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Abstract: Biomass, due to its neutrality in terms of greenhouse gas emissions into the atmosphere
during its life cycle, is considered an interesting renewable source for energy production as an
alternative to the use of more polluting fossil fuels. Among the different wood fuels, pellets are
convenient for use in dedicated stoves, and pellet heating systems have a high energy efficiency. The
aim of this work was to estimate the economic and global warming potential (GWP100a) generated
along the thermal energy supply chain of wood pellets, starting from the production of raw biomass
from dedicated poplar cultivations and ending with the use of pellets in stoves by the end-user to
produce thermal energy and ash. The Eco-Efficiency Indicator (EEI) was used to link the economic and
environmental performance for eight proposed scenarios, obtained by combining different levels of
mechanisation for poplar harvesting and wood biomass management before arrival at the pellet plant.
For the thermal energy produced by the poplar wood pellet, the GWP100a ranged from 1.5 × 10−2

to 2.1 × 10−2 kg CO2−eq MJ−1 for three-year-old plantations and from 1.9 × 10−2 to 2.4 × 10−2 kg
CO2−eq MJ−1, for six-year-old plantations. In terms of eco-efficiency of the baseline scenario (EEIb),
the most favourable scenarios remain those linked to the use of biomass from three-year-old poplar
plantations, with EEIb values ranging from 0.31 to 0.60 € kgCO2−eq−1, compared to from 0.29 to
0.36 € kgCO2−eq−1 for pellets obtained from biomass produced from six-year-old poplar plantations.
In terms of the Global Eco-Efficiency Indicator (EEIg), which also takes into account the positive
effect on the reduction of greenhouse gases due to the storage of carbon in the soil by the plantations
and the reduction of emissions from avoided fossil fuels, the most favourable scenarios remain those
linked to the use of biomass from three-year-old poplar plantations, with EEIg values that vary in
the range of 0.60 ÷ 1.04 € kgCO2−eq−1, compared to 0.55 ÷ 0.62 € kg CO2−eq−1 for thermal energy
obtained using biomass from six-year-old poplar plantations.

Keywords: life cycle assessment; life cycle cost; carbon footprint; biomass; thermal energy; poplar

1. Introduction

Over the past 30 years, human activities have continuously increased CO2 emissions
due to rising energy demands [1,2]. The increase in atmospheric CO2 and other greenhouse
gases due to the use of fossil fuels represents one of the main environmental concerns
today [3]. In this regard, the European Union (EU) has defined a new scenario for a more
sustainable future. As part of the European Green Deal, with the Fit For 55% package [4], it
has set a climate neutrality objective for the EU by 2050 and an intermediate climate objec-
tive of net emissions reduction of greenhouse gases by at least 55% by 2030. Furthermore,
the Renewable Energy Directive, RED III [5], has been definitively adopted. The Directive
redefines binding renewable energy targets for Member States and accelerates the transi-
tion towards cleaner energy sources. The main objective of the new European measure on
renewable energy, which modifies the previous Red II Directive [6], is to achieve, by 2030,
a percentage of energy coming from renewable sources equal to 42.5% (compared to the
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previous 32%) of the overall energy mix of the European Union. In the context of reducing
the concentration of greenhouse gases in the atmosphere, the use of woody biomass as
a resource for energy production becomes a key option due to the neutrality of its CO2
life cycle [2,7–9]. Remembering also that the use of renewable energy leads to a reduction
in energy costs determined by fossil fuels [10]. Despite being an important renewable
energy resource, whether derived from dedicated energy crops or not, it is widely recog-
nised that woody biomass is characterised by low energy density, high moisture content,
heterogeneous geographical distribution and high transport costs that limit its wider use
as an energy source [11–13]. These drawbacks can be overcome by applying a process of
densification, or rather pelletisation, to the source woody material, which optimises the use
of this solid biofuel as an energy feedstock [14–18], improving storage and facilitating the
logistics and supply of power plants and small individual boiler rooms [19–21].

As a result, wood pellets have become the preferred form of biomass for efficient
heating, so much so that in Europe, the growth of pellet production and consumption has
increased by about 20 percent in the last decade [3]. The global demand for pellets tripled
from 2012 to 2020, reaching approximately 50 million tonnes per year [22]. In 2022, pellet
production in the EU-27 was 20.6 million tonnes [23].

The pellet production process is an extrusion process that involves subjecting previ-
ously dried and refined biomass to high pressures and temperatures and compressing it
through holes of a few millimetres. The pellet, therefore, comes in a cylindrical form with
a diameter of 6–8 mm and an average length of 10–12 mm, which is easy to package and
use [24,25]. The starting woody material can be represented by residues from wood pro-
cessing (sawdust), by wood chips obtained from residues of treetops and forest branches,
or even materials derived from the use of dedicated energy systems (SRC) or by residues of
agroforestry pruning [9,18,26–29]. Naturally, the transition from raw wood material to pel-
lets involves a production process consisting of several steps that necessarily increases the
cost of the finished product. The economic viability of pellet production therefore depends
on the cost of the raw material, the type of machinery used in the transformation process,
the size of the plants, the pellet market conditions, and so on. However, when the densifica-
tion process of woody biomass is not fully optimised, pellets are unable to be competitive
with fossil fuel sources. This is precisely because the pelletising production process is rather
expensive, and although pellets are an energy product with added value, for all the reasons
mentioned above with respect to the woody raw material from which they are made, the
process itself can be unsustainable [17]. The environmental and economic sustainability of
pellet production and use have been analysed in several works. Some studies have focused
exclusively on the environmental impact of the pellet production stage [3,29–33]; others
have compared pellet production to that of traditional fossil fuels [17,34]. Some studies
have assessed the economic sustainability of pellet production [21,35–38], while others
have studied the economic and environmental sustainability of the whole process [39–41].
Finally, other authors have carried out economic and environmental analyses of transport
from production to consumption areas [35,42–44]. To the best of our knowledge, there
are no studies in the literature that have investigated the carbon footprint (CF) and the
economic sustainability of the entire wood pellet supply chain from dedicated plantations.

The present research is focused on the evaluation of the economic and environmental
sustainability of the pellet supply chain (from cradle to grave) from dedicated poplar
plantations in Italy. To this end, an Eco-Efficiency Indicator (EEI) was evaluated and
calculated as the ratio between the economic net value and the CO2 emissions released
along the pellet production chain. To estimate the cost of wood chips to be used in the
pellet production process, in the context of small-scale supply chains, the source of supply
of the raw material from which to subsequently produce pellets was represented from
wood chips of biomass of poplar plantations of different ages. The overall environmental
and economic analysis of the pellet production process was developed on two levels: the
first level concerned the analysis of the production processes that lead to the production of
wood chips, to be considered as a raw material for subsequent transformation into pellets,
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and the second level analysed the production processes and plants directly dedicated to
the production of pellets, starting from wood chips. The work considered eight scenarios
derived from the combination of two poplar production cycles (3 and 6 years), each of
which was collected by applying two different levels of mechanisation. For each of the
four scenarios derived from the combination of cycles and level of mechanisation, it was
considered to produce fresh or partially dry wood chips before delivering them to the
pelletising plant. These last two options involve different uses of the pelletising plant,
which significantly impacts the wood drying process before pelletising.

