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Abstract: The global Sustainable Development Goals influence the implementation of energy
development strategies worldwide. However, in order to support local stakeholders in sustainable
energy development strategies and climate change adaptation plans and the implementation of
policies, there is a need to equip local decision makers with tools enabling the assessment of
sustainable energy investments. In order to do so, the aim of this study is to create a novel tool for
the assessment of solar radiation (SOLIS) in ArcGIS. The SOLIS tool builds on the existing ArcGIS
algorithm by including input data conversion and post-processing of the results. This should expand
the group of potential users of solar radiation analyses. The self-filtering tool excludes surfaces
that are not suitable for solar energy investments due to geometrical reasons. The reduction of
the size of the output data is positive for technical reasons (speed of the calculation and occupied
storage place) and for cognitive reasons (reduction of the number of objects necessary to analyse by
the user). The SOLIS tool limits the requirement for users to insert three-dimensional (3D) models
of roofs (with any geometry) and select solar radiation calculation periods. The highlight of this
research is to develop the decision support tool for the assessment of solar radiation, which would
reduce the requirements for potential users, in order to promote indicator-based assessments among
non-Geographical Information Systems (GIS) specialists.

Keywords: decision support system; ArcGIS; solar radiation; sustainable development; photovoltaics;
renewable energy; simulation

1. Introduction

Urban development, as seen in the light of the current global climate challenges, has to be
remodelled from existing solutions into more environmentally friendly solutions in many aspects.
In 2015, over 150 countries agreed on the new 17 ambitious Sustainable Development Goals [1].
The seventh goal is to “ensure access to affordable, reliable, sustainable and modern energy for all”,
and one of the targets of this goal is to “increase substantially the share of renewable energy in the
global energy mix by 2030”. In order to meet the Sustainable Development Goals, countries and cities
around the globe have to analyse the existing energy use patterns [2,3], and as a result, identify the most
suitable renewable energy resources that can be used in relation to their local potential as effectively as
possible [4-6]. Researchers have already found some ways to analyse the relationships between the
effectiveness of urban energy systems and urban development [7,8], including economic aspects of the
energy sector development [9,10]. However, not all of the results are really helpful for practitioners
as some of the research findings expand the domain only in a theoretical direction. The topics of
the sustainable energy development strategies that are being discussed require an urgent change in
practices, and therefore, energy efficiency in renewables has to boost both the current knowledge and
the economy sectors worldwide.
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In order to transfer the outcomes of research into practice, the outcomes of studies should support
stakeholders, who are responsible for investments in renewable energy, by supplying them with clear
and easily understandable solutions. One of the aspects of such support may be the development and
application of indicator-based systems, tools, and techniques for the assessment of natural conditions
for sustainable energy development on a local basis. Such solutions should be prepared for different
kinds of renewable resources, like hydropower [11,12], wind energy [13,14], or solar energy [15]. In the
case of those renewables that are more diffused and based on the systems that are built from a larger
number of smaller installations, decision support systems for energy planning should be supported
especially at the local level [16]. It would help stakeholders to make the most optimal decision as
possible, according to the local conditions and needs. Technological support in calculating different
aspects of investments is the current direction of the sustainable energy planning development [17-19].
Hussain Mirjat et al. [17] in the analytical hierarchy process, using multi-criteria decision-making
system assessed the results for the long-term electricity planning, comparing reference scenario,
renewable energy technologies scenario, clean coal maximum scenario, and energy efficiency and
conservation scenario. Hirzel et al. [18] also incorporated multi-criteria decision approach, however,
based on the local requirements, they developed the solution enabling ex-ante evaluation of energy
projects in order to the needs of public funding institutions. The applicable aspects of energy analyses
from the practical point of view, were also proved by the Oprea and Bara [19], who presented it in the
context of green certificates support scheme.

