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a b s t r a c t

One solution to mitigate climate change can be the production of renewable energy. In this
context, the aims of this paper are: (1) the identification of local unsuitable areas for the
installation of Utility-Scale Solar Energy (USSE) in a municipality in southern Italy; (2) the
assessment of the effects of their installation on local natural CO2 sequestration and on
avoided CO2; and (3) the evaluation of their contribution to the global climate regulation
through scenario analysis. Since 2007, 82 authorizations have been obtained for the instal-
lation of USSE in the municipality and 42 over 64 already completed have been installed
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in unsuitable areas. For what concerns the remaining USSE, two short-term scenarios are
analysed in order to take into account their contribution in terms of climate regulation ser-
vice. The first scenario is called Business As Usual with new planned USSE installed by 2014
also in unsuitable areas, and the second one with the new USSE installed only in suitable
areas identified in this study. Surprisingly, Scenario 2 is characterized by a reduced natural
capacity to sequester CO2 emissions and by a lower contribution of vegetation in providing
the ecosystem service climate regulation in comparison with Scenario 1.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/3.0/).

1. Introduction

For centuries humans have modified terrestrial systems to meet basic energy needs as well as to satisfy other require-
ments, leading to major changes in global land cover, increased concentrations of greenhouse gases (GHG) (IPCC, 2012), and
reduced potential for land to sequester carbon in the future (Dale et al., 2011). Human use of carbon-intensive and non-
renewable energy is the major driver of climate change and it challenges our ability to live sustainably, by guaranteeing
human well-being, environmental protection, and industrial and economy development (EC, 2010a).

The European Directive 2001/77/EC has recognized the role played by renewable energies in mitigating climate change,
as well as in providing wider benefits (IPCC, 2007). Furthermore, to be in line with Kyoto targets, European Commission
has approved the European Directive 2009/28/EC, the so-called 20–20–20 Directive (EC, 2010b) with the aim of reducing
GHG emissions by 20% compared to 1990 levels, increasing the share of final energy consumption from renewable energy
sources by 20% and the energy efficiency by 20% compared to 2005 (EC, 2007a,b). On the basis of the European directives,
the promotion of renewable energies has become a national priority for Italy, where the Legislative Decree n. 387/2003
have been set. In order to accelerate the procedures for authorizing the construction of renewable energy plants, Apulia
Region (southern Italy) has approved specific guidelines (Regional Regulation n. 24/2010), which allow the identification of
unsuitable areas for the installation of specific types of renewable energy plants. The unsuitability of the areas is defined
according to municipal and regional criteria related to the environmental and landscape protection: parks, natural reserves
UNESCO sites, cultural heritage, buildings and areas identified as of significant public interest, coastal areas, lakes, rivers,
streams and waterways, forests, archaeological sites, caves, ravines and slopes.

Among renewable energies, a feasible short- and long-term solution against climate change is represented by the gen-
eration of electricity from sunlight (IPCC, 2012), directly through photovoltaic systems and indirectly (solar concentration
systems), providing significant environmental benefits in comparison to the conventional (fossil) energy production (Tsout-
sos et al., 2005; Hernandez et al., 2014). The main advantages of solar energy are represented more in detail by (Tsoutsos
et al., 2005;Wang and Qiu, 2009; Saidur et al., 2010; Hernandez et al., 2014): (1) the reduced emissions of GHG (mainly CO2,
NOx) or toxic gasses (SO2, particulates); (2) the increase of regional/national energy independence; (3) the diversification
and security of energy supply; and (4) the acceleration of rural electrification in developing countries. In addition to them,
Hernandez and colleagues (2014) recognize that the use of solar energy can enhance the utilization of degraded lands and
the possible spatial coexistence of solar panels and agriculture.

Due to the legislative scenario that has to date characterized the energy policy, generation of electricity fromphotovoltaic
systems has grown exponentially in the last decade (Hernandez et al., 2014), rising from 38.2 GW in 2010 to 97.1 GW in
2012. However, the expansion of solar energy development, particularly the Utility-Scale Solar Energy (USSE), has increased
interest in understanding the environmental effects of this technology, and how it may interact with the drivers of global
environmental change including land-use change (Denholm andMargolis, 2008; Abbasi et al., 2011; Hernandez et al., 2014).

