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Abstract. In an integrated vision of the problems concerning energy policies,
the use of renewable energy sources should assume a significant role. The
2009/28/EC Directive of the European Parliament and Council has indicated
ambitious energy and climate change objectives for 2020: greenhouse gas emis-
sions reduction for 20%, renewable energy increase for 20%, improvement in
energy efficiency for 20% [1].

The aim of this paper is to present a GIS based methodology able to support
decision-making in energy supply from Renewable Energy Sources (RES). To
decide what type of renewable energy font is the best choice for a specific terri-
tory, it’s important to know the local energetic situation, exploring the potential
renewable energy sources available in that specific area, deciding what is the
more territory compatible/sustainable among them, and if it’s exploitable by
suitable environmental and economic point of view.

The methodology is largely directed towards the development of a tool to
support siting decision.

Keywords: Renewable Energy Sources, GIS, sustainable development, solar
radiation.

1 Introduction

In recent years, both by necessity and in response to international policies, interest
towards alternative energy forms, i.e. not derived from conventional sources like fos-
sil fuels, has considerably grown. Photovoltaic, solar thermal, wind, biogas, biomass,
geothermal are commonly used terms and the associated technologies are reaching
very high expertise standards, with considerable interest in world markets. The spirit
that leads towards such technologies comes from to answer a real sustainable devel-
opment need as well a rational resources use 2, 3].

One of the most interesting renewable sources features is their dispersion in the ter-
ritory. This characteristic is on the one hand a strength, because potentially every-
where it is possible to exploit solar energy, wind power, etc., on the other is a limiting
factor, because the energy concentration is reduced. Moreover, the diffuse nature of

B. Murgante et al. (Eds.): ICCSA 2012, Part I, LNCS 7334, pp. 532 2012.
© Springer-Verlag Berlin Heidelberg 2012



Study of Sustainability of Renewable Energy Sources 533

renewables can combine energy production with the fight against land depopulation
and degradation phenomena, supporting the technological and economic development
of small urban and rural reality. Renewable Energy Sources (RES) exploitation im-
plies a more direct communities and local administrations involvement in finding the
best solution for each energy source, use and location [4], promoting the concept of
thinking globally and acting locally. In this perspective, and in a modern land man-
agement, it is also necessary to take into account potential and actual impacts due to
installations for renewable sources production, privileging the landscape ecology
assessing [5].

Changes in landscape take continuously place, with significant repercussions on
quality of life and natural habitat ecosystems, mainly through their impacts on soil
and ecosystems [6]. Landscape planning is strongly related to sustainable develop-
ment issues, especially considering that landscape is both an influencing factor and a
resulting product of the people-place relationship [7]. As pointed out in the European
Landscape Convention [8], the analysis of landscape can allow to understand the
wellbeing/discomfort condition of population in relation with their environment. A
significant problem for some types of production plants, mainly those solar and wind,
is related to their possible negative effects in terms of visual impact. A careful plan-
ning of single plant integration and the choice of devices less "visible" could reduce
the problem, but certainly not eliminate it.

In this framework, the use of Geographic Information Systems (GIS) represents the
most significant technological and conceptual approach to spatial data analysis, in
order to provide reliable information for both planning and decision-making tasks.
The GIS tool fits perfectly in this kind of survey and assessment, providing the mean
to combine several features as ecological, territorial, socio-economic aspects, etc.
useful to support landscape analysis to deal with issues concerning environmental
impacts [9].

Moreover, projections for 2020 indicate that renewables could cover, for that date,
from 20% to 30% of the world's energy needs [1]. A set of effective actions to achieve
those objectives should include the use of new tools and methodologies to be imple-
mented in a modern vision of territory governance [10, 11]. This requires the imple-
mentation of rules aimed at protecting the land primary productive function, so as to
facilitate the development and exploitation of potential sources of energy therein.
Therefore proposals for a judicious planning, land management, knowledge, location
and accessibility of resources constitute the core for an efficient and sustainable gov-
ernance.

2 Objectives

The main objective of this research is to find a methodology, territory related, able to
support decision-making processes in choosing energy supply from renewable
sources. The methodology, through a series of informants, will make the planner able
to read the potential of a given area to house plants from renewables, and to identify
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what and how many renewable energy can be compatible and applicable to environ-
mental, social, cultural, economic realities located on that territory [12].

