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Abstract: The EU is one of the largest producers and consumers of wood pellets in the world, covering
around 36% of the global wood pellet production and around 50% of the global consumption in
2018. The EU wood pellet consumption is expected to further increase in response to the ambitious
energy and climate goals for 2030. Currently, wood pellets are mainly produced from sawdust and
other sawmill residues; however, other types of forest feedstock are being investigated in order to
meet the increasing wood pellet demand and move toward greater energy independence. The aim
of this study is to evaluate and compare the environmental impact of different wood pellet supply
chains. A comparative cradle-to-grave life cycle assessment is performed considering the following
wood feedstock systems: (i) sawdust from sawmill (S1), (ii) roundwood logs (S2), (iii) whole trees
from forest thinning operation (S3), and (iv) logging residues produced during forest tree harvesting
(54). The study focuses on Global Warming Potential (GWP), Ozone Depletion Potential (ODP),
Photochemical Ozone Creation Potential (POCP), and Human Toxicity Potential (HTP). Results show
that S3 displays the lowest figures on all the environmental impact categories considered in this study.
Compared to the reference case S1, S3 shows a GWP reduction of 46%, an ODP reduction of 6.6%,
a POCP reduction of 14.8%, and HTP reduction of 13.2%. S3 and S4 have lower GWP than S1 and
S2, even when the biogenic CO, emissions are considered. Overall, the life cycle phases that have
the highest GWDP, POCP, and HTP are the burning phase and the preparation of the material to be
pelletized, particularly the drying process. Nevertheless, the main phases that contribute to the ODP
are the forest operations and the pellet preparation.

Keywords: biomass sources; wood pellets; bioenergy; forest wood feedstock; life cycle assessment;
emissions; environmental impacts

1. Introduction

Atthe EU level, the bioenergy sector plays a driving role in achieving the new ambitious energy and
climate goals for 2030, which impose a reduction of greenhouse gas (GHG) emissions of at least 40% [1]
and a renewable energy target of at least 32% of the total energy consumption [2]. Currently, bioenergy
represents 64% of the total renewable energy resources, with the current consumption standing at
5.6EJyr~! [3]. According to the Renewable Energy Directive (RED), 42% of the total renewable energy
is expected to be obtained from biomass, including electricity, heating, and cooling [4].

Among different types of biomass, wood represents the main source, accounting for more than
60% of the whole EU domestic biomass supplied for energy purposes, providing an equivalent of
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82Mtoe [5]. In the last decade, wood pellets have become an important energy carrier, reaching a
global production of more than 55 million tonnes in 2018 [6]. Currently, the EU is one of the largest
producers and consumers of wood pellets in the world. In the period 2013-2018, the production of
pellets in the EU increased by almost 41%, reaching 20.1 million tonnes in 2018, equal to around 36% of
the global production. In the same year, the EU was responsible for around 50% of the world’s wood
pellet consumption, with 27 million tonnes consumed especially for heat production [6]. The demand
for wood pellets exceeds the domestic EU production, and this additional demand is met by importing
pellets, especially from the United States [6].

The increasing interest in wood pellets may be due to their peculiar characteristics. Compared to
other traditional wood fuels (such as firewood or woodchips), wood pellets present higher energy
density and more stable characteristics [7]. Pelletization provides consistent quality, low moisture
content, high energy content, and homogenous shape and size that facilitate the logistics of this
biomass [8], which is often traded for long distances.

Pellet production in Europe relies on the so-called secondary feedstock, which includes sawmill
residues and other residues from the wood industry, whereas primary feedstock, such as roundwood
and forest operation residues, accounts only for around 12% [6,9]. The need to find alternative solutions
for supply sources has fostered investments in research in this field [10].