Enhancing local planning is currently undertaken by geodesign [20-25] tools based on
Geographical Information Systems (GIS). There are many possibilities to amplify decision making
process with the use of GIS. One of the options is to use an existing software package [13],
however, in the context of increasing amount of available data, GIS is more often combined with
business intelligence solutions [22,24], which are helpful to incorporate the visual data discovery
process. Some of the systems include supervised self-learning process, enabling the extrapolation
of results in the time dimension, which allows for preparing projections of future states [21].
More complex solution include developing GIS-based calculation algorithms, which are very effective
in data processing [23,25], however, it might be problematic for the laymen users to modify them and
to influence the data processing workflow. However, one of the most promising solutions in order to
implement GIS-based decision support systems in spatial management into practise, is the application
of the systems into web-based platforms [20], which allows nonprofessional in the field of GIS to carry
on self-defined analyses. In all of these cases, the use of systems, tools, or models enable efficient data
processing and present information obtained as the outcome in recognizable manner. Studies showed
that the use of the planning support systems can effectively satisfy the needs of practitioners in terms
of user-friendliness [26]. One of such diffused resources of renewable energy, of which their location
can be chosen using GIS solutions, is solar energy. This is one of the easiest resources in the case
of highly developed urbanised areas. Therefore, this study focuses on the calculation of the solar
radiation for the needs of local stakeholders in order to decide how suitable each roof top is for the
installation of the photovoltaic panels.

The most popular GIS software available is ArcGIS [27,28]. Currently ArcGIS contains a tool for
solar radiation calculation [29], however, the use of this mechanism requires specialised knowledge of
the GIS user. Such solutions might be ineffective for stakeholders, who are specialists in the field of
urban design. The high level of complexity of the tool might be a barrier that discourages practitioners
from making use of it. Therefore, this research relates to the concept of developing new tools for
GIS software in order to make the results more applicable for other users [30-32]. The current gap in
practical implementations is the lack of GIS tools to calculate solar radiation on three-dimensional (3D)
objects (roofs) which limits the complexity of the analysis.

The aim of this study is to create a GIS tool for the assessment of solar radiation (named SOLIS)
that can be used by the people without the practice in using GIS. The goal is to reduce the steps users
need to take to support input data and selecting the period for which the solar radiation should be
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calculated. As the result, SOLIS may promote the use of geospatial analyses in a decision-making
process that supports urban planning in order to meet the sustainable development goals and help
cities to adapt to climate change.

2. The Methodological Framework of SOLIS

SOLIS was developed as a tool, which can be uploaded into the toolboxes in ArcGIS.
The calculation workflow is presented as a model builder layout in Figure 1. The development
of the tool was based on the existing systems, which are available in the Spatial Analyst toolbox in
ArcGIS. As SOLIS aims to limit the requirements for the user, the methodological framework presents
how SOLIS (1) converts the input data; (2) calculates the solar radiation; and (3) post-processes the
results into user-friendly data.

Figure 1. The SOLIS calculation workflow.
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2.1. The Conversion of Input Data

The SOLIS model is based on a multipatch feature, namely 3D vector data of roofs of buildings.
The multipatch feature is a separate GIS object, which represents a 3D object by a collection of
patches. In the model, every surface of a geometrically complex roof is referred to as a separate
patch. The multipatch feature is characterised by a Z-value, which represents the height of each
patch [33] by a minimum height (Min Z of geometry) and a maximum height (Max Z of geometry).
The Min Z and Max Z allow for the calculation of all the analysed objects with a slope designation
to all of them. The height value, as well as the surface area of the roofs, are required as input data
for the presented SOLIS model. It was decided to limit the model to the minimum value of the roof
surface area of the patches. Based on the average size of the photovoltaic panel, which is approximately
2 m?, it was decided that smaller patches that are included in the calculation need to have minimum
surface are of 2 m? as well. This data filtration enables to focus not only on surfaces that might be
economically suitable, but also allows for the exclusion of outliers in datasets, caused by mistakes in
data processing. Subsequently, the height value of multipatch objects allows for the creation of a raster
of roofs, which was a basis for subsequent calculations of the solar radiation.