2. Materials and Methods
2.1. Goal and Scope

The analysis aims to evaluate the economic and environmental impacts and the Eco-
Efficiency Indicator (EEI) of utilising wood pellets for thermal energy production over the
entire lifecycle. The functional unit used for inventory analysis and impact assessment
is the generation of 1 MJ of thermal energy. All energy and mass flows in the inventory
are standardised to this functional unit. Figure 1 illustrates the overall system boundaries
for the scenarios examined in this research. It encompasses the production of wood chips
from Medium Rotation Coppice (MRC), storage, transportation to the pellet plant, pellet
production, transportation of pellets to the end-user, and combustion in a small domestic
boiler (10 kW). The analysis also accounts for the disposal of ash in landfills.
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Figure 1. Flow chart depicting the wood pellet supply chains under investigation. The dashed line
indicates the system boundary.

Scenarios Analysed

Eight scenarios were analysed in this study. These included four harvesting systems
(HS1, HS2, HS3, and HS4) combined with two options of fresh biomass (F) and dehydrated
biomass (D) delivered to the pellet mill inlet for both the 3- and 6-year cutting cycles
(Table 1).
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Table 1. Scenarios description.

Scenarios
Cutting
Cycle

(Years)
Harvesting Extraction of Wood Chips

or Whole Trees
Handling/
Loading of

Wood Chips
On-Farm Drying

Stage Chipping

3DHS1

3

Tree cutting performed
with a tractor (59 kW)
equipped with a disc

saw that cut and
arranged the plants on

the ground transversely
to the running direction

Extraction of the whole
trees carried out with a

tractor (75 kW) equipped
with a front grapple

(M.C. = 52%) [45]

-

Field-dried whole
trees to a

M.C. = 13.6% −
D.M. loss = 10%

[45,46]

Chipper powered by
tractor (177 kW);
forestry loader
equipped with

grapples (75 kW) to
load the chipper
(Biomass losses

3% [47])
3FHS1 No drying stage

(M.C. = 52%)

DHS2
Modified self-propelled forage harvester (350 kW)
equipped with a dedicated cutting head; 2 Tractors

(84 kW) with high-sided trailer for transporting wood
chips. The harvesting and chipping operations were
performed continuously with a single passage of the

machine in the field (Biomass losses 0.98%) [48]

Tractor
(74 kW) with

shovel

Wood chips dried in
piles to a

M.C. = 34.4% −
D.M. loss = 11.9%

(average value from
[49])

-

3FHS2 No drying stage
(M.C. = 52%)

6DHS3

6

Felling performed by an
operator with a
chainsaw (3 kW)

Extraction carried out by
two operators with a

tractor equipped with a
winch (70 kW)

(M.C. = 54%) [45]
-

Field-dried whole
trees to a

M.C. = 32% − D.M.
loss = 10% [45,46] Chipper powered by

tractor (177 kW);
forestry loader
equipped with

grapples (75 kW) to
load the chipper

(Biomass losses 3%)
[47]

6FHS3 No drying stage
(M.C. = 54%)

6DHS4
Felling and aligning

and/or stacking trees
curried out by an

operator and excavator
equipped with a forest

shear (69 kW)

Extraction of whole or
sectioned trees with a

skidder (90 kW) with rear
grapple and an operator

(M.C. = 54%) [45]

Field-dried whole
trees to a

M.C. = 32% − D.M.
loss = 10% [45,46]

6FHS4 No drying stage
(M.C. = 54%)

In relation to the different ages of the poplar plantations considered, corresponding
to 3- and 6-years old of the stand trees, and therefore, to all the different dendrometric
characteristics possessed by the plants at the time of cutting, it was necessary to consider
different levels of mechanisation to be used in harvesting, wood extraction, and chipping
operations. The different processing systems adopted with different levels of mechanisation
applied have also had different impacts on the environment and on the production costs
of wood chips. For the first harvesting system (HS1), referring to 3-year cutting cycles, it
was possible, at least with reference to the biomass increases found in the CREA-IT poplar
plantations, to use a lower level of mechanisation more compatible with the availability
of the farm fleet. This involved the use of a low-power tractor (59 kW) equipped at the
rear with a disc saw. This machine allowed whole plants to be cut and stacked transversely
in the direction of travel. Another tractor (80 kW) equipped with a front grapple then
collected the plants and transported them to the processing area. Here the plants were
chipped using a chipper powered by a tractor (177 kW). A forestry loader equipped with
grapples (75 kW) was used to load the chipper.

As the second harvesting system (HS2), a modified self-propelled forage harvester
(350 kW) equipped with a dedicated felling head was applied. In fact, the use of this
machine was possible when the diameter at the base of the plants did not reach 15–20 cm,
the maximum cutting limit beyond which the machine struggled to operate correctly [50].
During the works, to make the work site efficient, the harvester was supported by two
tractors (84 kW each) equipped with high-sided trailers for loading and transporting the
wood chips to the unloading site [51].

For the harvesting of the plantation in 6-year cycles, it was instead necessary to
resort to a more proper forestry mechanisation. In this case, two other harvesting systems
with different levels of mechanisation were applied. The first concerned a motor-manual
harvesting system (HS3), also suitable for the availability of machinery at the farm level.
An operator with a chainsaw was employed for the felling, two operators and a tractor with
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a winch were employed for the extraction of whole trees, while, to produce wood chips,
two operators were employed to operate a chipper and a loader. The other harvesting
system (HS4) involved the application of a higher level of mechanisation with the use of
an excavator equipped with forestry shears (69 kW) for felling, aligning, and/or stacking
trees. To extract the trees up to the processing area, where the chipping took place, as in the
case examined above, a skidder with grapple (85 kW) was used. Except for the HS2, for all
the others, the “Whole Tree System” (WTS) was applied, which involves felling trees and
stacking them on the fall bed, and then removing them whole using a tractor equipped with
a winch, a skidder with grapple or a forwarder with pliers [52]. The harvesting methods
that characterise the various scenarios were chosen based on experimental trials of poplar
plantation harvesting conducted at the CREA Research Institute in 2023.