A number of studies are looking into pathways for the efficient collection and processing of this
residual woody biomass into marketable forms of bio-energy products [11-14]. Alternative forest
biomass sources for wood pellets include the removal of a portion of logging residues generated during
the harvesting of timberlands for conventional forest products (harvest slash) and the removal of excess
biomass from thinning operations. Using these alternative forest raw materials as pellet feedstocks
could also help reduce the risks and losses from wildfires and improve forest health [15-17].

When considering new pathways for the sustainable collection, processing and use of residual
woody biomass for pellet production, it is important to understand the environmental impacts along
the life cycle, as compared to the traditional pellet supply chain. The life cycle assessment (LCA)
methodology is internationally recognized as a valuable tool for the evaluation of the environmental
burdens associated with bioenergy production, by identifying energy and materials used, as well as
waste and emissions released into the environment [18,19]. The LCA approach is increasingly adopted
by legislative documents, including the Renewable Energy Directive [4], and it is also required in
several certification schemes (i.e., Environmental Product Declaration, Carbon Footprint, etc.).

Indeed, in the last few years, several LCA studies have focused on the evaluation of the
environmental impacts of pellet manufacturing [12,20-27]. Other studies focused on the assessment of
greenhouse gas emissions of pellet production [28-30]. One of the most remarkable results of all these
studies is that significant reductions in GHG emissions are obtained when wood pellets are used to
replace fossil fuels. Some authors have pointed out the effect of the cascading utilization of various
wood resources, showing the environmental and economic advantages of extending the service life of
wood resources [31].

Nonetheless, in all these studies, the feedstock used to produce pellets was either roundwood
logs coming from silvicultural activities or wood residues from industries, mainly sawdust, shavings,
and chips from sawmill operations. Only a few studies addressing the environmental impacts of
wood pellets from other forest feedstocks were found in the literature. For example, Roder et al. [32]
examined the combustion of wood pellets to generate electricity from both sawmill residues and
forest residues. In particular, the forest residues considered in this study mainly included whole trees
from thinning operations (80%) and, in small part, residues, such as tops, branches, and bark (20%).
In a study conducted by Giuntoli et al. [14], logging residues from forest operations were converted
into different wood fuels (woodchips and wood pellets) and used in different combustion technologies.

The same study underlined the importance of including biogenic carbon to correctly estimate
the GHG emissions of a forest-based system [14]. The carbon neutrality concept, embraced by the
current EU bioenergy policy, implies that the total amount of carbon dioxide adsorbed during the
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growing life of a plant is then re-emitted with combustion [18,33-38]. Nevertheless, several studies
argue that the share of biogenic carbon involved along the whole life cycle of the biofuel should not
be ignored and that a dynamic approach should be used to evaluate the global warming effects of
carbon sequestration and biogenic emissions [14,39—-44]. Moreover, the origin of woody biomass used
in pellet manufacturing plays a fundamental role in its quality certification [45,46]. In fact, a certified
high-quality biofuel guarantees low harmful emissions during its combustion and therefore a lower
environmental impact.

In this context, more research is needed to establish the environmental consequences of upgrading
these wood forest resources to help meet the increased demand of quality certified wood pellets
and foster local silvicultural and wood economies. The aim of the present work was to evaluate
the environmental profile of different pellet supply chains, from raw material acquisition to final
energy production, from a cradle-to-grave perspective, performing a LCA analysis. Four different
pellet supply chains were considered, based on different raw materials: roundwood logs, whole trees
after forest thinning operations, logging residues, and sawdust and wood residues from the lumber
processing industry.

2. Materials and Methods

The scope of this study was the assessment and comparison of the environmental performance of
four alternative supply chains for pellet production, described in detail in the following Section 2.1,
using the LCA methodology. The LCA was performed according to the ISO 14040 and ISO 14044
standards [47,48]. As shown in Figure 1, the system boundary considered for the purpose of this
investigation started in the forest, with the tree felling, and ended up at the energy production plant,
in a cradle-to-grave perspective. The functional unit was 1 MJ of thermal energy produced by burning
wood pellets delivered to the final user.

