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Abstract: In accordance with European objectives, the Basilicata region intends to promote the use
of energy systems and heat generators powered by lignocellulosic biomass, so the present study
aimed to investigate the availability of logging residues and most suitable areas for the construction
of bioenergy production plants. The life cycle assessment (LCA) methodology was employed to
conduct an environmental impact assessment of the biomass distribution and its transport, and spatial
LCA was used to evaluate the impact of regional transport. One cubic meter kilometer (m3 km−1)
was used as the functional unit and a small lorry was considered for the transport. The results
showed that the available harvesting residues amounted to 36,000 m3 and their loading environmental
impact accounted for 349 mPt m−3. The impacts of transport (4.01 mPt m−3) ranged from 3.4 to
144,400 mPt km−1 forest parcel−1, mainly affecting human health (95%) and, second, the ecosystem
quality (5%). Three possible sites for bioenergy plant location were identified considering the
environmental impact distribution due to feedstock transport. Findings from this research show the
importance of considering the LCA of biomass acquisition in site selection and can fill the knowledge
gaps in the available literature about spatial LCA.

Keywords: bioenergy; life cycle assessment; geographic information system (GIS); harvesting residues

1. Introduction

Harvesting residues are the biomass left on fields after wood harvesting (tops, branches, and little
non-marketable trunks) [1]. On average, 10% to 15% of this biomass is left on site as forest residues
following harvesting operations [2] because it is expensive to harvest and transport and there are few
markets for this wood material. Occasionally, some of the larger logging wood is removed as firewood
for domestic consumption [3].

At the same time, the use of wood biomass is believed to be an important component of renewable
energies, particularly for producing thermal energy or joint thermal and electrical energy with a view to
creating smart energy cities. Bailey et al. [4], Perez-Verdin et al. [5], and Moon et al. [6] argued that the
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use of wood biomass residues to produce energy or fuel can encourage the rise of regional economies
and the creation of new employment opportunities. In the last decade, there has been increased
awareness in using this residual biomass as a raw material for renewable energy as a response to the
standards for renewable fuels and energy markets [7]. This is because the production of forest biomass
energy has the potential to reduce carbon emissions when replacing fossil fuels, although several
authors have reported contrasting evidence [8]; retrieve waste that would otherwise be disposed of
in landfills or be incinerated; create jobs (especially in rural areas); and supply local and sustainable
energy for communities, reducing their dependence on the international fuel market, as affirmed by
Shabani et al. [9], Saidur et al. [10], and Ahtikoski et al. [11]. However, these residues are often not fully
utilized due to the lack of demand within the immediate vicinity of the processing plant. Furthermore,
transporting residues to an area with high demand is considered uneconomical [12], and significant
costs are associated with the supply of forest residues from the forest. Transport also constitutes one of
the major sources of air pollution, in particular, due to emissions of sulfur dioxide (SO2), nitrogen oxides
(NOx), volatile non-methane organic compounds (NMVOC), primary particulate matter (PM 2.5),
and carbon monoxide (CO). The latter are produced during fuel combustion, but other non-exhaust
emissions of particulates, are produced during road and rail transport due to the abrasion of brakes,
wheels, etc. [13]. Thus, the inclusion of some collection sites is out of the question due to long distances,
harsh topographic conditions, or ecological restrictions. In any case, it is advised that 30% of the
harvesting wood residues are left in place in order to restore the fertility of the forest soil [14–17].