2.2. Life Cycle Inventory (LCI)
2.2.1. Cultivation Stage of the Experimental Poplar Plantation

The analysis was developed based on the results of the biomass production of poplar
groves for energy use, carried out at the Centro di Ricerca Ingegneria e Trasformazioni
Agroalimentari of the CREA (Consiglio per la Ricerca in Agricoltura e l’Analisi dell’Economia
Agraria), located in Monterotondo (Rome), central Italy (42◦6′2.63′ ′ N; 12◦37′37.36′ ′ E). The
types of experimental plantations used to produce biomass were characterised by different
durations of the cutting cycles, i.e., 3 and 6 years out of a whole production period of 18
years. The planting originally had a density of 7140 plants per hectare, single row with a
planting distance of 2.8 m between rows and 0.5 m between cuttings [53,54]. The poplar
clones used were AF2 (Populus × canadensis Moench), AF6 (Populus nigra L. × Populus ×
generosa A. Henry) and Monviso (Populus × generosa A. Henry × Populus nigra L.) [55]. The
plantation was established in 2005 on a flat area of about 4.5 hectares. The area is located
near the alluvial valley of the Tiber River, which has produced alluvial deposits consisting
of fine sandy silt and fine sediments derived from erosion and reworking of the deposits
and soils of the slopes [56]. The classification of the soil was silty-clayey type with low
organic matter and phosphorus content [57].

The processes were evaluated over a standard year, during which each agricultural
stage received a frequency equal to the average occurrence over eighteen years. Each
operation was assessed based on primary data collected during the years of experimental
fields at the CREA institute (machinery requirements, fuel consumption, fertilisers, and
chemicals used). To fill in the gaps where data were not readily accessible, the Ecoinvent 3
dataset within the SimaPro 8.0.1 software (PRé Sustainability B.V., Utrecht, The Netherlands)
was used, which provided the necessary secondary data (cuttings production, emissions
from diesel engines, as well as heavy metal and atmospheric emissions from various
sources, such as tyre abrasion and fertiliser application). Emissions associated with the
utilisation of fertilisers and herbicides were determined by the scientific software EFE-So
(version 2.0.0.6; Fusi and Fusi), in accordance with the methodology proposed by [58].
The calculation of carbon dioxide emissions stemming from urea fertilisation followed the
method described in reference [59]. Furthermore, the assessment of herbicide emissions
into the atmosphere, surface water, and groundwater was conducted utilising the PestLCI
v.2.0 model (as described in reference [60]).

To plant the poplar groves, it was first necessary to proceed with the preparation of
the soil by deep ripping and superficial ploughing, fertilisation (basal application over the
entire field), and harrowing and mechanised planting of the poplar cuttings. Subsequently,
nitrogenous covering fertilisation and post-plant mechanical treatments were carried out
to contain weeds. The stumps were removed after 18 years of planting.

As regards the annual management of poplar plantations, in addition to the weeding
carried out annually, the most important and expensive operation was represented by the
harvesting and chipping of the biomass produced, performed with different mechanised
systems in relation to the cutting cycles adopted. Two reference scenarios were used for
the production cycles: (1) scenario with cutting every 3 years for 6 biomass harvesting
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cycles and (2) scenario with cutting every 6 years with 3 harvesting cycles in 18 years.
The economic and environmental analyses were conducted for both types of scenarios,
each assuming a constant average annual increase in biomass production per hectare
equal to about 10 Mg DM ha−1 year−1 or about 21.3 Mg ha−1 year−1 of fresh biomass.
This represents the average production observed over the years for the reference planta-
tions [53]. Figure 2 shows the production of fresh biomass considered in the economic and
environmental analyses relating to the two cutting cycles of the poplar plantations.
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Figure 2. Production of fresh biomass obtainable over 18 years from poplar plantations divided
according to the cutting cycle applied (every 3 and 6 years).

The agricultural activities planned in the 18-year crop cycle and the techno-economic
data considered are reported in Table S1 of the Supplementary Materials, according to
Sperandio et al. [61]. Furthermore, specific technical and economic data on the harvesting
operations stated in Table 1 are given in Tables S2 and S3 of the Supplementary Materials.

Research on carbon storage in poplar plantations has shown that the amount of carbon
stored varies depending on factors such as tree species, thinning regime, and management
patterns. Dewar and Cannell [62] found that poplar plantations on fertile land can store
carbon rapidly in the short term, while Meifang et al. [63] highlighted the influence of
clone type on carbon sequestration capacity. Fang et al. [64] further emphasised the
importance of planting density, with higher densities leading to greater biomass production
and carbon storage potential. Garten et al. [65] added that changes in plant traits and
nitrogen fertilisation can also impact soil carbon sequestration. These studies collectively
suggest that the carbon storage in poplar 3- and 6-year cut medium-rotation forestry
can be influenced by a range of factors, and further research is needed to determine
the specific amount stored in these scenarios. Garten et al. [65] also provided insights
into the predicted annual rate of soil carbon accrual at the end of the fourth rotation of
hybrid poplar: the authors observed significant heterogeneity in soil carbon sequestration
in poplar plantation, varying between 23 to 93 g C m−2 y−1, contingent upon fertiliser
application rates, aboveground biomass yield, and dead root decomposition dynamics.
In the present study, carbon sequestration was not considered in the baseline scenarios
and for the calculation of the eco-efficiency (EEIb), but the global Eco-Efficiency Indicator
(EEIg) was calculated also considering a conservative minimum soil carbon sequestration
as observed by Garten et al. [65], corresponding to 23 g C m−2 y−1 (84.3 g CO2−eq m−2

y−1), equivalent to −4.77 × 10−3 kg CO2−eq MJ−1 in order to assess the improvement in
eco-efficiency.

2.2.2. Chipping and Storage

Whole trees, once felled, can be left to dry in the field. Field drying was considered in
scenarios 3DHS1, 6DHS3, and 6DHS4. After a few months of drying, when the moisture
content of the whole tree wood had decreased (see Table 1 for biomass losses and moisture
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content considered in each scenario), the biomass was chipped and transported to the pellet
plant. For the 3FHS1, 6FHS3, and 6FHS4 scenarios, the chipping stage was considered
directly, so the whole trees were chipped directly and transported to the pellet plant. For
the 3DHS2 and 3FHS2 scenarios, a modified self-propelled forage harvester equipped
with a special cutting head and two tractors with high-side trailers for chip transport was
considered (Table S1). In the 3FHS2 scenario, the chipped fresh biomass was loaded into a
truck and transported directly to the pellet plant. For the 3DHS2 scenario, the biomass was
stored in piles on the farm for the initial drying process and, after a few months, loaded
onto a truck and transported to the pellet plant. Table S4 of the Supplementary Materials
provides technical and economic information regarding the chipping stage.

2.2.3. Transportation Stage

Transportation data were taken from the Ecoinvent v.2.0 database. The transport of
chips from the farm to the pellet plant was assumed to be 50 km, carried out by an average
fleet with a capacity of 10–28 Mg. The calculation was based on a round trip (full and
empty). Pellets in 15 kg plastic bags were assumed to be transported 10 km by van (<3.5 Mg
of load) to the end-user. Table S5 in the Supplementary Materials provides technical and
economic information on the transportation stage.