The description of the potential energetic vocation of a place, requires a more de-
tailed study composed of several variables and their combination. In fact, to precisely
define an area potentially adapted to housing a plant from photovoltaic (PV), it is
necessary to carry out a series of thematic maps quantifying the effective usable area.
Several thematic maps like Parks, Sites of Community Importance (SIC), Special
Protection Areas (SPA), areas of natural scenery constraint, urban, humid areas, par-
ticular appreciate habitat, and so on, are created and combined in order to define the
remaining areas of possible production from RES. The types and the forms of inter-
vention in the territory, for the production of energy, are multiple and similar to linear
and areal infrastructures of anthropogenic nature. It follows that the environment con-
sumption is one of the main phenomena found at different levels, which add to the
already growing soil consumption. Unlike purely anthropic settlements, the energy
production installations from RES, in a global vision, have a positive value because
they are intended to produce energy in a sustainable way and in order to reduce the
causes of deterioration and consumption of natural resources. Their inclusion in the
territory should be considered in light of two fundamental aspects:

1. one hand, the environmental cost of their implementation, expressed in terms of
consumption of resources, habitat loss, land use;

2. the other, the real energetic vocation of a territory in terms of potential energy ob-
tainable.
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Fig. 1. Study area: Abruzzo region in Central Italy
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This paper provides a framework for analysing the sustainability of renewable energy
sources using GIS and presents a case-study for the Abruzzo region in Italy (Fig. 1).
The region is situated at the centre of the Italian peninsula facing the Adriatic sea,
with a 150 km long coastline. With an area of 10,763 km” and bordered on the east by
the Adriatic and on the west by the Apennines, it is one of the most mountainous re-
gions in Italy (the Corno Grande in the Gran Sasso massif, at 2,914 m, is the highest
summit in the Apennines). The rivers, although numerous, are all seasonal except for
the biggest, the Pescara and the Sangro. In the interior are the 500 km” of the Abruzzo
National Park, where rare examples of Mediterranean flora and fauna survive (cham-
ois, wolves, bears, golden eagles). The climate is varied: warm and dry on the coast,
an alpine climate in the mountainous interior. Major roads and railway lines link the
region to the south, west and north of Italy (Abruzzo western border lying less than 80
km due east of Rome).

3 GIS-Based Spatial Analysis

The production of electric energy from renewable source plants, being constituted by
complex infrastructures that need space, can produce impacts on the natural environ-
ment. The clean energy quantification, that such technologies can produce, represents
the value of sustainability that they have, in relation to interferences that they pro-
duce. The general methodology for analysis of solar radiation using GIS approach is
summarised in Fig. 2. The time span, for which the average values of solar radiation
have been calculated, goes from 1994 to 1999.

As a matter of fact, GIS techniques are efficiently exploited to analyse the effects
of various factors, including the above mentioned thematic maps.

() Comw>

Hillshade

Global solar radiation
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Spatial Analysis

Solar radiation
at ground

Fig. 2. General methodology schema
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3.1  Spatial Distribution of Global Solar Radiation at Ground Level

The estimation method is based on the fact that the amount of solar radiation [13],
reaching a certain portion of the land surface [14], is statistically correlated to the
cloud cover on it. In addition, topographical characteristics such as latitude, slope,
aspect and shadow cast, can affect solar radiation. In general, insolation is the result
of the interactions between all these factors [15]. To determine solar radiation over an
entire region, different approaches have been developed and described in literature
[16, 17, 18, 19 and 20]. These studies create spatial databases of solar radiation using
different interpolation techniques or calculate solar irradiance directly from meteoro-
logical geostationary satellites (e.g. the European based Meteosat).

In order to define the coverage of solar radiation on the ground, has been imple-
mented a spatial analysis of land detected values by the program "The global solar
radiation on the ground in Italy" compiled by ENEA [21], a specific database, ex-
tended at national level and offering free online access. The global solar radiation on
Italy was estimated by processing images transmitted from the satellite Meteosat sec-
ondary band in the visible.