When analyzing the whole life cycle of the product, Law and Harmon [18] and Schulze et al. [19]
highlighted the fact that some aspects of production could worsen rather than contribute to mitigating
climate change such as long-distance lumber transport. Farkavcova et al. [20] stated that in Europe,
transport represents 22% of the total emissions, and that these emissions are constantly increasing.
In addition, urban transport is responsible for around 25% of the CO2 emissions produced by all
transport [21]. Referring to the forestry sector, cradle-to-grave life cycle assessment (LCA) studies
have shown that transport significantly contributes to the overall results by representing 60%–70%
of the overall environmental impact [20,22]. In this regard, LCA is very useful, since it is a useful
tool for evaluating all environmental impacts linked with a product, process, or activity as well as
the consumption and emissions of resources [23]. LCA is constantly evolving, and its application to
bioenergy systems has been a key factor for the development of the process in the last few years. In the
literature, bioenergy production chains have been evaluated from an environmental and energy point
of view by several authors [24–30]. Particular attention has been paid to saving greenhouse gas (GHG)
emissions and energy balances for the production of liquid biofuels [31]. Some reviews have considered
electricity, while only one study has included heat in addition to generating electricity [24]. Referring
to transportation systems, an LCA study includes the identification of direct, indirect, and supply
chain emissions affecting the system. In particular, direct emissions refer to energy consumption
and emissions associated with vehicle movement, namely, air emissions (CO2, CO, SOx, NOx, PM,
etc.) from diesel combustion. In LCA transport, fuel use and the related produced emissions are
called direct emissions because they are associated with the direct objective of the system to ease
the movement of residues. Indirect processes are those that must exist for the direct process to exist,
in this case, vehicles, infrastructure, and energy production services; vehicle production; infrastructure
construction, management, and maintenance; and fuel and electricity production. Additionally, these
indirect processes depend on a supply chain to produce materials, services, and other activities,
probably far from where the vehicle acts [32]. Similarly, the direct energy input represents the energy
effectively used to sustain a process (fuel and oil consumption of machineries, and energy consumption
of humans during the work), while the indirect energy input stands for the energy stored in the
materials used in the process (the energy value for the production of machinery and tools) [33,34].

Wood biomass residues are geographically allocated, with alterations in space–time availability.
Therefore, energy and environmental evaluation requires a decision support system for efficient
planning [35,36]. To plan a biomass facility, a preliminary and precise database including the
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distribution of residues and the seasonal variation (peak period and decreased availability period) is
essential. Logistics such as the harvesting, storage, and transport of residues are spatially interconnected
and require accurate planning. A geographic information system (GIS) is an important territorial
decision-making tool that allows for a precise evaluation of distributed resources for renewable
energy [37–39]. The joint use of LCA and GIS, also known as spatial LCA [35], can be useful for
estimating the biomass potential in a region, and enhancing the results of environmental impact
assessment by counting spatial variations and considering power plant design.

According to the European commitment of the last few years, which is aimed at solving
the international economic and environmental problems linked to the climate and energy supply,
the Basilicata region has highlighted the importance of the agricultural and forestry sector in the
development and diffusion of renewable agro-energy sources [40]. The regional commitment aims
at strengthening the financial instruments to support research and experimentation as well as the
involvement of interested companies in implementing pilot projects in the regional territory. In 2012,
the potential supply of forest wood biomass for bioenergy production in the Basilicata region was
estimated to be around 500,000 tons per year [41]. Of this quantity, the same authors identified a
mean annual production of about 22,000 tons of residual biomass of forestry origin and an average
annual production of about 400,000 tons of residual biomass of agricultural origin as well as an
average annual unitary production of dry biomass from dedicated crops, consisting of approximately
60,000 tons on private fields and approximately 57,000 tons on public fields [41]. Thus, the regional
administration has assigned a strategic role to the energy sector to relaunch the territories with the aim
of creating new and qualified job opportunities and environmentally friendly development [40]. Hence,
the present research is part of the “Smart Basilicata Research and Development” project. This project
aims to develop innovative techniques for the management of wood biomass including their use for
energy purposes. The aim of the present research was the selection of co- and trigeneration plant
construction sites and the optimal residual forest woody material collection areas in the regional
territory after first investigating the availability and amount of harvesting residues through an analysis
of forest management plans (FMPs) still in force. GIS was used as a decision-making spatial tool
for the accurate assessment of spatially logging residues for lignocellulosic bioenergy production.
Additionally, the LCA methodology was employed for an environmental impact assessment of the
biomass load and transport and spatial LCA was used to investigate the distribution of the impact on
the regional territory.