2.2.4. Pellet Production Stage

The production process that leads to the production of wood pellets, the so-called
pelletising, is a technique of densification of incoherent materials initially adopted by the
animal feed industry. Limited data concerning the conversion of wood biomass into pellets
are available in the existing literature, particularly with regard to individual processes [66].
Consequently, to address the lack of data, a collaboration was established with an Italian
pelleting facility to ascertain the mass and energy flows across various stages of the process.
The process consists of various stages: procurement of the raw material; evaluation and
analysis of the source material; drying, refining, conditioning, addition of additives, pel-
letising, cooling, screening, packaging and storage, transport, and use. The initial biomass,
therefore, before entering the production process, must be analysed and selected, since the
greater or lesser quality of the pellet depends on the quality of the raw material. The water
content, dimensions of the material, and presence of certain quantities of certain elements
that could create problems in the subsequent pellet combustion phase (silicon, chlorine,
magnesium) are very important. The wood species of origin of the material used is also
extremely important, as is the percentage of bark present, which can negatively affect the
quality of the final product [11,66–70].

However, the water content remains the most important element for which the drying
phase represents a fundamental aspect of the production process. The most suitable water
content to feed the pelletising process of the incoming material must be between 10% and
14% [71–74]. This drying process must be carried out in special dryers of various types and
functions (rotating drums and belts).

The original material must undergo refining with the elimination of non-woody
foreign materials that could hinder the production process and damage the machinery,
such as earthy residues, metal particles, small stones, and other elements. The process is
carried out inside a refiner with a knife mill, which leads to the production of materials
with a particle size suitable for the subsequent pelletisation process. If the qualitative
characteristics of this material are not considered suitable, it is necessary at this stage to mix
the material with permitted natural additives characterised by their binding capacity. Water
can be used, but lignin and starch can also be added in quantities not exceeding 2% by
weight, which manages to improve the quality of the finished product, especially in terms
of durability [71,72,75,76]. The pressing phase of the material in the pelletiser represents the
main operation in which the product undergoes a physical-mechanical transformation and
is transformed into pellets with their own shape, size, and density [71,72,77]. The diameter
of the holes in a metal grid into which the sawdust is pushed under pressure characterises
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the size of the pellets, which can vary from 3 to 25 mm in diameter, with lengths ranging
from 5 to 40 mm.

The bulk density can vary from 550 to 700 kg m−3 and is considered the main indicator
of the quality of the pellet, together with the particle size distribution of the pellet [68]. The
pellet density and shelf life are influenced by the physical and chemical properties of the
raw materials, temperature, and pressure applied during the pelleting process [78]. The
temperature of the outgoing pellets can vary from 70 ◦C to 90 ◦C due to the frictional heat
generated during the extrusion phase. Subsequently, to ensure hardening and further loss
of water, the product is cooled to 20 ◦C in a counterflow cooler. At the end of this phase,
the pellets can undergo the packaging process, subsequent storage, and transport to their
destination.

The cost of the pelletising process was calculated, taking into consideration a pelletis-
ing plant with a production capacity suitable for small-scale energy supply chains. The
costs of the input raw material (chips) refer to the results obtained in reference to the eight
scenarios reported in Table 1; the plant is considered to have a constant production capacity
of 500 kg h−1 for a total annual pellet production of 3840 Mg y−1. The main elements
considered for the economic analysis of the pelletising process, divided into single-process
phases, are reported in Table S6 of the Supplementary Materials. The values of each param-
eter for the different operational phases contribute to determining the operating costs of the
final production indicated. Regarding the costs incurred in the plants, some elaborations
were carried out on what was found in the bibliography [79,80], which showed a reduction
in the cost per product unit of the pellet as the size and production yields of the plant.
Outlined in Table S6 of the Supplementary Materials are distinct sections of the facility,
along with the corresponding technical and economic information.

2.2.5. Combustion and Ash Disposal

The final aspect under consideration involves the management of ashes, with an
assumed ash content of 2.78% (±0.09%) and 1.82% (±0.23%), equating to 1.96 Mg and
1.27 Mg of ashes per functional unit for 3-year and 6-year cut cycle respectively [46].
These ashes were not considered as by-products suitable for use as potassium fertiliser,
as suggested by Fantozzi and Buratti [81], but as a more realistic approach that considers
ashes disposed of in landfills after domestic use of the pellets by the end-user. The electrical
power required for the water circulation pump and the screw pellet extractor was estimated
at 93 W, equating to a consumption of 0.0012 kWh per MJ. The biogenic CO2 emitted by
burning pellets in the home boiler was not included in the analysis. According to the
Ecoinvent v.2.0 database, to produce 1 MJ of heat from diesel, 0.0886 kg CO2−eq MJ−1

is generated. The thermal energy from the pellets reflects a certain amount of fossil fuel
avoided, and the corresponding amount of CO2−eq is not emitted. This was calculated as
the difference between the CO2−eq emitted by the diesel supply chain and that emitted
by the pellet supply chain per MJ of thermal energy produced. This difference in CO2−eq
(avoided emissions) was used to calculate the global eco-efficiency (EEIg) of the eight pellet
supply chains.

2.3. Environmental Life Cycle Impact Assessment Method

A life cycle assessment (LCA) was conducted to evaluate the environmental impact
of producing heat from poplar wood pellets from resource extraction to waste disposal
using a cradle-to-grave approach. The assessment evaluated a CF of 1 MJ of thermal energy
generated by a pellet stove at the end-user level. SimaPro 8 software (Prè Consultant,
Amersfoort, The Netherlands) was used to convert greenhouse gas emissions into CO2
equivalents (CO2−eq) using 100-year global warming potential coefficients (GWP100a
v1.02).
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2.4. Economic Assessment Method

The economic analysis of the entire pellet production chain, starting from the produc-
tion of biomass from dedicated poplar groves, requires considering the entire production
cycle of the biomass and its transformation first into wood chips and then into pellets. For
this reason, this study considered all the costs and impacts derived from the planting of
poplar, from the cultivation over the years, from the harvesting, from the transformation
into wood chips, from the transport to pelletising plants, and finally, from the transport of
the pellets to the end-users. The economic analysis aimed at calculating the costs per hour
and per hectare of all operations conducted on the poplar plantation (planting, hourly man-
agement, biomass harvesting, and production of wood chips) was carried out by applying
an analytical methodology [82]. The overall hourly operating costs of the machines and
equipment used in the different scenarios proposed were calculated and divided into fixed
costs (depreciation, taxes, insurance, and general expenses) and variable costs (maintenance
and repairs, energy consumption). In addition to these costs, the costs necessary for the
workers employed were considered. The economic analysis was based on the Life Cycle
Cost (LCC) methodology, which uses the Net Present Value (NPV) calculation technique.
LCC is a method that provides an economic analysis of operations and production pro-
cesses within a product or service supply chain. This approach is linked to the ISO 14040
standard considered for LCA, and the same system boundaries described for the latter
were considered. The discount and interest rates applied were 0.0356 and 0.05, respectively,
according to official indications for the year 2023 in Italy [83].

The formula used to calculate the NPV was as follows (1):

NPV =
n

∑
i=1

(Ri − Ci)

(1 + r)i + I0 (1)

where NPV is the Net Present Value (in €) of the whole supply chain calculated for a period
of n years; r is the discount rate; Ri and Ci are the revenues and costs, respectively, referring
to the ith year; and I0 is the value of the initial investment for the purchase and installation
of the pellet plant, including dryer, refiner, pelletiser, and cooler-packager.