The monthly mean values of daily radiation on an horizontal plane thus estimated,
were compared with those obtained from data measured by ground stations of the
Central Office for the Italian Air Force Meteorological and of the agro meteorological
National Network of Ministry of Agriculture. The average annual difference between
the two sets of values is of 6-7%.

For this work are provided monthly data on Italy's radiation and monthly average
daily values for the Abruzzo municipalities. The spatialisation of ground solar radia-
tion data [2, 22] was a necessary step to implement the methodology discussed in this
study.

The basic data required for the study are listed below:

e DEM (Digital Elevation Model), spatial resolution 20 m (Fig. 3).

e Basic geographical layers: vector databases, such as urban areas, road network,
hydrography network, municipal boundaries, regional boundaries, etc.

¢ Solar tables and charts: data collection of the basic parameters of the solar azi-
muth angle and solar altitude angle, necessary to develop the basis of exposure.

¢ Solar radiation: data and results coming from the activity carried out by ENEA
for the estimation of global solar radiation on a horizontal plane in Italy through
the development of secondary images transmitted by satellite in the Meteosat visi-
ble band.

Digital elevation model has provided the structural basis for constructing thematic
maps of solar radiation. The digital elevation model used in this work is derived from
remote sensing data and is supplied in raster format: digital images in which each cell
contains the altitude average value of the represented area.
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The hillshade GIS function [23], derived from Digital Elevation data Model, is a
method to determine the hypothetical illumination of a surface, modelling the expo-
sure surface using the shaded topography. On the setting of a hypothetical light source
position, hillshade creates a hypothetical illumination of the topography and calcu-
lates the illumination level for each pixel. It’s possible to compute the duration and
intensity of insolation in a certain area, based on parameters of azimuth and altitude of
the sun. In the table 1, 2 and 3 are shown the values used for the calculation.

Table 1. Solar Tables sunshine (Sshine) and sunset (Sset) values

Day | Sshine (CET) | Sset (CET) |Length of the day |Time equation E“fg'c‘:f,‘rc“y
Jan-17 7h 36’ 16h 53° Oh 17’ -9°20” 10.340
Feb-16 7h 06’ 17h 32’ 10h 26 -14°14” 10.251
Mar-16 6h 22’ 18h 07’ 11h 45’ 9217 10.108
Apr-15 5h 30° 18h 40° 13h 10° 0147 6,897222
May-15 4h 49’ 19h 13 14h 24° 356" 6,790972
Jun-11 4h 33’ 19h 35° 15h 02’ 0°48” 6,729861
Jul-17 4h 47 19h 34’ 14h 47° -6°01” 6,717361
Aug-16 5h 17’ 19h 02’ 13h 45° -4°41” 6,76875
Sep-15 5h 48’ 18h 13 12h 24 439" 6,865278
Oct-15 6h21° 17h 20° 10h 59° 14°25” 10.059
Nov-14 6h 59’ 16h 41° 9h 42’ 15°20” 10.222
Dec-10 7h 28’ 16h 27° 8h 59’ 7°08” 10.319
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Table 2. Solar altitude angle values