The GaBi software was used to model the systems and to set up the environmental balances.
GaBi is developed by Sphera Solution GmbH and it is one of the most used LCA modeling programs [49].
The software contains the most updated industry data and other commercial databases and regional
content such as Ecoinvent and U.S. LCIL. The environmental impacts of the pellet supply chains were
calculated using the CML 2001-Apr. 2013 method, developed by the Institute of Environmental
Sciences (CML) of Leiden University (The Netherlands) [50]. CML 2001 is an impact assessment
method which restricts quantitative modeling to early stages in the cause—effect chain, grouping results
into midpoint categories.

This study focused on key environmental impact categories in bioenergy LCA, namely local
and global air pollution and impact on human health. Four impact categories were considered:
Global Warming Potential (GWP), Ozone Depletion Potential (ODP), Photochemical Ozone Creation
Potential (POCP), and Human Toxicity Potential (HTP). GWP, expressed in terms of carbon
dioxide equivalents (COz¢q), is the impact on global warming evaluated over a 100-year timeframe.
ODP, expressed in terms of trichlorofluoromethane equivalents (R11eq), is the reduction of the ozone
layer protection from UV radiation. Since there is no correlation between GWP, ODP, and the specific
location where the emissions are generated, they are considered to have an impact at a global level.
On the other hand, POCP, expressed in terms of ethylene equivalents (Ethene.q), and HTP, expressed
in terms of dichlorobenzene equivalents (DCBeq), are considered to have an impact at a local level,
since their direct effects are strongly related to the place where they are emitted. Photochemical smog is
created on days characterized by weather conditions of stability and strong sunlight. Nitrogen oxides
and volatile organic compounds (VOCs) together, emitted in many natural processes, undergo a
complex system of photochemical reactions induced by UV light from the sun that leads to the formation
of ozone, perossiacetil nitrate (PAN), perossibenzoil nitrate (PBN), and hundreds of other substances.
HTP is defined in LCA by four main groups of pollutants: heavy metals, inorganic emissions, VOCs,
and particulate matter. Regarding the particulate matter, its degree of penetration into the human
respiratory system and its consequent toxicity depends on the particle size distribution. It may be a
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vehicle of chemical agents, toxic to humans, such as heavy metals, polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, and dioxins generated by burning.

2.1. System Description and Data Collection

As shown in Figure 1, four different pellet supply chains were compared in the assessment. System
1 (S1) uses sawmill residues (sawdust, shavings, trims, and bark) as raw material to produce pellets,
while system 2 (52) uses roundwood logs. These two systems are the most common pellet supply
chains in Europe. Another two options were investigated: system 3 (53), which uses the standing
softwood tree components (stem, branches, and needles) after thinning operations, and system 4 (54),
which is based on the use of logging residues.
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Figure 1. Process flow diagram of the investigated wood pellet supply chains. The dotted line shows
the system boundary. Macro-phases are listed on the right of the figure.

In all four cases, the system boundary started with the felling of softwood trees, mainly Norway
spruce (Picea abies L.). The forest operations were fully mechanized. The felling and delimbing of
the trees were carried out using a medium-size harvester. In S3, the delimbing was not performed.
The felled trees were moved to the forest road by means of a forwarder with a load capacity of 10-14 t,
for an average distance of 300 m, and then transported by truck (load capacity of 17.4 t for S1 and
S2, and load capacity of 25 t for S3 and S4) to different locations, according to their end use. In S1,
logs were transported to the sawmill, whereas in 52, logs were transported directly to the pellet plant
site. In S3 and S4, whole trees and residues, respectively, were chipped directly at the roadside before
being transported to the pellet plant. The on-road transportation distance was set to 50 km in all
the scenarios.
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In S1, logs were debarked and sawn to obtain lumber. The by-products of lumber production,
such as sawdust, shavings, and cutouts, were the pellet feedstock considered in this system. It has
been assumed that the sawmill was equipped with a pelletizing plant. In S2, logs were debarked and
chipped before undergoing pelletization. In order to be pelletized, the feedstock needed to be properly
prepared. The feedstock was milled with a 350 MW hammer mill, dried, and conditioned. As stated by
the producers, corn starch was added in the S1 supply chain. For the drying process, a 1 MW furnace
fed with softwood woodchips was used. The dusty feedstock was pelletized with a 750 kW pellet press
with a nominal productivity of 10 t h™!. After pelletization, wood pellets needed to be cooled down
and sieved to remove possible dust. The ventilation, conveying system, and internal transportation
within the pellet plant were also modeled. Pellets were then packed in 15 kg low density polyethylene
(LDPE) plastic bags and transported to the consumer with a Euro 5 truck with a load capacity of 16-32 t,
for an average distance of 300 km. The final step consisted of burning pellets in a 50 kW automatic
domestic boiler.