To determine Ri, the annual value of pellet production was considered, taking into
account the average market price of pellets for the year 2023. The average market price of
category A1 pellets for 2023 was equal to 6.19 € per 15 kg bag. Since the quality of poplar
wood pellets considered in the study is a category A2, as reported by [46], the average
market price considered in the analysis was 20% lower than the A1 price and equal to 4.95 €
per 15 kg bag, or 333 € Mg−1.

The Ci, however, was obtained from the sum of all the annual costs relating to the
management of the poplar plantations and all the annual management costs relating to the
pelletising plant. For these cost items, all expenses relating to the operation of the machinery
and the necessary labour were considered, i.e., the costs of depreciation of agricultural
machinery, repairs and maintenance, fuel and electricity consumption, lubricants, taxes,
and overheads. The annual costs relating to the loading and transport of wood chips from
the poplar groves to the pellet plant and the loading and transport of pellets in 15 kg bags
from the production plant to the end-users were added to the previous costs.

The annual equivalent value (AEV), expressed in € year−1, was obtained from the
NPV using the following Formula (2):

AEV = NPV × (1 + r)n × r
[(1 + r) n − 1

] (2)

2.5. Economic and Environmental Indicators

The analysis of the efficiency of the entire pellet production chain was carried out by
jointly applying the LCA and the LCC methods. The analysis focused on the calculation of
three main indicators of efficiency:
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- Value Added per unit of Product (VAP), expressed in € kg−1 of pellet;
- Value Added per unit of Energy produced (VAE), expressed in € MJ−1;
- Eco-Efficiency Indicator (EEIb) of the baseline scenario production chains, expressed

in € kgCO2−eq−1.

The VAP was obtained by applying the following Formula (3):

VAP =
AEV

P
(3)

where:
AEV is the annual equivalent value (in € year−1); P is the annual pellet production (in

kg year−1).
The VAE was calculated by applying the following Formula (4):

VAE =
AEV

E
(4)

where:
AEV is the annual equivalent value (in € year−1); E is the amount of pellet energy

obtained by multiplying P × LHV, where LHV is the Low Heating Value (in MJ kg−1).
The evaluation of the EEIb in this study was based on a methodology that relates

the results relating to economic efficiency with those relating to the environmental im-
pact [36,84]. Reference is made to the thermal energy produced by the poplar wood pellet
supply chain, starting from the production of the raw material (biomass) obtained from the
planting and management of dedicated poplar plantations over a period of 18 years. To
calculate the EEIb, the following formula was applied (5):

EEIb =
VAE
GWP

(5)

where:
EEIb is the Eco-Efficiency Indicator of the whole production chain expressed in €

kgCO2−eq−1; VAE is expressed in € MJ−1; GWP is the value of the environmental impact of
the whole production chain per MJ of thermal energy produced, expressed in kg CO2−eq
MJ−1.

In order to evaluate the positive effects exerted by the reduction of CO2 emissions
into the atmosphere due to both the storage of carbon in the soil during the life cycle of
poplars and to the emissions avoided in terms of fossil fuels, for each scenario, a global Eco-
Efficiency Indicator (EEIg) was calculated separately by using the following Formula (6).

EEIg = EEIp + EEIa (6)

where:
EEIg is the global Eco-Efficiency Indicator of the whole production chain expressed in

€ kgCO2−eq−1; EEIp is the Eco-Efficiency Indicator obtained by Formula (5) of the baseline
scenarios; EEIa is the additional Eco-Efficiency Indicator due to the positive environmental
effects mentioned above. The EEIa was obtained using the following Formula (7):

EEIa =

∣∣∣∣ SCV
GWP

+
AFV
GWP

∣∣∣∣ (7)

SCV = SOCs × p (8)

AFV = (GWD − GWP)× p (9)

where:

SCV = Soil Carbon Value (€ MJ−1);
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SOCs = Sequestered soil organic carbon into the soil due to the rotation forestry
cultivation as CO2-eq per MJ of thermal energy produced by poplar wood pellets
(23 g C m−2 y−1 [65], equivalent to −4.77 × 10−3 kg CO2-eq MJ−1);
AFV = Avoided fossil fuel (diesel) value (€ MJ−1);
GWD = GWP100a of diesel supply chain (kgCO2-eq MJ−1);
GWP = GWP100a of heat produced by wood pellets from the poplar cultivation
supply chain (baseline scenario—kgCO2-eq MJ−1);
p = market price of CO2 assessed based on the European Union Emissions Trading
Scheme (EU ETS), which is a system for exchanging greenhouse gas emission quotas
aimed at reducing emissions in the most energy-intensive sectors in the European
Union. In the third quarter of 2023, this market price was 84.2 € MgCO2-eq−1 [85].

3. Results and Discussion

The study presents a comparative analysis of economic evaluation (€ MJ−1) and
greenhouse gas emissions (GWP100a) (kg CO2−eq MJ−1) of thermal energy produced by
poplar wood pellet supply chain across eight scenarios. Each scenario represents a unique
combination of the four harvesting systems and wood biomass management.

3.1. Life Cycle Impact Assessment

This study demonstrated that the 3DHS1 scenario exhibited the most sustainable
outcomes, with a GWP100a of 15 gCO2-eq MJ−1. The 6FHS4 scenario, with a 37% increase
in emissions compared to 3DHS1, is more impactful in terms of global warming potential
(Table 2). Furthermore, scenarios that included a pre-drying process resulted in a substantial
reduction in emissions. Specifically, it was observed that field pre-drying in the 6-year
cutting cycles resulted in a 17% reduction in emissions and in the 3-year cutting cycle carried
out by forage harvesters (3DHS2 and 3FHS2) by 18%, within the same harvesting system.
A 28% reduction in emissions was observed only for disk saw-cutting systems, where trees
were cut and dried in the field (3DHS1). Indeed, as evidenced by Civitarese et al. [45], trials
of natural field drying of 3-year-old whole poplar plants revealed a significant reduction in
moisture content from 53% to 13.6% over a six-month period. These data were utilised in
the calculation of the 3DHS1 scenario, thereby eliminating the need for an artificial drying
process at the pelletising plant stage. This resulted in a reduction in energy consumption at
the pelletising plant, with a corresponding reduction in CO2 emissions of 48% compared
to the pelletising plant stage of the 3FHS1 scenario. The “baseline” results obtained in the
present study are less than what was observed by Kabir and Kumar [86] in their cradle-to-
grid evaluation of pellets produced from whole trees (84 gCO2 MJ−1), while pellets from
forest residues resulted in an emission of 68 gCO2 MJ−1. In a cradle-to-gate study of the
pellet supply chain from wood chips, found values ranging from 18 to 41 gCO2 MJ−1.

Table 2. CF of thermal energy generated by poplar wood pellets in stoves at the end-user (Baseline
scenario, kg CO2−eq MJ−1).