The increasing in the use of land-based renewable energies, like solar energy and wind farms, can cause new challenges
for landscape planning and management, because, for instance, the installation and use of Utility-Scale Solar Energy (USSE)
represent an important form of landscape transformation (McDonald et al., 2009; Ong et al., 2013) and involve a complex
set of environmental trade-offs throughout the lifespan (construction, operation and decommissioning) (Hernandez et al.,
2014). In particular, when these energy systems are installed, biophysical characteristics of the land may change (Lambin
et al., 2001; Fthenakis and Kim, 2009), with effects on the role played by soil and vegetation not only as sink and source of
carbon (Freibauer et al., 2004; Seneviratne et al., 2006; Richter et al., 2011; Vaccari et al., 2012), contributing to the global
climate regulation ecosystem service, but also as providers of other ecosystem services at local scale such as-pollination,
soil formation, etc. Therefore, both factors that have played a relevant role in the increase of USSE spread and factors that
have given rise to some concerns about the PV technology in local Governments and communities have recently grown
up (Chiabrando et al., 2009). In this context, Zoellner and colleagues (2008) remarked that even if at a general level a
considerable support for renewable energy policy exists, at a local level many residents feel that a renewable energy system
may limit their quality of life for some reasons as the change of the landscape or the noise. Therefore, a sustainable energy
development requires methods and tools for assessing these effects, in order to associate the use of these energy systems
with conservation of ecosystemgoods and services. The recent increase of USSE underlines the urgency of: (1) understanding
their direct and indirect environmental effects, including their impact on land-use/cover change (Hernandez et al., 2014);
and (2) identifying suitable/unsuitable areas for their installation at local scale that, from the literature review, has resulted
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the most appropriate scale to address, understand and inform on the nexus of land, energy and environmental conservation
(Pasimeni et al., 2013).

In this context, the aims of the paper are: (1) the analysis of the legislation which regulates the authorizations for
installation of USSE, through the identification of unsuitable areas in the Municipality of Lecce (Apulia Region) used as case
study; (2) the assessment of the effects of their installation on natural CO2 sequestration and on avoided CO2; and (3) the
evaluation of their contribution to the ecosystem service climate regulation through scenario analysis taking into account
not only USSE already installed but also those authorized but not yet installed.

2. The environmental impacts of USSE

The scientific literature recognizes that renewable energy has a large potential to contribute to the sustainable devel-
opment of specific areas by providing a wide variety of socio-economic and environmental benefits (Tsoutsos et al., 2005;
del Rìo and Burguillo, 2009; Wang and Qiu, 2009; Saidur et al., 2010). Most land-based renewables, like USSE, have a lower
energy content than fossil fuels and, consequently, they require a large amount of land not only for producing more energy
but also for accommodating the PV modules, guaranteeing their access and maintenance, and avoiding the shading effect
(Fthenakis and Kim, 2009; Chiabrando et al., 2009).

In the last years considerable progress has been made in the assessment of environmental impacts of USSE (Alsema
et al., 2006), which have been the subject of several studies focused mainly on environmental aspects related to avoided
GHG emissions, to the generation and end-of-life phases of solar equipment, and to the energy and environmental impacts,
both direct and indirect (Neff, 1981; Aguado-Monsonet, 1998; Alsema et al., 2006; Ausubel, 2007; Denholm and Margolis,
2008; Varun et al., 2009; Omer, 2009; Fthenakis and Kim, 2009, 2010, 2011; Fthenakis et al., 2005, 2008, 2011; Turney and
Fthenakis, 2011; Burgess et al., 2012; Howard et al., 2012; Zhai et al., 2012; Horner and Clark, 2013), demonstrating substan-
tially positive environmental effects (Chiabrando et al., 2009). These systems, in fact, only marginally alter the balance of
carbon into the atmosphere, since their production, use and decommissioning produce emissions that are lower than those
generated during the production of the same amount of energy from fossil fuels (Angelis-Dimakis et al., 2011). In particular,
the analysis of the environmental impacts of photovoltaic systems is largely conducted through Life Cycle Assessment (LCA)
techniques, taking into account the production, operation and decommissioning of all components of the system (Sørensen,
1994; Baumann et al., 1997; Aguado-Monsonet, 1998; Dones and Frischknecht, 1998; Frankl et al., 1998; Pacca et al., 2007;
Raugei et al., 2007; Stoppato, 2008). Furthermore, few studies have considered in detail the landscape impacts of USSE (Bal-
tas and Dervos, 2013; Calvert et al., 2013; Hernandez et al., 2014), with effects on human well-being and the safeguard of
ecosystems and land (MEA, 2005; Slootweg et al., 2010; TEEB, 2010a,b; Dale et al., 2011; Geneletti, 2011; Haines-Young
et al., 2012; Partidario and Slootweg, 2012).