The life cycle inventory (LCI) phase involved the data collection for each process considered in the
study. Primary data were collected by surveying EU pellet manufacturers and companies operating
in the forestry sector. The selected pellet manufacturers were companies with an annual production
between 38,000 and 90,000 t, which is the typical EU pellet production for companies equipped with
one or more pellet presses with a nominal output of 10 t h™!. Data collected included quantity of
feedstock, type of machinery, fuel, electricity, and others. Table 1 includes the main characteristics of
the machines and equipment used in each scenario, while in the Supplementary Materials (Table S1),
the main input and output data for each system are reported.

Table 1. Characterization of the machines and equipment involved in each scenario, as well as the
main characteristics of the pellets produced from different wood feedstocks (S1: pellets produced from
sawmill sawdust; S2: pellets produced from roundwood logs; S3: pellets produced from whole trees;
54: pellets produced from logging residues).

S1 S2 S3 S4
Unit Sawdust Roundwood Whole Loggmg
Trees Residues

Operation and machine characteristics
Harvester kW 190 190 150 190
Forwarder kW 180 180 180 180
Chipper kW - 132 335 335
Sawmill kWh t1 90.5 - - -
Hammer mill kW 350 350 350 350
Dryer heat kWht! 896 896 727 1097
Conditioner kw 30 30 30 30
Press kW 750 750 750 750
Nominal press th 10 10 10 10
productivity
Real plant productivity th™! 8 4.5 10 8
Cooler kW 50 50 50 50
Sieve kW 81 81 81 81
Internal transportation kW 220x 2 220 x 3 220x 2 220x 2
Ventilation and conveying KW 100 100 100 100
system
Packaging kW 90 90 90 90
Boiler kW 50 50 50 50
Pellet characteristics
Moisture content Y% 8 8 8 8

Net calorific value MJ kg™ 16.74 16.56 17.28 17.64
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Secondary data were retrieved from the literature and the Ecoinvent database [51], especially
for the background processes (e.g., diesel, lubricant oil, electricity production, truck transports, etc.)
and the emission factors. The life cycle inventory took into account the resources, the production
emissions, and the consumption of fuel, lubricating oil, and electricity in each process. Machinery,
infrastructure construction, and maintenance were outside the system boundary.

The four pellet supply chains generated both main products and residues, along the whole life
cycle. Sawdust was a processing residue of lumber production in sawmills. Felling and logging
operations also generated logging residues besides logs. When residues are included in an LCA model,
practitioners are required to make choices on how to interpret them (if co-product or by-product)
and, eventually, on how to allocate emissions among the different products generated along the
bioenergy supply chain [52]. In this study, mass allocation on a dry basis was chosen, and the allocation
factors used are reported in Table 2. The bark to log ratio was assumed to be roughly 10% based on
Milota et al. [53].

Table 2. Mass allocation factors used in the four wood pellet supply chains assessed (S1: pellets produced
from sawmill sawdust; S2: pellets produced from roundwood logs; S3: pellets produced from whole
trees; S4: pellets produced from logging residues).