2.2. The Calculation of Solar Radiation

The calculation of the solar radiation is based on the existing tool (Solar Area Radiation) in ArcGIS,
which calculates the slope and the aspect using built-in query, and finally calculates the solar radiation.
The output radiation raster is of a floating-point type, and it consists of units that are expressed in watt
hours per square meter (Wh/m?) [34]. However, the existing tool does not represent the values for any
given roof or its patches, but it represents the value of radiation per predetermined size of raster cell,
which might be omitted by the user while starting the calculation. It may lead to a misinterpretation
of the results, as the tool allows for the user to engage into taking further steps while leaving the
raster size value blank. In the case of SOLIS, the raster size is predefined as 1 m?, which enables the
interpretation of the outcomes of the assessment at the relative scale (per m?). Furthermore, the solar
radiation raster in the existing tool is a multiple band raster, which means that it contains multiple
spatially coincident matrices of cell values representing the same spatial area [35]. These indices, that
obtaining a table of attributes with radiation values could be more difficult, because the multiple
band raster requires a change into a single-band raster or into vector data (i.e., into a point geometry
shapefile). SOLIS converts the results into further steps, which are described in Section 2.3. Moreover,
SOLIS is enriched by the possibility of selecting a period for which to calculate the solar radiation,
i.e., a day, month, year, or a freely-selected other period.

2.3. Post-Processing of the Results

As stated above, the Area Solar Radiation tool is allowed for the creation of raster cells,
which represent the values of radiation per given cell size. Thus, the calculation of solar radiation
per roof patch require a spatial join. This spatial join helps to obtain the summarised value of solar
radiation, as well as obtain the average value of solar radiation per patch of roof. The spatial join
requires point geometry vector data (obtained from the solar radiation raster) and polygon geometry
vector data of roofs patches, where the calculations of summarised and average values of solar radiation
are done. Therefore, the multipatch of roofs is inverted into a multipatch footprint, which is one of the
easiest tools to obtain the polygons of roofs. The Multipatch Footprint tool creates polygon footprints
representing the two-dimensional area that is occupied by a multipatch feature class [36].

3. The Verification of SOLIS

In order to verify the developed tool, two data samples were tested. Each data sample represents
a different type of urban design from a European city. Sample A represents a medium-density
development constructed before World War II, which at that time was a remote neighbourhood at
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the outskirts of the city. Sample B visualises a post-war development in the form of blocks of flats,
built-up in the Soviet times. The decision about selecting such kinds of neighbourhoods was based

on the different types of roofs in these areas. The samples contain objects with flat roofs, gable roofs,
hip roofs, dormer roofs, and other (roof) geometries.

3.1. The SOLIS Interface

While using SOLIS, the user is requested for two things. Firstly, it is necessary to show the location
of the input data. The input data format is an Esri shapefile in a multipatch geometry, as described in
Section 2.1. Once the input data is defined, the second question to the user is the time for which solar
radiation should be calculated. The available options are to calculate solar radiation per: (1) special
days; (2) within a day; (3) multiple days in a year; or (4) whole year with a monthly interval. Obviously,
the weather conditions on exact dates are unknown [37]. However, in order to support investment
decisions, mean values are detailed enough, as the approximate radiation would describe general

conditions for solar energy production in sufficient detail for practical use. The layout of the SOLIS
interfaces is presented in Figures 2 and 3.
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Figure 2. SOLIS interface: input data panel.
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3.2. SOLIS Results

The feedback of the assessment of solar radiation by SOLIS could be both graphic and numerical.
The tool gives the value of the mean solar radiation per square meter as well as the total radiation
on the roof surface. The graphic comparison of different roofs may be helpful for stakeholders to
decide about the location that is the most suitable to invest in photovoltaic panels. This may be of
particular importance when the housing community has already decided about investing in a specific
number of photovoltaic panels, and the only consideration yet to take place is where to locate them
in order to maximise the benefits of such panels. The graphic results of calculations for the analysed
samples are presented in Figures 4 and 5. The numeric values might be useful to assess whether the
placement of solar energy installations is rational at the tested area at all. The users get the value of
the mean solar radiation, and when knowing the technical parameters of the available photovoltaic
panels, in particularly the energy efficiency of each technology, they get an indication of how much
energy that the installation may produce and if the investment is rational at all.
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Figure 4. The results of the SOLIS assessment—sample A.
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Figure 5. The results of the SOLIS assessment—sample B.