Wood Pellet Phases 3DHS1 3FHS1 3DHS2 3FHS2 6DHS3 6FHS3 6DHS4 6FHS4

Cultivation stage 3.53 × 10−3 3.43 × 10−3 4.28 × 10−3 3.89 × 10−3 5.16 × 10−3 4.82 × 10−3 5.76 × 10−3 5.39 × 10−3

Chipping phase at the landing
site 1.81 × 10−3 1.75 × 10−3 0.00 × 10 0.00 × 10 2.4 × 10−3 1.74 × 10−3 2.4 × 10−3 1.74 × 10−3

Woodchip storage and
handling at the farm stage 0.00 × 10 0.00 × 10 8.52 × 10−4 1.09 × 10−3 0.00 × 10 0.00 × 10 0.00 × 10+00 0.00 × 10+00

Woodchip transport to the
pellet plant 1.2 × 10−3 1.74 × 10−3 1.32 × 10−3 1.75 × 10−3 1.26 × 10−3 1.72 × 10−3 1.25 × 10−3 1.72 × 10−3

Pellet production stage 5.81 × 10−3 1.11 × 10−2 7.77 × 10−3 1.11 × 10−2 8.4 × 10−3 1.21 × 10−2 8.06 × 10−3 1.21 × 10−2

Wood pellets transport to the
end-user 2.00 × 10−3 2.00 × 10−3 2.00 × 10−3 2.00 × 10−3 1.98 × 10−3 1.98 × 10−3 1.98 × 10−3 1.98 × 10−3

Pellet boiler management 8.36 × 10−4 8.41 × 10−4 7.81 × 10−4 8.41 × 10−4 8.20 × 10−4 8.20 × 10−4 8.07 × 10−4 8.07 × 10−4

Heat—domestic pellet stove
(Total) 1.50 × 10−2 2.09 × 10−2 1.70 × 10−2 2.07 × 10−2 1.93 × 10−2 2.32 × 10−2 1.99 × 10−2 2.37 × 10−2

At the cultivation stage, the CF of the different scenarios varied due to the differing
environmental impacts of the harvesting methods and drying treatments (Figure 3). The
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emissions per MJ of energy produced were slightly different for the same harvesting system
scenarios. This aspect is related to the functional unit considered and the flow of biomass
in the different phases. The quantity of biomass harvested from the field to produce one
megajoule (MJ) of thermal energy from wood pellets varies according to the harvesting
and storage logistics employed, which influences the moisture content and biomass losses
along the supply chain. During the field stage, the drying biomass has a greater impact.
However, if the system boundary is extended from the cradle to the grave, the energy
saved during the natural drying process produces an important emission reduction in the
following supply chain stages.
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In six-year-old poplar plantations, the extraction of woody biomass (Figure 3, “Wood
as whole trees transported to the landing site”) represents significant energy consumption
and CO2 emissions compared to the extraction of wood from three-year-old plantations.
In fact, wood extraction from the field to the land site for systems S3 and S4 generated
an average emission of 1.77 × 10−3 kg CO2−eq MJ−1 and 1.19 × 10−3 kg CO2−eq MJ−1,
respectively. The harvesting system (Figure 3, “harvesting”) used in the S4 scenarios emits
an average of 1.33 × 10−3 kg CO2−eq per MJ of thermal energy produced, making it the
most unsustainable option in terms of CO2 emissions.

The chipping stage generated a slightly higher impact when fresh biomass was chipped
compared to drier biomass. However, all scenarios showed a reversal of trends in the
impacts associated with the transport of fresh and dry wood chips, as well as the pellet
production stage. As expected, the environmental cost associated with transporting biomass
with a high moisture content is more relevant.

In scenarios 3DHS2 and 3FHS2, the three-year-old trees were collected using a forage
harvester with a specific header for short rotation forestry. This harvester unloads fresh
wood chips directly into wagons pulled by tractors (two) during a no-stop harvest. When
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biomass is placed in piles for drying (3DHS2), the formation of these piles with tractors
equipped with shovels involves a certain amount of work and fuel consumption. The
storage of wood chips in piles at farms involves some drying (from 52% to 34.4%) and some
loss of dry matter (11.9%), which generally results in less harm to the environment than the
direct transport of fresh wood chips with tractors and trailers that take them directly from
the field to the pelleting plant (3FHS2).

The transportation of fresh biomass to the pelletising plant and the subsequent con-
version of biomass into pellets require a greater input of energy, particularly during the
drying phase. This is particularly evident in the 3DHS1 scenario, where the natural drying
of whole trees in the field reduces the wood moisture content from 52% to 13.6% without
the need for artificial drying in the pelletising plant. Consequently, the 3DHS1 scenario is
more sustainable in terms of its impact on climate change.

The pellet production stage showed significant differences in GWP across scenarios,
particularly between those involving different levels of drying. However, these differences
were somewhat offset by variations in the total heat output.

Overall, the results highlight the trade-offs involved in the different wood pellet
production scenarios. While certain harvesting methods and drying treatments can reduce
greenhouse gas emissions, they may also result in variations in the total heat output. These
findings provide valuable insights into the development of sustainable and efficient wood
pellet production systems.

3.2. Economic Assessment

The overall results relating to the costs per Mg of pellet produced divided by the
individual phases of the entire pellet production chain are shown in Figure 4. This total
cost varies from a minimum of 175 € Mg−1 for the 3DHS1 scenario to a maximum value
of 263 € Mg−1 for the 6FHS3 scenario, with an average cost of 226 € Mg−1. The difference
is attributable to the significant variation in costs found for biomass harvesting between
the 3-year cutting cycles (lower costs) compared to the 6-year ones and the humidity
conditions of the biomass before the pelletisation process. The above-described process
of transforming raw biomass into pellets in the dedicated plant was the most expensive,
representing an average of 46.5% of the total costs, corresponding to 104.89 € Mg−1. The
second most expensive process was the harvesting of biomass from poplar plantations,
which on average required a cost of 45.81 € Mg−1, corresponding to 20.3% of the total.
With reference to each scenario and the type of biomass treatment, the high technology
used in the harvesting of poplar biomass generally resulted in lower costs compared to
harvesting conducted with a lower level of mechanisation. The cost of biomass harvesting
in the 3FHS2 scenario (19.80 € Mg−1) was 45.5% lower than the cost of harvesting in the
3FHS1 scenario (36.31 € Mg−1), as well as the 3DHS2 scenario (21.42 € Mg−1) was 30.8%
lower than the 3DHS1 scenario (30.98 € Mg−1). Over 6-year cycles, the cost of harvesting
in the 6FHS4 mechanised scenario (59.39 € Mg−1) was 16.4% lower than 6FHS3 (71.02 €
Mg−1), while 6DHS4 (57.33 € Mg−1) was 18.4% lower than 6DHS3 (70.25 € Mg−1). The
third cost item was represented by the transport of wood chips from the plantations to the
pellet plant and pellets from the plant to the end-user. On average, this cost amounted to
29.89 € Mg−1, which is 13.3% of the total. The other cost items were represented by the
investment (9.6%) and management (9.3%) of poplar plantations, which together reached
42.63 € Mg−1 (18.9%). Finally, the initial investment costs of the pellet plant were equal to
2.33 € Mg−1 (1.0%). However, if we consider the impact of the aggregate costs relating to
the production of raw biomass, these represent, on average, 88.44 € Mg−1, approximately
39.2% of the total cost.
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Figure 4. Costs per Mg of pellet produced divided by the individual phases of the entire pellet
production chain in relation to the scenarios considered.