Mass Allocation Factors (%)

System Phases Supply Chain Products System Assessed
S1 S2 S3 S4
Logs 67.5 67.5 - 67.5
Felling and delimbing Residues 32.5 32.5 - 32.5
Whole trees - - 100 -
. Debarked logs 90 90 - -
Debarking Bark 10 10 ) )
Sawin Lumber 50 - - -
8 Sawmill by-products 50 - - -

3. Results

Figure 2 shows the comparison of the total impacts for the four scenarios and for the four impact
categories analyzed. The results are provided in percentages, relative to the system S1, which also
serves as the reference scenario (set to 100%). As shown in Figure 2, among all scenarios, S3 has the
lowest environmental impact for all the impact categories considered. Compared to the scenario S1,
excluding biogenic CO; emissions, S3 shows a GWP reduction of 46%, an ODP reduction of 6.6%, a
POCP reduction of 14.8%, and an HTP reduction of 13.2%. If biogenic CO, emissions are included in
the GWP calculation, S3 shows a GWP reduction of around 15% compared to S1.
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Figure 2. Comparison of the four pellet production systems assessed (S1: pellets produced from sawmill
sawdust; S2: pellets produced from roundwood logs; S3: pellets produced from whole trees; S4: pellets
produced from logging residues) in terms of Global Warming Potential excluding biogenic CO, (GWP),
Global Warming Potential including biogenic CO, (GWP including biogenic CO;), Ozone Depletion
Potential (ODP), Photochemical Ozone Creation Potential (POCP), and Human Toxicity Potential (HTP).

In the following paragraphs, the results of the contribution analysis are presented for each
impact category. The processes involved in each system are grouped into six macro-phases,
specifically designed for the scope of the study, namely (i) forest operations, (ii) transportation
of the resources, (iii) preparation, (iv) production, (v) transportation of the final product, and (vi)
burning. These macro-phases are described in detail in Section 2 and are displayed in Figure 1. Figure 3
shows the contributions of the six macro-phases to the impact categories. The list of chemicals emitted
for the considered impact categories is reported in Table 3. Results are given per functional unit.

3.1. Global Warming Potential (GWP)

According to the carbon neutrality assumption, in the case of sustainable forest management,
the CO, emissions released by combustion or decomposition of biomass (biogenic CO;) are offset by
the CO, adsorbed by the forest through photosynthesis. Based on this assumption, in traditional LCA,
biogenic CO, emissions are not included in the evaluation of the GWP. Given the importance of this
contribution in the LCA of bioenergy systems, in this study, the contribution of biogenic CO, emissions
is evaluated and reported separately.

Excluding biogenic CO; emissions, the scenario with the lowest GWP is S3 with 14.9 gCOx¢q,
followed by 54 with 17.9 g COz¢q, S2 with 25.4 g COp¢q, and S1 with 27.6 g COz¢q. In general, the main
contribution to GWP occurs during the preparation stage, which accounts for 47% in S1, 40% in
54, 33% in S3, and 32% in S2. This is mainly due to CO, and N,O emissions during the drying
and milling processes. In 51, the sawmill operations, which have large electricity and diesel inputs,
represent the most impacting phase of the whole supply chain. Indeed, the sawmill processes are
responsible for 46% of the GWP generated within the preparation phase and for the 22% of the
GWP produced within the whole life cycle. The production phase shows the second most important
contribution to GWP, with figures ranging from 4.5 g COp¢q in S3 t0 7.9 g COpeq in S2. The pelletizing
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process, whichis included in the production phase, accounts for the majority (from 51% in S3 to 64%
in S2) of the emissions.

Forest operations show higher emission levels in S1 and S2 than in the other two scenarios. This is
mainly due to the biogenic methane (CHy) released in the forest during the decomposition of the
residues left on the felling site. The transportation of pellets to the final user, set to 300 km, represents
a moderate GWP emission source that is kept constant for all scenarios, accounting for 3.3 g COzq-

As far as the burning phase is concerned, the emissions that contribute to GWP, excluding biogenic
CO,, are within the same range for all the supply chains assessed. Some small differences depend on
the different calorific value of the feedstock used, which affects the net calorific value of the pellets
(the pellets” moisture content is assumed to be constant at 8%).