2. Materials and Methods

2.1. Case Study Description

The study was performed in the Basilicata region, one of the most forested areas in southern Italy
(356,426 hectares) in which the forest sector is governed by Regional Law No. 42 of the 30th November
1998 “Rules on Forestry” [42]. The objective of forest management planning in this region is to apply
sustainable forest management guidelines, which are carried out through FMPs. In the present study,
only wood biomass produced directly from forest plans was taken into consideration (i.e., the logging
residues estimated as percentages of forest utilization), according to the guidelines developed by the
Basilicata region for the reduction of FMPs [42].

Considering the forestry sector and despite the benefits of forest management, in the Basilicata
region, as in other Mediterranean areas and South-East Europe, the seasonality in the demand for
wood products such as firewood, the substantial investments required to purchase woodland lots
by forest companies, and the high cost of transactions due to the slowness of the administrative and
authorization procedures, has resulted in an excessive bureaucracy [43,44], which significantly reduces
the gross operating margins of companies. All this does not incentivize the purchase and consequent
management of woods, especially in terms of public ownership. This leads to the abandonment of
forests and sometimes to the degradation phenomena that affects the capacity of forest ecosystems [45].
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Therefore, in Basilicata, there are currently 83 FMPs, 35 of which are still in force. Consequently,
the study was performed in these latter municipalities (Figure 1).
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Figure 1. Study area: municipalities of the Basilicata region in which forest management plans (FMPs)
are still in force.

2.2. The Life Cycle Assessment (LCA) Approach

The present study was designed to investigate the optimization of biomass supply distances
in order to designate suitable sites for the implementation of cogeneration or trigeneration plants
powered by biomass in the Basilicata region. An LCA analysis was performed according to the ISO
14040/44 (2006) [23,46].

The objective of the present analysis was to address the movement of the harvesting residues,
by road, from the production forest parcels in the regional territory. Therefore, the system boundaries
include the environmental impacts during all phases of the transport (transport operation and
infrastructure), from raw material extraction to their use and, finally, disposal. Moreover, through the
LCA methodology, all important emissions were quantified as well as their related environmental and
health impacts and the issue of the resource consumption combined with transport.

In order to estimate the environmental impact of transport services and correlate transport datasets
with other product life cycles, environmental loads are determined using the functional unit of one
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cubic meter kilometer (m3 km−1). A cubic meter kilometer is defined as the transport of a cubic meter
of harvesting waste from a given transport service over a kilometer [47].

Data on the available harvesting residues and their distribution in the regional territory were
gathered from an analysis of the 35 FMPs still in force. In particular, these residues were estimated as
percentages of forest utilization, according to the guidelines developed by the Basilicata region for the
redaction of FMPs. These percentages reflect the share of residues in the mean annual cut, as indicated
by Cozzi et al. [48]. In order to ensure sustainable harvesting levels (max 60% of the annual increment
for high forest and 90% for coppice forest), the percentage of forest utilization was between 5% and 50%
of the total wood mass in the examined FMPs, and the relative percentage of residues available ranged
from 9% to 20%. Data related to harvesting residues (tops, branches, and little non-marketable trunks
usually left on sites) and load (forestry machines used, duration of the operation and fuel consumed)
were taken from information reported in Pergola et al. [49], while data on the transportation were
extrapolated from SimaPro’s Life Cycle Inventory (LCI) databases and, in particular, from databases of
scientific relevance and accuracy such as Ecoinvent 3 [50]. Since one of the objectives of this research
was to investigate the regional distribution of the environmental impacts of the transport of woody
residues, the item “Small lorry transport, Euro 0, 1, 2, 3, 4 mix, 7.5 ton total weight, 3.3 ton max payload
RER S” was employed, whose emissions calculation was obtained from the literature [51] based on
measurements [52].

Environmental assessment was performed using the SimaPro 8.0.4.30 (copyright PRé Consultants
bv 2014) software by means of the LCA Eco-indicator 99 endpoint method, in which “environment”
was defined as being affected by three types of damage [53]:

(1) Human health, which encompasses the number and duration of illnesses and years of life lost
because of early death from environmental impacts. These latter comprise global warming,
ozone layer reduction, carcinogenic and respiratory effects, etc. The measurement unit is the
disability-adjusted life year (DALY);

(2) Ecosystem quality, which encompasses the effect on animal and plant biodiversity, particularly
related to issues linked to acidification, ecotoxicity, and land use including the reduction of
agricultural resources such as sand and gravel. Its indicator unit is the potentially disappeared
fraction (PDF) of species for a given area and for a precise period (PDF m−2 year−1); and

(3) Resources, which include the excess energy needed in the future to extract lower-quality mineral
and fossil resources. Its indicator unit is the surplus of MJ.