Sample A represents the development with more complex roof constructions, therefore, more 3D
patches were analysed—3313 patches (1,589,902.05 m?). In case of sample B, the number of assessed
roof surfaces was 1780 (133,839.22 m?). Besides the area of patches, which can be checked individually
for each object, the number of patches might be also important for decisions makers, due to the
complexity of geometry of analysed roofs. The fewer the number of surfaces with similar area,
the easier the photovoltaic panels installation can be carried out. It is related with the issue of
installation of frames into which photovoltaic panels can be connected. In both analysed samples,
most of surfaces were noticed on the third (698,682 Wh/m?-853,194 Wh/m?) and fourth group
(853,195 Wh/m?-1,006,740 Wh/m?). Results for sample A are as follows: 1st group—193 patches
(6%), 2789.86 m? (2%); 2nd group—344 patches (10%), 6941.90 m? (4%); 3rd group—650 patches (20%),
19,868.97 m? (13%); 4th group—2029 patches (61%), 126,900.18 m? (80%); 5th group—97 patches (3%),
2401.14 m? (2%). Results for sample B are as follows: 1st group—160 patches (9%), 2704.97 m? (2%);
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2nd group—256 patches (14%), 8370.61 m? (6%); 3rd group—>525 patches (30%), 35,617.26 m? (27%);
4th group—714 patches (40%), 84,609.62 m? (63%); 5th group—125 patches (7%), 2536.76 m? (2%).

In order to interpret the results correctly, there is a need to refer to uncertainty of the solar radiation
simulation. There are recent studies proving the differences between solar radiation accumulated by
solar collectors and results that were obtained by artificial solar simulations [38]. Based on the research
of de Almeida Rocha et al. [39], three inputs that has higher influence on the uncertainties on solar
radiation results are: geographical latitude, orientation of simulated surface, and geometry of shading
objects. First, two elements (geographical latitude, orientation of simulated surface) are taken into
account in the SOLIS calculation; therefore, results are not biased by those drivers. However, the results
presented for sample A and B do not include other objects than buildings (i.e., trees), which may
influence the uncertainty caused by this factor. However, it has to be highlighted that it is not the
uncertainty of the SOLIS, but the uncertainty of samples A and B, as the local data source does not
include other 3D objects than buildings.

4. Discussion

Strategies for the development of sustainable energy are strongly related with renewable energy
sources. Fulfilling the Sustainable Development Goals will require new investments; not only
centralised investments, but also dispersed varieties. In order to support local stakeholders in the
processes of (1) sustainable energy development strategies; (2) climate change adaptation plans;
and (3) policies implementation [40—42], there is a need to equip these local stakeholders with tools
that enable the assessment of sustainable energy investments [43]. The developed tool for geospatial
analyses—SOLIS—facilitates the assessment of the solar radiation at the local level, and it noticeably
reduces the requirements of the users in terms of GIS knowledge and skills. Additional processes
included in the conversion of input data and post-processing of the results expand the group of
potential users of solar radiation analyses. Developed decision support tools fit into the current
direction of studies in the field of energy planning [17,18,44,45]. SOLIS benefits from the potential
that was emphasised in other studies, such as the use of 3D modelling and visualisation of the results,
which effectively support decision making processes on energy issues in the built environment [46].