S T - - -~ - I A -
03:00 CET
04:00 CET
05:00 CET 1°48' | 4°21' | 2°02'
06:00 CET 5°25' | 12°17' | 14°34' | 12°16' | 7°38' | 2°12'
07:00 CET 7°01" | 16°29' | 23°12' | 25°20' | 23°03' | 18°37' | 13°15' | 7°00" | 0°13'
08:00 CET | 3°50' | 9°12' | 17°44' | 27°27' | 34°16' | 36°22' | 34°05' | 29°40' | 24°02' | 17°10' | 9°47' | 4°51'
09:00 CET | 12°30' | 18°34' | 27°41' | 37°55' | 45°07' | 47°22' | 45°05' | 40°24' | 34°04' | 26°13' | 18°04' | 12°59'
10:00 CET | 19°34' | 26°26' | 36°15' | 47°12' | 55°08' | 57°49' | 55°30' | 50°12' | 42°40' | 33°29' | 24°32' | 19°22'
11:00 CET | 24°27' | 32°06' | 42°32' | 54°09' | 63°01' | 66°32' | 64°16' | 57°54' | 48°44' | 38°08' | 28°32' | 23°27'
12:00 CET | 26°39' | 34°52' | 45°29' | 57°06' | 66°19' | 70°40' | 68°52' | 61°33" | 50°59' | 39°23' | 29°33' | 24°48'
13:00 CET | 25°52' | 34°15' | 44°25' | 55°00' | 63°13' | 67°28' | 66°37' | 59°37' | 48°47" | 37°00' | 27°28' | 23°14'
14:00 CET | 22°12' | 30°22' | 39°36' | 48°37' | 55°26' | 59°10' | 58°59' | 52°59' | 42°44' | 31°26' | 22°32' | 18°58'
15:00 CET | 16°06' | 23°49' | 31°59' | 39°38' | 45°28' | 48°52' | 49°00' | 43°41' | 34°10' | 23°31' | 15°23' | 12°26'
16:00 CET | 8°08' | 15°20' | 22°36' | 29°19' | 34°38' | 37°54' | 38°08' | 33°10' | 24°09' | 14°04' | 6°35' | 4°12'
17:00 CET 5935 | 12°12' | 18°23' | 23°34' | 26°50' | 27°04' | 22°10' | 13°22' | 3°39'
18:00 CET 1°16' | 7°19' | 12°38' | 16°01' | 16°09' | 11°08' | 2°18'
19:00 CET 2°09' | 5°43' | 5°%1' | 0°23'
20:00 CET
21:00 CET

Table 3. Azimuthal angle values

o - - - A N I~ O < A I -

Elz | 2| 8| E ||| 2| 5|85 |&
03:00 CET
04:00 CET
05:00 CET 113°52' [ 117°30' | 117°25'
06:00 CET 97°54' [ 104°11'| 108°05' | 107°49' [ 102°00' | 92°31'
07:00 CET 80°44' | 87°52' | 94°38' | 98°53' | 98°29' | 92°11' | 82°19' | 72°07" | 65°00'
08:00 CET | 56°58' | 63°27' | 69°59' | 77°09' | 84°26' | 89°13' | 88°43' | 81°47' | 71°20' | 61°03' | 54°23' | 52°48'
09:00 CET | 45°50' | 51°50' | 57°48' | 64°41' | 72°27' | 77°58' | 77°29' | 69°44' | 58°35' | 48°21' | 42°25' | 41°29'
10:00 CET | 33°15' | 38°27' | 43°16' | 48°57' | 56°36' | 62°58' | 62°48' | 54°20" | 42°52' | 33°24' | 28°45' | 28°42'
11:00 CET | 19°05' | 22°58' | 25°36' | 28°12' | 33°19' | 39°39' | 40°48' | 33°07' | 23°11' | 15°58' | 13°27" | 14°31'
12:00 CET| 3044' | 5°42' | 5°06' | 2°21' | 0°36' | 2°53' | 7°05' | 4°55' | 0°07' | -3°02' | -2°50' | -0°33'
13:00 CET | _11°52' [ -12°04" | -16°05' | -24°02" | -32°21" | -35°24" | -29°53' | -24°43' | -22°58' | -21°42" | -18°54' | -15°36'
14:00 CET | -26°41' | -28°47" | -35°15' | -45°46' | -55°58' | -60°24' | -55°54' | -48°17" | -42°42' | -38°23" | -33°41' | -29°41"
15:00 CET | -40°03" | -43°31" | -51°13" | -62°15' | -72°00" | -76°11' | -72°40' | -65°15" | -58°26' | -52°34" | -46°44" | -42°21"
16:00 CET | -51°50" | -56°12" | -64°25" | -75°09" | -84°04' | -87°47" | -84°52' [ -78°10" | -71°12' | -64°41' | -58°11' | -53°35'
17:00 CET -67°18' | -75°44" | -86°05' | -94°18' | -97°36' | -95°01' | -88°57" | -82°13' | -75°24'
18:00 CET -86°05' [ -96°11" |-103°52'[-106°49'|-104°24'| -98°52" | -92°25'
19:00 CET -113°32'|-116°10'|-113°51'|-108°44'
20:00 CET
21:00 CET
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To each pair of values (altitude angle of the sun and solar azimuth angle) respec-
tively in table 2 and table 3, corresponds a precise position of the sun across the sky,
and so all surfaces are more or less illuminated, depending on their position relative to
the sun. The solar radiation coming from space, for the purposes of our analysis, can
be considered constant. The angle of incidence on the earth's surface, depurated of all
those factors definable atmospheric and climatological, determines the effective
power. So the objective of the study has been to develop surfaces of daily illumination
where the exposure average values were expressed.