In addition, the impact assessment was performed following the endpoint approach, which
expresses the total environmental impact in a single score using the point (Pt) or millipoint (mPt) as
the standard unit [53].

2.3. The Geographic Information System (GIS) Analysis

The ability to analyze the environment and understand all the factors that characterize it is a
prerequisite for carrying out a study on a territory’s suitability, and the main tools are often represented
by the GIS. The latter is itself a system of tools designed to acquire, extract, archive, manipulate,
analyze, manage, visualize, and present all types of geographically referenced data, which are data
from the real world [54].

In particular, geo-referenced data of the total harvesting residues load and transport impacts
were imported into a project in the GIS software package, together with maps of the main road
network, main electricity grid, borders of the Basilicata region and municipalities, and main protected
areas, which were freely available through the RSDI Basilicata portal (http://rsdi.regione.basilicata.it/
web/guest/mappe-in-linea). The residential areas were taken from the digitalized map (1:25,000) of
the Istituto Geografico Militare (IGM). To compute the spatial distribution of the transport impact,
we multiplied the harvesting residues transport impacts per distance from the parcel, where buffers were
generated using the buffer tool with distances of 1, 5, and 10 km. We highlighted that longer distances

http://rsdi.regione.basilicata.it/web/guest/mappe-in-linea
http://rsdi.regione.basilicata.it/web/guest/mappe-in-linea
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from the parcels do not maximize the cost-effectiveness of the residual transport. Finally, layers were
then arranged to produce the final maps using ArcMap® 10.4.1 software by Esri (Copyright© Esri).
A detailed workflow of the processes is provided in the Supplementary Materials (Figure S1).

3. Results and Discussion

3.1. Harvesting Residue Availability

Table 1 reports the results for each municipality of the analysis of 35 FMPs, referring to the
availability of harvesting residues for bioenergy production (expressed in m3) and environmental
impacts (expressed in mPt) relative to harvesting residues loading and harvesting transport
per kilometer.

Table 1. Harvesting residues available for bioenergy production and environmental impacts per
studied municipality.

AREA Municipalities
Harvesting Residues

Available for Bioenergy
Impacts of Harvesting

Residues Loading
Impacts of Harvesting

Residues Transport

(m3) (mPt) (mPt km−1)

NORTH

Atella 368 128,250 1475
Balvano 787 274,482 3157

Baragiano 126 43,795 504
Castelgrande 233 81,105 933

Melfi 746 260,138 2992
Muro Lucano 1132 394,702 4540

Rapone 2317 807,670 9291
Rionero 231 80,602 927

Ruoti 1584 552,146 6351
Satriano di Lucania 253 88,271 1015
Savoia di Lucania 89 31,113 358

Total North 7867 2,742,273 31,545

CENTER

Abriola 4430 1,544,438 17,766
Brienza 2618 912,635 10,498

Grumento Nova 623 217,092 2497
Marsico Nuovo 1948 678,995 7811

Paterno 738 257,324 2960
Accettura 1560 543,811 6256

Brindisi di Montagna 224 78,074 898
CorletoPerticara 2439 850,363 9782

Garaguso 234 81,503 938
Laurenzana 2246 782,865 9005

Oliveto Lucano 689 240,222 2763
San Chirico Nuovo 94 32,834 378

Tolve 508 176,939 2035
Total Center 18,351 6,397,095 73,587

SOUTH

Castel Saraceno 544 189,744 2183
Cersosimo 311 108,491 1248

Chiaromonte 135 47,223 543
Colobraro 256 89,372 1028

Lauria 151 52,474 604
Rotondella 46 15,993 184

San Giorgio Lucano 873 304,436 3502
San Paolo Albanese 1270 442,786 5093

Sant’Arcangelo 49 17,057 196
Terranova di Pollino 1875 653,603 7518

Viggianello 4287 1,494,381 17,190
Total South 9798 3,415,561 39,290

TOTAL 36,015 12,554,929 144,421

Referring to the availability of harvesting residues, the analysis of the 35 FMPs showed that they
amounted to about 36,000 m3, and the Basilicata region could be split into three areas: the largest
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supply basin was located in the central part (about 18,300 m3), followed by the south (about 7900 m3),
and then the north (about 9798 m3). Harvesting residues per forestry parcel ranged from 0.85 to 668 m3.