2.1. Trade-offs between global climate regulation service and other local ecosystem services

The effects of USSEmassive expansion on landscape can be seen in terms of ecological functions’ and structures’ changes,
which could be comparable to urban sprawl and could affect ecosystem goods and services (Sala et al., 2000; MEA, 2005; de
Groot, 2006). In particular, ecosystem goods and services are defined as ‘‘the benefits people obtain from ecosystems’’ (MEA,
2005), interacting with one another in complex, nonlinear and often unpredictable ways (Farber et al., 2002; Peterson et al.,
2003; Turner et al., 2003; van Jaarsveld et al., 2005; Chan et al., 2006; Rodriguez et al., 2006; Brauman et al., 2007; Bennett
et al., 2009; Carpenter et al., 2009; Daily et al., 2009). This definition includes both the benefits people perceive, and those
they do not (Costanza, 2008). In addition, ecosystem services can be classified according to their spatial characteristics in
five groups (Costanza, 2008): (1) global non-proximal, because their provision does not depend on proximity (i.e. climate
regulation), (2) local proximal, because their provision depends on proximity (i.e. pollination, storm protection, disturbance
regulation), (3) directional flow related, because theirmove from thepoint of production to the point of use (i.e.water supply,
nutrient regulation), (4) in situ, because their provision and their use are in the same place (i.e. soil formation), and (5) user
movement related, because their provision requires the flow of people to unique natural features (i.e. recreation potential).

Each landscape function is potentially affected by changes in the landscape structure, which affects the provision of
ecosystem services across a range of scales, from local to global (MEA, 2005; Petrosillo et al., 2009, 2010;Howard et al., 2012).
Ecosystem goods and services are the benefits people obtain from ecosystems (MEA, 2005), interacting with one another in
complex, nonlinear and often unpredictable ways (Farber et al., 2002; Peterson et al., 2003; Turner et al., 2003; van Jaarsveld
et al., 2005; Chan et al., 2006; Rodriguez et al., 2006; Brauman et al., 2007; Bennett et al., 2009; Carpenter et al., 2009; Daily
et al., 2009). Over time, humans have modified the provision of several ecosystem services by enhancing the delivery of
a particular service (Rodriguez et al., 2006), causing trade-offs among ecosystem services (MEA, 2005). In fact, although
USSE massive expansion on landscape on a global scale seems to support the provision of the ecosystem service climate
regulation (global non-proximal) by avoiding the emissions of GHG, there is a growing recognition that their installation
may have substantial impacts on a range of local proximal ecosystem services (i.e. pollination, storm protection, disturbance
regulation) (Omer, 2009). Given the significant contribution provided by vegetation to the reduction of atmospheric CO2,
both at global and local scales, land-use/cover conversion and change due to USSE installation can affect on a local scale the
natural capacity of soil and vegetation to sequester CO2 (Ostle et al., 2009; Dominati et al., 2010; Dale et al., 2011; Robinson
et al., 2012; Scholes and Smart, 2013). Specifically, land uptake constitutes what is known as the terrestrial carbon sink
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(Scholes and Smart, 2013), but when USSE are installed, the biophysical characteristics of the land may change (Lambin
et al., 2001; Fthenakis and Kim, 2011) affecting the capacity of soil and vegetation to sequester carbon (Schulp et al., 2008;
Ostle et al., 2009).

In addition, land-use/cover conversion and change for energy purposes can produce habitat fragmentation and loss with
effects on the movement of genetic resources (user movement-related ecosystem service), pollination, disturbance regula-
tion and storm protection (local proximal ecosystem services), water supply (directional flow-related ecosystem services),
recreation potential (user movement-related ecosystem services) and, therefore, on biodiversity, wildlife, food production,
water resource, and beautiful sceneries (Turney and Fthenakis, 2011). However, the lack of studies on the evaluation of the
effects of USSE on land-use change needs to be improved in order to identify areas for careful integration of the new ele-
ments in the landscape recognizing the value of ecosystem goods and services and to associate the use of renewable energy
sources with the maintenance of ecosystem goods and services and landscape social–cultural identity (Mikusiñski et al.,
2012; Hernandez et al., 2013). In other words, it is important to understand how these new energy systems could be inte-
grated and harmonized with other potential landscape functions (Srinivasan, 2009; Wissen and Grêt-Regamey, 2009; Dale
et al., 2011), in order to maintain landscape multi-functionality and to avoid trade-offs among ecosystem services, which
refer to the increase of the provisioning of one ecosystem service and the simultaneous decline of another service at the
same or across spatial and temporal scales (Holling and Meffe, 1996; MEA, 2005; Rodriguez et al., 2006).

Our understanding of how to deploy energy production technologies to minimize negative local impacts and maximize
energy benefits is usually incomplete and inconsistent. Ecosystem services have been largely neglected (Alanne and Saari,
2006) and where they have been examined they are usually considered at the national or larger scales, rarely considering
local impacts, interactions and multiple effects (Haughton et al., 2009).

3. Materials and methods

3.1. Study area

The study area is the Municipality of Lecce (Apulia Region, southern Italy) (Fig. 1).
It covers about 238.4 km2 (ISTAT, 2012), and even if agricultural intensively cultivated areas dominate the landscape,

the study area is particularly rich in natural habitats and biodiversity, not only along the coastal areas, but also in the inland
in association with dry meadows and forests. In particular, the coastal area is characterized by the highest concentration of
natural parks, such as the Regional Park Bosco e Paludi di Rauccio, and Sites of Community Importance (SCIs), according to
the European Habitat Directive 92/43/EC.