Hill_1 Hi_2 HIll_3

Hill_4

HIlLB Hill_o

Hill_10] Hill_11 Hill_12

0 35.000 70.000 140 000 Meters
SR 1 1 1 L i 1 |

Fig. 4. Monthly exposure maps produced for a reference year
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The thematic layers processing has been completed in ESRI ArcGIS environment
[23], using spatial analysis and Map Algebra procedures: thematic maps on average
daily values of radiation for the month they relate have been produced. In particular,
the computing procedure used, has allowed the creation of 12 basic maps (Fig. 4)
coming from the processing of 146 raster layers of exposure (according to the values
reported in Tab. 1 and Tab. 2). These thematic maps have been obtained as result of
the application of the hillshade function to DEM layer information.

To obtain the spatialisation of solar radiation values the maps of Fig. 4 were inter-
sected with data of global solar radiation, that has been estimated processing secon-
dary images transmitted from the satellite Meteosat [18] on visible band for the refer-
ence period from 1994 to 1999 [21]. Such data on solar radiation are available for all
the national territory, for municipalities with at least 10,000 inhabitants and smaller
municipalities with at least 5,000 inhabitants in sparsely populated places.

3.3  Estimation of Solar Electricity Potential

In order to estimate the potential solar electricity generation E [kWh], by PV configu-
ration, the following formula has been used:

E=INS *SUP *u *v *K [kWh] (1)

This formula, derived from the one proposed by Siiri et al. [24], has been customised
for our research purposes and with the intention to fit a real local situation. The
following parameters have been made explicit:

e ]NS is the value of daily, monthly or annual insolation;

e SUP is the surface (expressed m?) taken up by solar module (the values are de-
rived from the dimensions declared by the manufacturer);

e . is the average yield of photovoltaic cell (16%);

e vis the yield of the photovoltaic system (defined as a set of panels, inverters and
electrical panels), usually ranging from 0.70 and 0.86;

e K is the reduction coefficient, defined to take into account possible shading ef-
fects (approximately ranging from 0.95 and 0.97) [25].

4 Results

The distribution and values of solar radiation on the ground are the results of analysis
definable of fundamental importance for assessing the energetic potential of a terri-
tory. Knowledge of resources and their location represents a key step in planning for
sustainable development [26].

Operatively several GIS layers (in raster format) have been produced, containing
information about solar radiation at ground for the entire territory of Abruzzo region.
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Starting from the processing of available data (1994-1999 interval), the relative the-
matic maps, reporting the average monthly values of solar radiation at ground, have
been produced for each month of a reference year (Fig. 5).

Then, all the information obtained according the above described procedure have
been synthesised in a single thematic map, reporting the values of solar radiation at
ground for a whole year (Fig. 6). Once obtained the solar radiation values at ground, it
has been possible to estimate the potential production from photovoltaic system, by
applying the formula (1).

The map in Fig. 8 represents the potential solar electricity potential energy produc-
tion from photovoltaic systems, assuming installations of 3 kW, installed peak power.
Moreover, from this map, it is possible to locate the areas potentially eligible to home
an energy production plant from PV. To this end, the present study has evolved in
defining where and how much it’s possible to exploit this energy source, without
constraints due to land use and local regulations.

Solar Radiation - August

KWh/m2
P 173.08

Fig. 5. Solar radiation at ground map for Abruzzo region: August month values
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First of all, have been identified the places (energy areas) potentially suitable for
the installation of a photovoltaic plant, net of all possible constraints. The constraints
concern valuable areas such as parks, SPA, SIC, archaeological areas, landscaping,
etc., and concern also areas of ascertained use like agricultural land areas, residential
areas, infrastructures such as factories, highways, etc.. The remaining areas have been
combined with the map of the solar radiation.