In line with the “Smart Basilicata Research and Development” project, investigating the availability
and quantity of residual forest woody materials is useful for understanding the feasibility of
cogeneration or trigeneration plants powered by biomass, which could be used to produce thermal
and electrical energy to create district energy systems. The latter is a growing phenomenon in many
cities around the world [55] and, as stated in Perea-Moreno et al. [56], the introduction of such schemes
into urban networks has important benefits such as the availability of an open energy supply grid,
greater use of renewable energy sources, less reliance on imported resources and fossil fuels, greater
leverage over energy supply, and the development of energy supply [57].

At the same time, harvesting residues are widespread in the regional territory, as shown in
Figure 2, so there is a need to transport and concentrate them in specific areas for subsequent
bioenergetic purposes.Energies 2020, 13, x FOR PEER REVIEW 8 of 17 
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3.2. Loading Impacts

Harvesting residues load impacts were, on average, equal to 349 mPt m−3 and ranged from about
300 to 233,000 mPt forest parcel−1. The main impacts concern human health (284 mPt m−3), followed by
resource depletion (59 mPt m−3), and ecosystem quality (6 mPt m−3). Human health damage (in total,
equal to 0.173 DALY) was mainly due to the fuel consumed in the various loading operations and the
impact categories most responsible for this damage were climate change (75%) and radiation (24%).
Resource depletion (in total, equal to 7344 MJ surplus) was essentially affected by the materials and
processes necessary for the construction of forest machines. Referring to ecosystem quality (in total,
equal to 10,090 PDFm−2year−1), the most important impact categories were air acidification and water
eutrophication, representing 73% of this damage (Table 2).

Table 2. Characterization of the total harvesting residues load impacts.

Impact Categories Unit Total Diesel Forest Machinery

Carcinogens DALY 1.2 × 10−3 1.8 × 10−4 1.0 ×10−3

Respiratory organics DALY 5.3 × 10−4 4.3 × 10−4 1.1 × 10−4

Respiratory inorganics DALY 1.3 ×10−1 1.1 × 10−1 2.2 × 10−2

Climate change DALY 4.2 ×10−2 3.4 × 10−2 7.3 ×10−3

Radiation DALY 1.8 ×10−5 1.5 × 10−5 3.3 × 10−6

Ozone layer DALY 1.1 ×10−5 9.6 × 10−6 1.6 × 10−6

Ecotoxicity PDFm−2 year−1 4.5 × 103 1.2 × 103 3.4 × 103

Acidification/Eutrophication PDFm−2 year−1 1.2 × 104 1.2 × 104 5.7 × 102

Land use PDFm−2 year−1
−2.8 × 103

−7.0 × 102
−2.1 × 103

Minerals MJ surplus 7.3 × 103 2.8 × 102 7.1 × 103

Many of the analyzed forest parcels fell in protected areas and in particular, in two national
parks (Appennino Lucano-Val d’Agri-Lagonegrese and Pollino National Parks), in two regional parks
(Gallipoli Cognato Piccole Dolomiti Lucane and Vulture), and in several Natura 2000 Network sites
(Figure 2), so the load operations should be performed with caution to ensure their conservation for
present and future generations [51]. In particular, these areas of relevant naturalistic and ecological
value are subjected to a specific rule of protection and management to preserve animal and plant species;
safeguard anthropological, historical values, and agro-forestry–pastoral and traditional activities;
promote education, training, and scientific research activities; defend and replenish the hydraulic
and hydro-geological balance; and promote the enhancement and testing of compatible production
activities [58].