Lecce is the leading municipality in the Apulia region in terms of energy production from renewable sources, and it can
represent a model that can inform other regions on the nexus of land, energy, and conservation. This result is due to the
advent of policies, like the Italian IV Conto Energia program, which provided a highly profitable and innovative incentive
mechanism for the installation of renewable energy power plants (GSE, 2010). Even if some wind farms are present, for
what concerns photovoltaic systems, the number of PV systems already installed in the Apulia region is 22,926 with a total
capacity of 2186.2 MW. In addition, the region records the highest percentage of Utility-Scale Solar Energy (78%), with a
total installed capacity of 2449MW. In this context, the Municipality of Lecce has the highest installed capacity (647.4 MW)
in comparison with the other municipalities of Apulia region (GSE, 2011) and, according to the official data provided by
the National Institute of Statistics, its consumption of electric energy for household use amounts to 1222.8 kWh per capita
(ISTAT, 2012). Therefore, given the capacity installed and the energy demand, Lecce could easily supply renewable energy
to neighbouring municipalities.

3.2. Criteria to determine and to map unsuitable areas for USSE

The Apulia Regional Regulation n. 24/2010 identifies the environmental criteria to identify unsuitable areas for the
installation of specific renewable energy systems. The map of unsuitable areas for USSE has been developed through the
integration of the following information and data in ArcMap 10.1©ESRI environment:

1. Apulia regional criteria for the authorization of renewable energy power plants based on the Regional Regulation n.
24/2010 (Apulia Region, 2010) that takes into account European, Italian and regional regulations (Table 1):
– the criterion of Natural areas presence;
– the criterion of Cultural heritage presence;
– the criterion of Urban Area + buffer of 1 km.

2. Municipal criteria mainly regarding the required infrastructures at local scale (Table 1):
– Roads + buffer zones (40 m);
– Railway line + buffer zones (30 m);
– Power lines.

These first two criteria have been used to realize themap of the regional criteria and the required local infrastructures
for the installation of USSE in the study area. In addition to them, three criteria have been used to analyse land-use change
and map the installed USSE.
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Fig. 1. Study area: Municipality of Lecce (Apulia Region, southern Italy).

3. Land-use map of the study area, with reference to 1997 and 2006, in order to analyse land-use change before the first
USSE installation.

4. Orthophoto of Bing Maps of the study area, referring to 2012 and available on ArcMap 10.1 to update the land-use map
of 2006 and to identify new installed USSE.

5. List of authorizations of USSE already installed from 2007 to 2012, and their energy capacity.
Finally, we used:

6. Orthorectified aerial photos of the study area, referring to July 1954 to realize the map of Potential century-old olive
groves that, in each land-use map realized, have been distinguished from the generic class Olive groves. This map was
realized in order to take into account the Regional Law n. 14/2007 (Apulia Region, 2007), which declares century-old
olive trees as ‘‘monumental elements’’ of the landscape that deserve to be protected. Since theMunicipality of Lecce does
not currently have a complete census of century-old olive trees, to better distinguish century-old olive groves from the
new ones, a comparison between the spatial distribution of olive groves identified in 2012 and those identified in 1954
has been carried out. The comparison is based on the assumption that the olive groves already present in 1954 can be
considered as century-old in 2012. It is important to highlight that such olive groves have been called ‘‘potential century-
old’’ because of their age,while themonumental character of the trees can be determined only after appropriate censuses.

3.3. Assessment of the effects of USSE on CO2 sequestration and short-term scenario analysis

3.3.1. Land cover changes and vegetation carbon stock
Vegetation carbon density (ton ha−1) is the most important component of carbon sequestration (McPherson et al., 1994;

Shao et al., 2008) and indicates the natural carbon sequestration ability of the vegetation, and also reflects the degree of
disturbances in terms of land-use/cover change (Nowak et al., 2007; Desai et al., 2008; Potter et al., 2008).

In this paper a comprehensive approach based on the analysis of land-cover changes has been implemented, by using
the land-use/cover maps of Lecce for 1997, 2006 and 2012 and the related C-density values derived from the literature
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Table 1
Municipal criteria and regional criteria for USSE with capacity >20 kW.

Municipal criteria Regional criteria Legal requirements

Roads + buffer zones (40 m) Railway
line + buffer zones (30 m) Power lines

Natural areas (protected areas, areas of
landscape value, areas for agri-food
quality, and other areas part of the
regional ecological network)

R.L. n. 19/1997
R.L. n. 25/2002
R.L. n. 31/2008
N.L. n. 394/1991
EU Dir. N. 43/1992
DPR n. 357/1997
DPR n. 120/2003
R.R. n. 24/2005
DGR N. 1157/2002
R.L. n. 31/2008
Provincial thematic landscape
planning
R.L. n. 31/2008
R.L. n. 14/2007
D.M. 1996/07/20
D.M. 1996/08/13
DGR n. 1/2010

Cultural heritage

N.L. n. 1497/1939
D.Lgs. n. 42/2004
D.Lgs. n. 42/2004
D. Lgs. N. 42/2004
N.L. n. 1089/1939

Building urban area + buffer of 1 km Lecce municipal plan

(Cruickshank et al., 2000; Badiou et al., 2011; Muñoz-Rojas et al., 2011; Chiti et al., 2012). This methodology represents a
first approach that does not intend to provide accurate absolute values, but it could bemeaningful in relative terms, allowing
to compare C vegetation stocks for different land-use/cover classes and C sequestration trends associated to land-use/cover
changes (Muñoz-Rojas et al., 2011).