With regard to the costs associated exclusively with the production of pellets in the
dedicated plant, Figure 5 highlights the costs of each work phase for each scenario under
consideration. A notable discrepancy was observed in the 3DHS1 scenario in comparison
with all other scenarios, as it exhibited a reduction in overall costs of approximately 30.2%.
(76 € Mg−1 compared to approximately 109 € Mg−1 for the other scenarios). This was
determined by the fact that, in the first case, the incoming biomass, already having a low
moisture content, did not need to be dried but was directly refined. Considering the average
costs of all scenarios, the greatest impact was due to the specific pelletising phase, which
covered on average 33.4% of the costs, followed by the drying process (27.8%), refining
(20.6%) and cooling and packaging processes (18.2%).
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Our results are similar or higher than those confirmed in works published by other
authors. Pergola et al. [36], for example, report costs from 172 € Mg−1 to 113 € Mg−1 in
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relation respectively to two scenarios examined, the first of which with conditions more
like those reported in this work. In other Italian conditions, Monarca et al. [87] report pellet
production costs of 191 € Mg−1, while Sikkema et al. [88] compare costs in Sweden, Italy,
and the Netherlands, which vary between 110 and 170 € Mg−1. In both previous cases,
however, the lower costs compared to those presented in this work are largely justified
by the different conditions examined and the market prices of materials, machinery, and
labour in the considered historical period, which are significantly lower than the current
ones.

Examining the proposed economic efficiency indicators (Figure 6), the best results
were still obtained with reference to the 3DHS1 scenario, with indicator values equal to
0.159 and 0.0090 for VAP and VAE, respectively. The worst results are instead attributable
to the 6DHS3 scenario with values VAP and VAE of 0.099 and 0.0055, respectively.
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as the primary source of raw biomass.

In general, the values of the indicators confirm that the scenarios referring to three-
year cycles are more competitive than those referring to six-year cycles of poplar groves.
The biomass harvesting phases, together with transport, are the two factors that most
negatively influence the results, with costs being, on average, increasingly higher for the
6-year scenarios compared to the 3-year ones. The higher values of the economic indicators
detected for the scenarios referring to the production of non-dehydrated biomass, contrary
to what one might expect, are mainly due to the greater incidence of costs per kg of pellet
produced. The 3DHS1 and 3FHS1 scenarios are an exception, where the highest values of
the indices are found for the first scenario due to the lower costs recorded. In this particular
case, in fact, the higher value of the indicators is mainly due to the high dehydration of the
biomass at the entrance of the pellet plant, which allowed the drying phase to be skipped.

3.3. Eco-Efficiency of Thermal Energy from Pellet Supply Chain

The EEIb of thermal energy production from poplar SRC pellets in the baseline scenario
was calculated by considering only the negative externality emissions of the process.
Figure 7 shows that the EEIb of the three-year cutting scenario is less impactful when
compared to that obtained from plantations with cuts made every six years. Within the
same cutting system, it can be seen that natural pre-drying in the field increases the
economic-environmental performance of the supply chain, although this trend and the
difference between “dry” and “fresh” scenarios seem to decrease in the case of plantations
with cuts every six years. In fact, although the thermal energy production costs and GHG
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emissions are lower in the six-year “Dry” scenarios (6DHS3 and 6DHS4) than in the six-year
“Fresh” scenarios (6FHS3 and 6FHS4), the EEIb results between 6DH and 6FH are not that
different. This can be explained by the fact that even if the natural drying of whole trees in
the field results in lower drying costs for the pelleting plant, it implies higher dry matter
losses and, consequently, lower yields and revenues. It is important to emphasise that
these results may change over time as weather conditions and drying times vary. Thus, the
eco-efficiency values obtained should obviously be contextualised on a case-by-case basis,
as different production realities and climates may yield different results.
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Taking into account the positive externalities generated by the CO2 avoided by not
using fossil fuels to produce 1 MJ of thermal energy and the potential carbon stored in
the soil over the 18 years that the poplar plant has been in operation, the results of the
climate change impacts and the EEI of the thermal energy from the pellet supply chain
change significantly. Bidini et al. (2006) found that the environmental impact of heat from
SRF pellet combustion is significantly lower than that of methane combustion [89]. This
suggests that the use of SRF pellets for thermal energy in household stoves could lead to a
reduction in GHG emissions, as highlighted in some studies [90,91]. Sperandio et al. (2021)
found out that the transition from a diesel boiler to a biomass-fuelled biennial poplar wood
chip allows a 77% reduction in greenhouse gas emissions [61]. However, as far as we know,
there are no readily available studies that provide specific information on the eco-efficiency
of thermal energy from poplar SRF wood pellets in domestic stoves instead of fossil fuels.
In Table 3 are shown the values of the variables that contribute to the determination of the
EEIg, while in Figure 7 the values of Eco-Efficiencies (“baseline”, “added” and “global”)
are graphically represented. The EEIg of the thermal energy generated from poplar pellets
burned in the end-users’ stoves, including avoided fossil fuels and agroforestry carbon
sequestration, is significantly higher than the EEIb obtained in the baseline scenario.
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Table 3. Monetary value of CO2-eq saved or sequestered through fossil fuel avoidance (AFV) and
agroforestry carbon sequestration (SCV) for the thermal energy from the pellet supply chain in
relation to the scenarios considered.

Scenario Cutting
Cycle

GWP
(Baseline Scenarios)
(kg CO2-eq MJ−1)

SOCs
(kg CO2-eq

MJ−1)

GWD
(kg CO2-eq

MJ−1)

SCV
(€ MJ−1)

AFV
(€ MJ−1)

3DHS1 3 1.50 × 10−2 −4.77 × 10−3 −8.86 × 10−2 4.2 × 10−4 6.20 × 10−3

3FHS1 3 2.09 × 10−2 −4.77 × 10−3 −8.86 × 10−2 4.2 × 10−4 5.70 × 10−3

3DHS2 3 1.70 × 10−2 −4.77 × 10−3 −8.86 × 10−2 4.2 × 10−4 6.3 × 10−3

3FHS2 3 2.07 × 10−2 −4.77 × 10−3 −8.86 × 10−2 4.2 × 10−4 5.72 × 10−3

6DHS3 6 1.93 × 10−2 −4.77 × 10−3 −8.86 × 10−2 4.2 × 10−4 5.83 × 10−3

6FHS3 6 2.32 × 10−2 −4.77 × 10−3 −8.86 × 10−2 4.2 × 10−4 5.51 × 10−3

6DHS4 6 1.99 × 10−2 −4.77 × 10−3 −8.86 × 10−2 4.2 × 10−4 5.78 × 10−3

6FHS4 6 2.37 × 10−2 −4.77 × 10−3 −8.86 × 10−2 4.2 × 10−4 5.46 × 10−3

The positive impact of avoiding fossil fuels for heating and of the carbon stored in the
soil by trees in the 18 hypothesised years led to an improvement in the Eco-Efficiency of the
entire production process, compared to the baseline scenarios, varying from a minimum
of 73% for the 3DHS1 scenario (1.04 vs. 0.60) up to a maximum of 113% for the 6DHS3
scenario (0.61 vs. 0.29).