Subsequently, have been consulted planning tools like Urban Master Plans (at mu-
nicipal level) and specific zoning laws, Landscape Plan, Energy Plan (at regional
level) to produce the final potential energetic map. In fact, information about con-
straints reported in these documents, have been used inside GIS environment, in order
to eliminate those areas not meeting the criteria of selection. The remaining areas (not
subject to any kind of limitation) have been combined with the thematic map of the
solar radiation at ground. After identifying these areas, it’s necessary add another
selection criteria, dictated by the terrain topography (northern exposure, steep slopes,
etc.).

Total annual Solar Radiation
KWh/m2

P 1475.56
B 1821

Fig. 6. Solar radiation at ground map for Abruzzo region: total annual values
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To verify the real situation at the ground and to assess the feasibility of installa-
tions, the produced map has been checked using a set of thematic layers, such as
DBPrior10K [27] GIS data (Administrative boundaries, Road network, Railways, etc.,
at 1:10,000 scale), Regional Technical Maps (RTM, at 1:10,000 scale) and digital
aerial ortho-photos (available for consultation and visualization at the Italian National
Geoportal [28], PCN). These layers have been used not only as reference and control,
but also to take into account the presence of urbanized areas and other infrastructures
(Fig. 7).

Major Roads

Railways

Provincial Roads

- Urban Areas

Provincial boundaries

Fig. 7. Map of Urban areas and transportation network in the Abruzzo Region

An additional test was aimed to analyse the situation of the potential energy area
both from the point of view of viability and of proximity to the electricity network
(MV / LV network). The latter factor is fundamental to evaluate the capability to enter
the energy produced in the national distribution network.
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Annual Photovoltaic 3 KWp installed
Producibility =

Fig. 8. PV potential production map

In particular, the distance analysis from existing energy production plants repre-
sents one of the future research directions, utilising - among others - VHR satellite
images and digital cartography (RTM) in order to better evaluate the feasibility of the
installations within the study area.

Finally, at the end of this further selection, the thematic layer enclosing only the
areas potentially suitable for housing electricity production plants from PV has been
obtained (Fig. 9).
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Annual Photovoltaic 3 KWp installed
Producibility: Eligible sites : KWhlyear
- 4151.72

L5125

Fig. 9. Eligible sites for siting production plants from PV

5 Conclusions

In an overview of the issues that revolve around energy policy, the use of renewable
energy sources has become a priority [29]. In fact, as already outlined by the
2009/28/EC Directive of the European Parliament and Council [1] (climate change
objectives for 2020), all European countries are called to bring down the level of
emissions of greenhouse gases in the atmosphere.

Many international bodies, as the UN Commission for Sustainable Development
(UNCSD), the European Environmental Agency (EEA), the Organization for Eco-
nomic Cooperation and Development (OECD), Eurostat (Statistical Office the
European Community) and the IEA (International Energy Agency) are working on
development plans in this direction [30].

The informatics layers realized for this study have proven a valuable tool for the
analysis of the critical environmental purposes, and also at detailed scale a good result
has been obtained. An accurate analysis of the environmental study has actually
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allowed to draw up clear and detailed entities and locations of possible with the eco-
system. The infrastructures insertion, both linear and areal, determines not only land
consumption, due to the permanent occupation of the installations, but also produces
influences on surroundings although minimum.

The greatest risk that could derive from insertion of the infrastructures, for the en-
ergy production from renewables, might be a micro-fragmentation and a micro-
consume of the natural habitat. That circumstance doesn’t show strong interference
values, when analysed individually, but when considered in its entirety and cumula-
tively to all possible interventions in the area, could results in a high risk of
degradation.

The development of information layers on the values and distribution of solar
radiation is an important step for the evaluation of planning type both in energy and
environmental field.

In conclusion we can say that through this study it was shown how GIS-based tools
are able to analyse, interpolate and locate all the information necessary to make a
complex environmental research [31]. Of course, the quality of input data determine
the degree of survey accuracy and is a necessary condition to develop, in an
appropriate way, environmental studies.
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