To estimate the total amount of C stored and, therefore, the amount of CO2 sequestered from the atmosphere over time
three steps have been performed (Table 2): (1) vegetation carbon density (C-density) values have been associated to each
CORINE Land Cover (CLC) class at third level in 1997, 2006 and 2012. These values comply with the IPCC Good Practice
Guidance for Land Use, Land Use Change and Forestry (Houghton et al., 2001; IPCC, 2007; Muñoz-Rojas et al., 2011) and take
into account stems, branches, foliage and roots (aboveground and belowground biomass), but do not include litter,microbial
biomass and Soil Organic Carbon; (2) vegetation carbon sequestration for each land-cover has been calculated bymultiplying
the C-density value of each land-cover class by land-cover areas (ha) in 1997, 2006 and 2012; finally, (3) the stock of CO2
was calculated by applying a conversion factor of CO2/C ratio equal to 3.67 to the data of carbon sequestration (CISA, 2007).

3.3.2. Estimates of avoided CO2 emissions
In the case of land-cover class ‘‘Road and rail networks and associated land (Photovoltaic)’’ the avoided CO2 emissions into

the atmosphere have been estimated. In particular, to produce one kilowatt–hour of electric energy (kWh) from renewable
sources, an amount equivalent to 2.56 kWh of fossil fuel is burned. As a result, approximately 0.53 kg of CO2 (Italian emission
factor) is emitted into the atmosphere (ItalianMinistry of the Environment, 2011). So, for each kWh produced through USSE
the emission of about 0.53 kg of CO2 can be avoided.

The electricity produced by each USSE installed or authorized in the study area has been estimated through the
methodology proposed by Aste and colleagues (2007) represented by the following formula:

EPV = PPV × ηBOS × KPV × S/ISTC

where,

EPV is the annual electricity production by the PV system (kWh/year),
PPV is the peak power of the PV system (kWp),
ηBOS is the efficiency of BOS (inverter, wiring, etc.) assumed as 0.9,
KPV is the reduction coefficient due to the real operational conditions deviated from the standard test conditions (STC),
considered as 0.8,
S is the annual solar irradiance (kWh/m2 year),
ISTC indicates the solar irradiance in STC, equal to 1 kW/m2.

Finally, two short-term scenarios have been proposed in order to analyse the effects of the installation of USSE on the
natural capacity of vegetation and soil to sequester CO2 and on the amount of avoided CO2 emissions in the atmosphere.
In particular, Scenario 1—Business As Usual, which represents a situation that does not vary significantly from the current
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Table 2
Vegetation C-density and CO2 sequestration for each CORINE Land Cover class at level 3, and avoided CO2 emissions for the class Networks road, rail and
technical infrastructure (PV).

CORINE Land Cover classes Vegetation C-density
(ton ha−1)

ha CO2 sequestration/avoided CO2 (ton)

1997 2006 2012 1997 2006 2012

1.1.1. Continuous urban fabric 0.00 932.87 901.31 954.34 0.00 0.00 0.00
1.1.2. Discontinuous urban fabric 3.23 1806.08 1944.66 1933.90 5833.65 6281.25 6246.50
1.2.1. Industrial or commercial units 0.00 786.36 845.78 846.78 0.00 0.00 0.00
1.2.2. Road and rail networks and
associated land

0.00 522.39 667.64 674.33 0.00 0.00 0.00

1.2.2. Road and rail networks and
associated land (Photovoltaic)

– – – 101.21 – – 65,333.77

1.2.3. Port areas 0.00 3.22 4.35 3.22 0.00 0.00 0.00
1.2.4. Airports 0.50 17.75 82.02 27.18 32.65 150.92 50.00
1.3.1. Mineral extraction sites 0.00 204.20 288.91 261.82 0.00 0.00 0.00
1.3.2. Dump sites 0.00 5.02 5.48 5.48 0.00 0.00 0.00
1.3.3. Construction sites 0.00 112.42 206.16 167.41 0.00 0.00 0.00
1.4.1. Green urban areas 6.46 33.50 29.32 34.54 794.15 695.20 818.80
1.4.2. Sport and leisure facilities 6.46 121.26 145.22 135.97 2874.76 3442.90 3223.65
1.4.3. Cemeteries 6.46 23.37 23.37 23.37 569.44 569.44 569.44
2.1.1. Non-irrigated arable land 5.00 7696.61 7605.22 7746.39 141.23∗103 139.55∗103 142.15 ∗ 103

