Ministry (2009) Regulation Technical Building. Basic
Document HE.

78. Dean J, Kandt A, Burman K, et al. Analysis of Web Based Solar Photovoltaic Mapping Tools.
ASME 3" International Conference on Energy Sustainability. San Francisco, California 2009
July 19-23.

79. Kanters J, Wall M, Kjellsson E (2014) The Solar Map as a Knowledge Base for Solar Energy
Use. Energy Procedia 48: 1597-1606.

80. Lisbon Solar Potential Map, LISBOA e-nova: Agéncia Municipal de Energia e ambiente.
Available from: http://lisboaenova.org/cartasolarlisboa. [Accessed on 24 February 2015].

81. Bologna Solar City, SIT Comune di Bologna. Available from:
http://sitmappe.comune.bologna.it/BolognaSolarCity/. [ Accessed on 24 February 2015].

82. Cadastre Solaire de Paris. Available from: http://capgeo.sig.paris.fr/Apps/CadastreSolaire/.
[Accessed on 4 February 2015].

AIMS Energy Volume 3, Issue 3, 326-343.



343

83.

&4.

85.

86.

87.

88.

&9.

90.
91.

92.

93.

94.
95.

96.

97.
98.

99.

100.

101.

102.

Klarle M, Lanig S, Meik K (2011) Web-based solar roof cadastre goes international.
GEOconnexion Int Mag 10: 30-33.

Solardachpotenzial Osnabriick. Available from: http://geo.osnabrueck.de/solar/. [Accessed on
24 February 2015].

Dachflicheneignung  fiir ~ Solaranlagen,  Stadt  Gelsenkirchen.  Available  from:
http://geo.gkd-el.de/website/solar/viewer.htm. [ Accessed on 24 February 2015].

Braunschweig Solar. Available from: http://braunschweig.publicsolar.de/frames/. [Accessed on
24 February 2015].

Bristol Solar Map. Available from: http://www.bristol.gov.uk/page/environment/solar-energy.
[Accessed on 24 February 2015].

Kriiger A, Kolbe TH (2012) Building analysis for urban energy planning using key indicators on
virtual 3D city model - The energy atlas of Berlin. Int Arch Photogramm Remote Sens Spatial
Inform Sci XXXIX-B2: 145-150.

Solaratlas Berlin, Berlin Business Location Center. Available from:
http://www.businesslocationcenter.de/wab/maps/solaratlas/. [Accessed on 24 February 2015].
San Diego Solar Map. Available from: http://sd.solarmap.org/. [Accessed on 24 February 2015].
LA County Solar Map and Green Planning Tool. Available from: http://solarmap.lacounty.gov/.
[Accessed on 24 February 2015].

New York City Solar Map. Available from: http://www.nycsolarmap.com/. [Accessed on 24
February 2015].

San Francisco energy Map. Available from: http://sfenergymap.org/. [Accessed on 24 February
2015].

Mapwell. Available from: http://www.mapdwell.com. [Accessed on 24 February 2015].
Zonnescan Provincie Noord-Brabant. Available from: http://www.zonnescanbrabant.nl.
[Accessed on 24 February 2015].

SolarDachAtlas. Available from: http://www.solare-stadt.de/zgb/SolarDachAtlas. [Accessed on
24 February 2015].

Zonatlas. Available from: http://www.zonatlas.nl/home. [Accessed on 24 February 2015].
Denholm P, Margolis RM (2008) Land-use requirements and the per-capita solar footprint for
photovoltaic generation in the United States. Energy Policy 36: 3531-3543.

Choi Y, Rayl J, Tammineedi C, et al. (2011) PV Analyst: Coupling ArcGIS with TRNSYS to
assess distributed photovoltaic potential in urban areas. Sol Energy 85: 2924-2939.

Resch B, Sagl G, Tornros T, et al. (2014) GIS-Based planning and modeling for renewable
energy: Challenges and future research avenues. ISPRS International Journal of
Geo-Information 3: 662—692.

Pérez-Lombard L, Ortiz J, Pout C (2008) A review on buildings energy consumption
information. Energ Buildings 40: 394-398.

Liang J, Gong J, Zhou J, et al. (2015) An open-source 3D solar radiation model integrated with
a 3D Geographic Information System. Environ Modell Softw 64: 94—101.

© 2015 Javier Dominguez, et al., licensee AIMS Press. This is an

Aims ATMS Press open access article distributed under the terms of the Creative

Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

AIMS Energy Volume 3, Issue 3, 326-343.