Including biogenic CO, emissions, the GWP figures per functional unit rise to 159.8 g COpeq in
S3,185.7 g COneq in S2, 188 g COzeq in S1, and 196 g COzeq in S4. The differences in biogenic CO;
emissions among the four scenarios are mainly due to (i) the different calorific values of the four types
of materials involved in the burning phase; (ii) the different levels of moisture content of the feedstock
before the drying phase, which influences the quantity of biomass needed for drying; (iii) the different
processes added to the preparation phase in S1.

3.2. Ozone Depletion Potential (ODP)

The production of 1 MJ of energy from pellets in domestic heating through the whole life cycle is
responsible for the emission of 1.85 ug R11eq in S3, 1.98 ug R11eq in S1, 2.02 pg R1leq in S2, and 2.16 pg
R11eq in S4. Results show that 100% of the ODP is due to organic emission to air (group VOC-volatile
organic compounds). It may be noted that these chemicals are produced in very small quantities, of the
order of a few micrograms.

The specific emission potential of each life cycle phase of the supply chain varies based on the
efficiency of the equipment used. For example, the high emissions of the forest operations in S3 and 54
are related to the low productivity of the harvesting and forwarding operations, as well as the chipping
operation at the roadside, which is performed by means of diesel engine powered chippers.

In S1, the preparation phase is responsible for the highest share of ODP, accounting for 30% of the
impact. In particular, the sawing activities are the major contributors to this phase, accounting for
45%. In the other supply chains, the drying process is the most important contributor within the pellet
preparation phase: 62% in S3, 66% in S2, and 70% in S4.

The emissions of the production phase depend on the specific press productivity and secondarily
on the internal transportation stage. It should be noted that in S2, this phase is the most important,
covering 30% of the total ODP. Furthermore, pellet distribution contributes substantially to the overall
ODP, accounting for 0.52 pg R11eq.

3.3. Photochemical Ozone Creation Potential (POCP)

The overall life cycle POCP accounts for 19.8 mg Etheneeq in S1, to 19.5 mg Etheneeq in 52, 16.9 mg
Etheneeq in S3, and 21.0 mg Etheneeq in S4. Combustion is widely recognized to play a crucial role in
terms of pollutant formation [54,55]. The main variables that affect the combustion emissions are the
combustion efficiency and the pollutant removal efficiency. All these variables are affected by the fuel
type and its composition [54].

Results show that the potential impact on POCP is considerably higher in the life cycle phases
where combustion is present (i.e., preparation and burning). The burning and the preparation phases,
when considered together, cause more than 60% of the whole POCP, in all the supply chains assessed.
The POCP from the burning phase accounts for 6 mg Ethenecq in all the analyzed systems. The emissions
occurring within the preparation phase are dominated by the drying process, contributing to at least
70%. The POCP of 54 (8.4 mg Ethene,q, including conditioning, drying, and milling) is higher than S1
(7.0 mg Etheneeq, including debarking, sawing, conditioning, drying, and milling) even though more
processes are involved in the latter.
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Looking at the individual pollutants causing the POCP, NO, is the main contributor among the
non-organic emissions, followed by biogenic CO and SO,. Among the organic emissions, the main
contributors are the non-methane volatile organic compounds (NMVOCs), followed by the biogenic CHy.

3.4. Human Toxicity Potential (HTP)

Similarly to the POCP, HTP is also mainly caused by biomass combustion emissions, so the main
contributions to HTP are related to the drying and burning phases. In all the scenarios, the share of
HTP due to the burning process is greater than 40% (maximum value 59.6% for S3) and the share of
HTP due to the drying process is greater than 24% (maximum value 40.8% for S4). These two processes
alone cover at least 83% of the total HTP.