2.1.2. Permanently irrigated land 5.00 4.31 4.55 5.04 79.13 83.52 92.55
2.2.1. Vineyards 21.00 43.93 105.18 80.19 3386.03 8106.20 6180.48
2.2.2. Fruit trees and berry plantations 21.00 12.04 19.15 18.28 928.04 1476.00 1408.72
2.2.3. Olive groves 51.50 7988.29 8312.00 8291.81 150.98∗104 157.1 ∗ 104 156.71 ∗ 104

2.4.1. Annual crops associated with
permanent crops

13.00 211.94 296.50 223.20 10,111.45 14,146.14 10,648.73

2.4.2. Complex cultivation patterns 11.52 25.24 46.98 31.13 1067.30 1986.04 1316.27
2.4.3. Land principally occupied by
agriculture¸ with significant areas of
natural vegetation

11.37 39.77 83.48 42.10 1659.52 3483.51 1756.91

3.1.1. Broad-leaved forests 28.24 108.57 110.82 112.49 11,252.40 11,485.47 11,658.66
3.1.2. Coniferous forests 59.48 347.95 327.62 357.28 75,954.56 71,517.20 77,991.57
3.1.3. Mixed forests 40.80 50.03 45.45 44.13 7491.29 6805.51 6607.84
3.1.4. Tree-lined meadows and wooded
pastures

3.04 74.66 69.68 55.97 832.97 777.44 624.45

3.2.1. Natural grasslands 3.04 3479.34 2338.38 2417.54 3,8818.30 2,6088.84 2,6971.99
3.2.2. Moors and heathland 17.74 2.44 3.66 3.66 159.13 238.29 238.41
3.2.3. Sclerophyllous vegetation 17.74 1257.08 1293.50 1240.04 8,1843.30 8,4214.33 8,0733.57
3.2.4. Transitional wood land-scrub 17.74 4.21 7.08 7.08 274.21 460.71 460.71
3.3.1. Beaches dunes sands 0.00 65.62 65.59 75.47 0.00 0.00 0.00
3.3.2. Bare rocks 0.00 3.03 2.78 3.19 0.00 0.00 0.00
3.3.3. Sparsely vegetation areas 1.52 16.47 27.58 10.11 91.86 153.83 56.38
4.1.1. Inland marshes 2.70 374.54 419.75 395.74 3711.36 4159.35 3921.39
5.1.1. Water courses 0.00 1.73 1.73 1.73 0.00 0.00 0.00
5.1.2. Water bodies 0.00 51.50 56.40 52.93 0.00 0.00 0.00
5.2.1. Coastal lagoon 0.00 11.56 11.62 11.60 0.00 0.00 0.00

trends, contemplates the new USSE installed by 2014 in suitable or unsuitable areas according to their design. On the other
side, Scenario 2 represents the alternative to the current trend, which contemplates the new USSE installed by 2014 only in
suitable areas, in agreement with the Apulia Regional Regulation n. 24/2010 and with the results of the present research.

4. Results

4.1. Characterization of unsuitable areas

The Municipality of Lecce is mainly constituted by agricultural lands, as shown in the land-use map of the study area
(Fig. 2), predominately represented by ‘‘Non-irrigated arable lands’’ (31%) and ‘‘Olive groves’’ (30%). For what concerns the
spatial distribution of potential century-old olive groves (Fig. 2), they account for about 5019 ha (71% of the total olive groves
extent and about 22% of the total municipal area).

The study area is characterized by USSE installed and proposedwith ranges of capacity>20 kW. On the basis of the pres-
ence of potential century-old olive groves (Fig. 3(a)), and considering the infrastructural and regulatory constraints (Table 1),
the map of unsuitable areas for the installation of USSE with ranges of capacity >20 kW has been produced (Fig. 3(e)) by
integrating: themap of natural areas (Fig. 3(b)), which includes protected areas, areas of landscape value, areas for agri-food
quality, and other areas that are part of the regional ecological network, the map of infrastructural constraints (Fig. 3(c)),
and the map of cultural heritage (Fig. 3(d)). The extension of unsuitable areas is about 18,563 ha, accounting for about 78%
of the municipal area (Fig. 3(e)). In addition, Fig. 3(e) shows the spatial distribution of USSE both installed and authorized
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Fig. 2. Land-use map of the Municipality of Lecce (southern Italy).

but not installed yet. The analysis highlights that since 2007 there have been 82 requests for the installation of USSE, and
only 64 of them have been already installed in 2012. Surprisingly, Fig. 3(e) highlights that some of the installations (42) have
been already installed in unsuitable areas, with consequences for areas with natural and cultural values.