The proposed approach has some limitations that have to be highlighted. Firstly, as the model is
based on the digital model of the surface (in this case roofs), it does not take into account the weather
conditions that have a significant impact on the actual solar radiation [47]. This aspect may increase
due to future climate change and a constantly increasing amount and duration of periods with extreme
weather [48-51]. As Ohunakin et al. [48] presented, considering future changes of solar radiation is
a common element in the recent studies on the effect of climate change on solar radiation. It cannot
be denied, the climate changes are already well proven in the literature [49], and their implications
to the economic development are severe [51]. Besides the limitation of external conditions, there is a
limitation that is caused by the data source itself. Nowadays, it is quite common that local authorities
have access to digital terrain models, including a detailed information about the roof geometry [52,53].
However, not all urban 3D models contain information on greenery. Therefore, the analysis includes
only the shading effect of other objects that are defined in the input data. In the case of the two
tested samples only, buildings were included, as the tested neighbourhoods got buildings exceeding
the height of any existing greenery. However, for other study areas, this aspect should be taken
into account.

The future works on SOLIS could follow the direction of the application of the model into
GIS web-based applications, so that users would not need to have (access to) the ArcGIS desktop
themselves. The development of GIS web-based platforms in that field is a common direction of
studies conducted recently [54-58]. Some advantages of their implementations are: enhancing public
participation in the decision making process [54], gathering and sharing of collected data from various
studies [55], exploring telecouplings among users [56], monitoring and forecasting in continuous
mode [57], as well as monitoring in the real time with the location on a map [58]. As the application of
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geoportals became popular in the beginning of the 21st century [59-61], a growing number of local
authorities have access to the 3D spatial data. Therefore, the implementation of SOLIS into the GIS
web-based platform may increase the applicability of the proposed tool in the future.

5. Conclusions

The development and application of indicator systems, tools and techniques for the assessment of
sustainable energy development is essential for the implementation of sustainable energy development
strategies. The conclusions from the literature review prove that, currently, sustainable energy planning
is lacking instruments for effective assessment of their implementation. Therefore, the highlight of this
research is to develop the decision support tool for the assessment of solar radiation, which would
limit the requirements for the user, in order to promote it among non-GIS specialists. The research
improves the state of art from the practical perspective, by delivering to potential users novel decision
support mechanism.

The SOLIS, presented in this paper, develops the existing ArcGIS algorithm by including input
data conversion and post-processing of the results. The SOLIS limits the requirements for the users to
inserting 3D models of roofs (with any given geometry) and selection of the solar radiation calculation
period. As the result, SOLIS supports holders with the vector data, which enable both visual as well
as numerical analyses about the suitability of the tested roofs in order to locate photovoltaic panels
on top of them. The data filtration by the smallest analysed unit (in the proposed model it is 2 m?)
allows for the exclusion of surfaces that are not suitable for solar energy investments on account of the
geometrical reasons. Post-processing of the results allow for the user to prepare comparable datasets
for every analysed surfaces, which might be effective for reporting local conditions of solar radiation
(like presented on the sample and B in this article).

Presented workflow of the SOLIS is characterised by some advantages, which might be helpful
in sustainable energy planning. From a technical point of view, SOLIS allows for speeding up the
calculation process and results in smaller storage requirements. Exclusion of very small objects in the
analytical process, might also be helpful to avoid the problem of topological errors, which are usually
caused by the data source. An additional benefit of this component of SOLIS is the reduction of the
size of the output data and the number of objects, which are finally analysed by the user. It enables
avoiding an important data redundancy problem, which is relevant because of the limited cognitive
abilities of human beings. In conclusion, SOLIS makes the solar radiation assessment easier to conduct,
and therefore, possibly more applicable for a wider group of users in a decision-making process
when engaging in the implementation of sustainable energy systems. In order to disseminate the
results of the research, the SOLIS is available as a toolbox for ArcGIS for versions 10.3 and 10.6 in
Supplementary Materials.

Supplementary Materials: The SOLIS toolbox for ArcGIS ver. 10.3 and 10.6 is freely available online at http:
//www.mdpi.com/1996-1073/11/8/2105/s1.
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