3.3. Transport Impacts

LCA analysis showed that the transport of 1 m3 of harvesting residues caused environmental
damage equal to 4.01 mPt km−1, which, in total, for the whole regional territory, corresponded to
144,421 mPt km−1 (Table 1). Needless to say, the greatest impacts were recorded in the municipalities
with the greatest amount of residues to transport and, therefore, in the middle area (73,587 mPt m−3)
(Table 1). Similar to loading, the greatest impacts were on human health (3.81 mPt m−3 km−1), but in
this case, were followed by ecosystem quality (0.195 mPt m−3 km−1).

Human health was mainly affected by climate change (59%) and respiratory inorganics (39%);
in particular, the latter refers to “winter” smog caused by inorganic substance emissions. At the
same time, eutrophication/acidification was the impact category with the greatest negative effects on
the quality of the environment, representing 97% of the total impact of ecosystem quality (Table 3).
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Table 3. Total transport damage characterization per impact categories.

Impact Categories Unit Values per KM

Carcinogens DALY 1.8 × 10−5

Respiratory organics DALY 2.8 × 10−6

Respiratory inorganics DALY 4.5 × 10−4

Climate change DALY 6.9 × 10−4

Radiation DALY 5.9 × 10−8

Ozone layer DALY 5.5 × 10−9

Ecotoxicity PDFm−2year−1 5.6 × 10−0

Acidification/Eutrophication PDFm−2 year−1 1.6 × 102

Land use PDFm−2 year−1 0.0 × 100

Minerals MJ surplus 2.5 × 10−1

Farkavcova et al. [20] stated that transport from the forest to the production site caused significant
environmental impacts and, more precisely, mainly caused the consumption of fuel fossil resources,
the abiotic depletion of the non-fossil resources, and the potential reduction of the ozone layer.
In addition, the environmental impacts of transport are particularly due to the consumption or partial
combustion of non-renewable fossil fuels as well as trace elements in fuel and tire abrasion. According to
Handler et al. [59] and Sonne [60], the transport of biofuels or raw materials for bioenergy is potentially
the major source of environmental impacts in the total supply chain. All of this was confirmed by
Murphy et al. [22], and in accordance with these observations, several studies have reported that
forest biomass transport accounts for most of the energy consumption and environmental impacts in
forest biomass systems [61–63]. The results of these studies have shown that the transport of biomass
significantly contributes to both the energy demand and GHG emissions, representing 70%–78% of the
overall energy needs and 68%–75% of GHG emissions.

Other comparisons of this research and the results of other LCA studies were not possible since
they only focused on the global warming potential (GWP) or energy demand, and therefore did not
provide a complete picture; Farkavcova et al. [20] rightly advised that the whole set of indicators should
be considered. Moreover, as stated by Murphy et al. [22], comparisons of results are complicated by
discrepancies in system boundaries, geographic areas, and the employed characterization methods.
According to Heinimann [64], LCA studies neglecting embodied burdens of road infrastructure and
forest machines, called “truncated LCAs”, always result in an underestimation of environmental
impacts or an overestimation of environmental performance, respectively.

3.4. The Territorial Distribution of Impacts

Harvesting residues were widespread in the regional territory and, consequently, their loading and
transportation for bioenergy production also had widespread impacts. Figure 3 shows the distribution
of the total environmental impact for each forest parcel when transporting residues within 10 km from
the source. Since there were many forest parcels (327), for a better representation of the environmental
impacts, the calculation was simplified and considered the calculation of the impacts for 1, 5, and 10 km,
and not for each kilometer, to best represent the environmental impacts at a territorial level. Red areas
represent areas with the greatest environmental impacts, given by the sum of the various “impact rays”
calculated for each forest plot. Therefore, the total impact ranged from a minimum of 3.41 mPt to a
maximum of about 276,000 mPt (Figure 3).
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To our best knowledge, this paper is one of the few studies that wish to represent transport
environmental impacts territorially, in order to understand how they are distributed when more
displacements are involved. In conducting a complete environmental analysis, the present study
considered a set of indicators, rather than a single category (e.g., GWP). Other LCA studies of the
biomass supply chain [20,22,24] have referred to the movement of lumber from the forest to a bioenergy
plant, while the present study, through additionally considering environmental impacts, tried to give
indications for the regional administration on which areas may be the most suitable locations for a
bioenergy production plant (i.e., without compromising the environment and human health).