The suitable areas are, mainly, represented by Non-irrigated arable lands (7.05%), followed by Urban (2.82%) and Olive
groves (2.55%) (Fig. 4). In particular, Urban class suitable for the installation of USSE with capacity >20 kW represents only
9% of the total urban area.

4.2. Estimated emissions of sequestered and avoided CO2 and scenario analysis

Table 2 shows the vegetationC-density (tons/ha), derived from the literature (Cruickshank et al., 2000;Muñoz-Rojas et al.,
2011; Badiou et al., 2011; Chiti et al., 2012), the CO2 sequestration performed by each land-cover class characterizing the
study area, and the avoided CO2 emissions due to the presence of the class Networks road, rail and technical infrastructure
(PV) from 1997 to 2012. Among the classes that show the highest capacity to sequester CO2, Olive groves (more than
1.5 million tons of CO2) and Non-irrigated arable lands (about 1.5 million tons of CO2) provide the largest contribution.

In order to take into account the contribution in terms of ‘‘climate regulation’’ service, the natural sequestration capacity
and the avoided CO2 emissions due to the use of USSE are analysed, by hypothesizing two short-term scenarios. In particular,
Fig. 5 shows that the CO2 naturally sequestered by the vegetation increases from 1997 to 2006,mainly due to land-use/cover
changes from classes characterized by lower natural capacity to others with higher capacity of CO2 sequestration. After-
wards, this trend shows a slight decrease in 2012, probably due to a change in land-use/cover due to the installation of USSE.
However, in 2012 a positive contribution of USSE to climate regulation service in terms of avoided CO2 emissions is evident.

Finally, two short-term scenarios are built. The first aims at taking into account the spatial distribution and the contribu-
tion in terms of climate regulation service not only of the USSE already installed in 2012, but also of those new systems that
will be installed within 2014 (Scenario 1—business as usual). Fig. 5 shows that in the case of Scenario 1 the natural capacity
of vegetation to sequester CO2 is more or less constant, while the amount of avoided CO2 increases, because of new USSE. To
build up the second scenario, it is assumed that the new USSE will be installed within 2014 only in suitable areas, according
to the results reported in Fig. 4 and the Apulia Regional Regulation n. 24/2010. Therefore, this condition should guarantee the
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Fig. 3. (a)Map of potential century-old olive groves (Regional Lawn. 14/2007); (b)map of natural areas, including protected areas, areas of landscape value,
areas for agri-food quality, and other areas part of the regional ecological network; (c) map of infrastructural constraints; (d) map of cultural heritage; and
(e) map of unsuitable areas for the installation of USSE and spatially explicit representation of USSE installed (blue) and proposed (red). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The distribution of suitable areas (%) among the land-use classes for USSE.

satisfaction of the regional criteria for the identification of unsuitable areas, based also on European and Italian regulations,
avoiding the presence of USSE in those areas. Surprisingly, Fig. 5 highlights that Scenario 2 is characterized by a reduced
natural capacity to sequester CO2 emissions, while the amount of avoided CO2 emissions remains constant in comparison
with Scenario 1.
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Fig. 5. CO2 naturally sequestered by vegetation (black) and avoided CO2 emissions (grey) in 1997, 2006 and 2012, and both in Scenario 1—business as
usual and in Scenario 2.

5. Discussion and conclusions

Decision-makers very often donot knowexactly the spatial distribution ofmany installedUSSE and the socio-cultural and
environmental constraints applied to each area of interest; in other words they do not know ‘‘where to develop’’. The spatial
distribution of USSE highlights that about 66% of them have been installed in ‘‘unsuitable’’ areas with potential adverse
effects on the landscape. From the results it is clear that the identification of unsuitable areas based only on the application
of regulatory frameworks should not take into account some environmental aspects that can increase the unsuitability.
These aspects can be represented by local peculiarities like, for instance, the increasingly recognized ecological role played
by potential century-old olive groves in the Apulia Region, which as permanent cultivation play the role of sinks along with
forest and natural areaswith respect to disturbances acrossmultiple spatial scales (Zurlini et al., 2007; Zaccarelli et al., 2008),
providing the local proximal disturbance regulation ecosystem service. Therefore, the results of this research highlight the
need to include this land-use in the list of criteria for the identification of the unsuitable areas in order to guarantee the
maintenance not only of this ecosystem service, but also of the cultural value associated to century-old olive groves.

In addition, it should be clear that the identification of unsuitable areas does not mean that all the remaining areas are
suitable (Fig. 4). As highlighted by the results in Fig. 5 (Scenario 2), when the new USSE are located in suitable areas they
cause a reduction of the natural vegetation capacity to sequester CO2 and, consequently, a lower contribution of vegetation
in providing the ecosystem service climate regulation. Finally, the temporal scale should be taken into account. The estimates
of vegetation capacity to sequester CO2 presented in this paper are clearly static, but this capacity changes with the seasons
and across the years.