3.4. Sensitivity Analysis

A sensitivity analysis of the global Eco-Efficiency Indicator (EEIg) was conducted,
assuming a change in the price of pellets and a change in the length of the wood chip
transport route to the processing plant. Figure 8 shows the analysis results in the form of a
matrix graph.
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The colour gradient from deep blue to bright red indicates an increase in indicator
value. The lowest values are concentrated in the scenarios referring to 6-year cycles. Even
for the variation in the transport path, a result similar to the previous one is confirmed,
even if the colour gradient is arranged in the opposite way since the increase in the path
acts in a worsening way. The minimum values are concentrated in the scenarios referring
to 6-year cycles, with the lowest value (0.22) recorded for the 6FHS3 scenario when the
price of pellets drops by 30% compared to the reference price. The maximum positive value
of 1.41 was obtained from the 3DHS1 scenario when the price of pellets increased by 30%.
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If the length of the route increases by 80% (90 km) compared to the one considered (50
km), the EEIg value is reduced by 6–10% for the three-year scenarios, while it is reduced by
8–12% for the six-year scenarios. If, however, the transport route is reduced by 80% (only
10 km), the indicator increases by 11–13% for the three-year scenarios and by 10–16% for
the six-year scenarios, respectively.

3.5. Future Technological Advancements in Wood Pellet Production for Improved Economic and
Environmental Sustainability

Potential technological advances in wood pellet production are expected to focus
on improving efficiency, sustainability, and product quality in the future. Therefore, it
can be reasonably assumed that the role of artificial intelligence (AI) will also play an
important role in this sector through the implementation of fully automated production
lines, with real-time monitoring and adjustment of the production process to achieve
optimal efficiency, ensuring consistent quality, and identifying inefficiencies. The use
of artificial intelligence-based systems will also be able to predict equipment failures
before they occur, thereby reducing downtime and maintenance costs. Other aspects may
involve the implementation of dynamic pricing models driven by AI to better respond
to fluctuations in market supply and demand. These models use big data and machine
learning to analyse historical prices, production costs, and market trends to optimise prices
for maximum profit. Furthermore, these systems facilitate the efficient management of
inventory, preventing the accumulation of excesses or deficiencies. Additionally, they
enable the implementation of tailored pricing strategies for distinct customer segments. By
promptly responding to market fluctuations and competitive pricing, these models enhance
competitiveness and operational efficiency. The integration of predictive analytics could
potentially enhance resource utilisation, ultimately leading to increased profitability and
overall sustainability.

4. Conclusions

In this study, the entire thermal energy from the poplar wood pellet supply chain was
analysed, from the production of raw biomass from dedicated poplar plantations to the
thermal energy produced by the end-user. The analysis jointly covered the environmental
and economic aspects through the LCA and LCC methodologies, respectively. Eight
different study scenarios were defined in relation to the type of mechanised harvesting
applied to the plantations and the type of post-harvest partial dehydration treatment
applied to the raw biomass. Three supply chain efficiency indicators were used to perform
a comparative evaluation of the eight scenarios. The Eco-Efficiency Indicator (EEI) was used
to assess the added value generated for each kg of CO2 emitted. The results demonstrated
that the thermal energy production chain benefited from the use of pellet biomass derived
from poplar plants that were harvested every three years using a low-level mechanisation
harvesting system, with a pre-treatment of partial natural dehydration of the plants in the
field (scenario 3DHS1). This scenario allows the eco-efficiency of the baseline production
system to be increased by 110% compared to the worst scenario, represented by biomass
coming from cuts carried out every six years with a low mechanisation harvesting system
(scenario 6DHS3). Also, considering the environmental benefits attributable to the life
cycle of poplar plantations in terms of storage capacity of organic carbon in the soil and
avoidance of the use of equivalent energy quantities of fossil fuels for heating, the global
eco-efficiency increases by 73–113%. The outcomes are substantially influenced by the
characteristics of the biomass and its moisture content. Although GWP100a is an important
environmental indicator of climate change, it alone is a limitation of this study. To assess
the environmental impact of supply chains, future studies should focus on evaluating other
environmental indicators that highlight the damage caused by pellet thermal energy supply
chains to human health, biodiversity, and resource use.
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Glossary

3DHS1 3 = years cutting cycle; D = pre-dried biomass; HS1 = Harvesting system 1 (tractor
equipped with a disc saw + tractor with front grapple)

3FHS1 3 = years cutting cycle; F = fresh biomass; HS1 = Harvesting system 1 (tractor
equipped with a disc saw + tractor with front grapple)

3DHS2 3 = years cutting cycle; D = pre-dried biomass; HS2 = Harvesting system 2
(self-propelled forage harvester + two tractors with trailers)

3FHS2 3 = years cutting cycle; F = fresh biomass; HS2 = Harvesting system 2 (self-propelled
forage harvester + two tractors with trailers)

6DHS3 6 = years cutting cycle; D = pre-dried biomass; HS3 = Harvesting system 3 (chainsaw +
tractor with winch)

6FHS3 6 = years cutting cycle; F = fresh biomass; HS3 = Harvesting system 3 (chainsaw +
tractor with winch)

6DHS4 6 = years cutting cycle; D = pre-dried biomass; HS4 = Harvesting system 4 (excavator
equipped with a forest shear + skidder with rear grapple)

6FHS4 6 = years cutting cycle; F = fresh biomass; HS4 = Harvesting system 4 (excavator
equipped with a forest shear + skidder with rear grapple)

AEV Annual Equivalent Value
AFV Avoided fossil fuel (diesel) value
EEI Eco-Efficiency Indicator
EEIa Additional Eco-Efficiency Indicator
EEIb Basic Eco-Efficiency Indicator
EEIg Global Eco-Efficiency Indicator
GWP100a Global Warming Potential over a 100-year period
GWP GWP100a of heat produced by wood pellet from poplar cultivation supply chain
IPCC Intergovernmental Panel on Climate Change
LCA Life Cycle Assessment
LCC Life Cycle Cost
MRC Medium Rotation Coppice
NPV Net Present Value
SCV Soil Carbon Value
SOCs Sequestered soil organic carbon into the soil by the rotation forestry cultivation

(CO2-eq)
VAP Value Added per unit of Product
VAE Value Added per unit of Energy produced
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