Indeed, one of the objectives of the “Smart Basilicata Research and Development” project is the
development of cogeneration or trigeneration plants powered by lignocellulosic biomass in the regional
territory. As stated by Zubaryeva et al. [65], the site should be readily reachable by transport, close to
service points, and achievable for the best planning of energy transport lines. In addition, the plant
should be established at an acceptable distance from residential areas, natural reserves, and protected
areas to diminish the potential negative impacts of plant operation and waste disposal [35].

According to Hiloidhari et al. [35], the site selection of a biomass power plant based on GIS can be
carried out through two methods: (i) suitability analysis and (ii) optimization analysis. The former
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allows users to recognize the most appropriate site for a power plant among many candidate sites
based on user-defined constraints and support criteria. On the other hand, the best analysis accounts
for the relationship between biomass and power plants to determine the optimization locations of
power facilities with minimal transport and distribution costs [66].

In the present study, we tried to select the most suitable sites considering the map of the
impacts; the proximity to the main road and electricity networks as well as residential areas; and the
presence/absence of protected areas. Therefore, as reported in Figure 4, three possible sites were
identified (one for each area of the Basilicata region):

(1) North Area near Muro Lucano municipality, since it is one of the northern municipalities with the
most harvesting residues, has low impacts due to the transport, is not located in a protected area,
and is well-served in terms of main roads and the electricity network;

(2) Central Area near Marsico Nuovo municipality, given that it is outside the different protected
areas that characterize this area of Basilicata, does not have very high transport-related impact
levels, and is well-served in terms of roads and the electricity network; and

(3) South Area near Viggianello, one of the municipalities with the highest amount of forest residues
(4300 m3), obviously outside the Pollino National Park.
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The optimization of biomass power plant location may be carried out through the modeling of
the location–allocation or the modeling of the supply area including or not including the impacts,
but, as stated by Cozzi et al. [48], regardless of the applied method, the selection of an appropriate
biomass center should take into account several aspects (energy, environmental, and economic) to be
in line with the three pillars of sustainability (economic viability, environmental protection, and social
equity). From a landscape perspective, it would be effective to place the plant in urbanized areas with
similar structures, in order to avoid areas typified by agricultural and forestry aspects, keeping in
mind the costs for the transport of biomass, since lower costs are obtained in areas close to the biomass
processing plant [48]. Furthermore, it must be considered that the studied forest particles mainly fall in
protected areas, which are rural though heavily frequented areas, where the concentration of emissions
during traffic congestion could enhance by 100 times [21], further damaging human health and the
quality of ecosystems.

4. Conclusions

The present study aimed to identify suitable sites for locating cogeneration/trigeneration plants
powered by lignocellulosic biomass in the Basilicata region based on GIS–LCA information, after
investigating the quantity of harvesting residues and environmental impacts of their loading and
transport. This research allows us to take further steps forward in our knowledge about spatial LCA
with regard to bioenergy production. Indeed, traditional LCAs are inadequate to identify the spatial
dimensions of environmental impacts, however, this becomes feasible when they are carried out
applying a GIS framework. In this study, we first assessed the environmental impacts per kilometer
(4.01 mPt m−3), and then built a map of cumulative impacts over a radius of 10 km for the different
analyzed forest parcels, in order to identify areas with major and minor impacts. In this way, we were
able to identify three areas to locate biomass plants after considering the main road network, electricity
network, proximity to residential areas, and excluding protected areas. The present study represents
a replicable example of how it is important to consider the environmental impact distribution of
feedstock transport and not only those of bioenergy facility construction in the site selection of a
biomass power plant.

Finally, we emphasize these essential aspects: only biomass residues from locally performed forest
harvesting operations, or wood residues from local saw milling activities should be used for bioenergy
production, and each project for bioenergy production should be preceded by a careful assessment of
the potential impact of biomass removal on soil fertility and forest ecosystem biodiversity.
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Figure S1: Workflow of the processes for the GIS analysis.
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