Although direct solar energy provides only a very small fraction of global energy supply today, it has the largest technical
potential compared with the other energy sources. In general, the promotion of energy production from renewable sources
is one of the environmental priority targets (20–20–20 targets) that the European Commission has to achieve within 2020
in the energy sector to reduce climate change (EC, 2007a,b), aiming at the protection of the environment and energy se-
curity (Baltas and Dervos, 2013). In particular, the development of power plants from renewable sources contributes to
the achievement of the European target +20% of energy production from renewable sources compared to 2005. However,
the predicted rise in global energy demand and atmospheric CO2 levels underscores the importance of understanding the
nexus of energy, land, and the environment. In fact, at the landscape level, the land-based renewable energy affects and
limits alternative uses of land, requiring suitable space and land-use conversion and change (Denholm and Margolis, 2008;
Gleick, 2009; Dale et al., 2011). In addition, land-use conversion at local scale can reduce the sequestration of GHG emis-
sions, with effects on the provision of some ecosystem services from local to global scales (climate regulation). A few studies
have compared the land-use/cover change of solar energy with other energy systems (McDonald et al., 2009; Fthenakis and
Kim, 2009; Copeland et al., 2011) and some of them use solar land-use/cover change data coming from single power plants.
Land-use/cover changes due to USSE are relatively small when compared to other energy systems including wind, hydro-
electric, and biomass (McDonald et al., 2009). In particular, the land occupation related to a photovoltaic system is about
9900 m2/GWh in comparison with biomass, which entails the greatest land occupation (380,000 m2/GWh), followed by
nuclear-fuel disposal (300,000 m2/GWh) (Fthenakis and Kim, 2009).

The results of this research have highlighted that the regional renewable energy policy, which has set some criteria to
define an area as unsuitable for the installation of USSE, seems to be not properly correct since it does not take into account
the assessment of ecosystem services’ flow. Therefore, given the general validity of possible local criteria in order to identify
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the unsuitable areas, a regional energy policy needs to include the evaluation of ecosystem services’ flow provided by the
landscape in order to plan more effectively the renewable energy development at multiple scales.

The increase in the use of local renewable energy sources should become the focus of energy policy within a comprehen-
sivemultifunctional planning of landscapes, in which local authorities are obliged to play a role in carrying out environmen-
tally oriented strategies to efficiently plan and manage energy resources (Beccali et al., 2007; Comodi et al., 2012; Pasimeni
et al., 2013). In response to such requirement, the introduction of suitable planning policies and programsmust be supported
by tools like theGeographic Information Systems (GIS) able to increase the socio-environmental awareness of policy-makers
(Beccali et al., 2007). In this context, there are already several examples of GIS application for the identification of suitable
sites for USSE, in terms of site characterization (Azoumah et al., 2010; Charabi and Gastli, 2011), solar radiation mapping
(Charabi and Gastli, 2010; Gastli and Charabi, 2010; Gastli et al., 2010), assessment of potential site for photovoltaic sys-
tems (Fluri, 2009; Charabi and Gastli, 2010; Clifton and Boruff, 2010), linking the energy system with ecosystem services in
real landscapes (Burgess et al., 2012; Howard et al., 2012). At a broader scale, for instance, the European Commission has
developed the Photovoltaic Geographical Information System (PVGIS database), providing a map-based inventory of solar
energy resource and assessment of the electricity generation from photovoltaic systems in Europe, Africa, and South-West
Asia. It represents a research, demonstration and policy-support instrument for geographical assessment of the solar energy
resource in the context of integrated management of distributed energy generation (JRC, 2013).

In conclusion, energy planning must take into account social and environmental factors that are related to renewable
energy systems, and it has to be carried out through the optimal exploitation principle. Energy planning is a powerful tool
for understanding the consequences of certain energy policies, which helps decision-makers to choose the most suitable
strategies to promote the spread of cleaner technologies that take into account environmental impact and costs to the
community and the territory (Dicorato et al., 2008).

In this respect, one critical aspect is, then, to understand how landscape functions and services can respond to the large
variety and number of existing landscape patterns, including those resulting from intentional planning and design (Jones
et al., 2013). Therefore, new spatial planning and design strategies for energy production are needed to involve the design
and management of landscape elements and structures through the strategic placement of managed land-uses (included
USSE) and natural system, in order to enhance across landscape the provision of services (e.g. water regulation, pollination,
reduced land erosion, soil formation) (Zurlini et al., 2013; Jones et al., 2013).

The preliminary results of this paper can be further developed, through researches based on the environmental impacts’
modelling of USSE construction, operation, and decommissioning phases, and others based on quantifying land–atmosphere
interactions in order to integrate effects of USSE infrastructure. Several studies have attempted to project the future land-
use impacts of USSE under specific renewable energy goals (e.g., Copeland et al., 2011) and our results may integrate these
projection models, to improve and better understand the land-use/land-cover change related to USSE.
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