The four groups of pollutants contributing to HTP are, in descending order, organic emissions,
heavy metals, inorganic emissions, and particles/dust. The same groups of pollutants have been reported
in other studies on firewood [56]. Organic emissions produced by combustion include polycyclic
aromatic hydrocarbons (PAH), halogenated organic emissions, polychlorinated dibenzo-p-dioxins
(2,3,7,8-TCDD), benzene, and formaldehyde. Heavy metals contained in wood are also released
into the atmosphere during burning. Heavy metals posing the greatest human health hazard are
Arsenic (+V), Nickel (+II), Chromium (+VI), Cadmium (+1II), Lead (+1I) (Table 3). Inorganic emissions,
already contributing to other impact categories, such as GWP and POCP, have also a direct impact on
human health. These include nitrogen oxides, hydrogen fluoride, hydrogen chloride, and ammonia.
Combustion is responsible for the production of particulate matter, with fine and ultrafine particulate
matter (PM; 5) being the most harmful.

GWP oDP
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Figure 3. Specific environmental impacts for all four pellet supply chains (S1: pellets from sawmill
sawdust; S2: pellets from roundwood; S3: pellets from whole trees, S4: pellets from logging residues)
grouped per impact category (GWP: Global Warming Potential, ODP: Ozone Depletion Potential,
POCP: Photochemical Ozone Creation Potential and HTP: Human Toxicity Potential).
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Table 3. Specific emission quantities grouped per impact category (GWP: Global Warming Potential,
ODP: Ozone Depletion Potential, POCP: Photochemical Ozone Creation Potential and HTP: Human
Toxicity Potential) and systems assessed (S1: pellets from sawmill sawdust; S2: pellets from roundwood;
S3: pellets from whole trees, S4: pellets from logging residues) for the production of 1 MJ of thermal

10 of 16

energy by burning wood pellets delivered to the final user.

S1 S2 S3 S4
Emissions Sawdust Roundwood = Whole Trees Loggmg
Residues
GWP 8 COneq
Emissions to air (total) 187.97 185.70 159.84 195.79
Carbon dioxide (biotic) 160.36 160.25 144.94 177.89
Carbon dioxide 20.97 18.92 12.97 15.58
Nitrous oxide 1.33 1.31 1.18 1.42
Methane (biotic) 4.24 4.24 0.04 0.05
Methane 1.03 0.95 0.68 0.80
Group NMVOC to air ? 0.03 0.03 0.03 0.05
oDP ug Rlleq
Halogenated organic emissions to air P 1.98 2.02 1.85 2.16
POCP mg Etheneeq
Emissions to air (total) 19.82 19.45 16.88 20.98
Carbon monoxide (biotic) 2.49 2.49 2.34 2.70
Group NMVOC to air 741 7.44 7.53 9.44
Nitrogen oxides 4.98 4.89 4.29 5.40
Carbon monoxide 0.50 0.49 0.56 0.80
Sulfur dioxide 3.16 2.89 1.99 2.45
Methane (biotic) 1.02 1.02 0.01 0.01
Methane 0.25 0.23 0.16 0.19
HTP g DCBeq
Heavy metals to air © 3.96 3.72 2.97 3.71
Inorganic emissions to air 4 0.92 0.83 0.53 0.67
Organic emissions to air (group
VOC—volatile organic compound) 14.54 14.46 13.36 16.57
Polycyclic aromatic hydrocarbons (PAH) 11.30 11.30 10.50 13.10
Other organic emissions to air © 3.13 3.05 2.76 3.35
Halogenated organic emissions to air f 0.11 0.11 0.10 0.13
Particles 1.01x107'  9.89 x 1072 8.39 x 1072 1.11 x 1071
Dust (PM2.5) 483x1072 479 x 1072 3.99 x 1072 5.69 x 1072
Dust (>PM10) 507 %1072 4.95x 1072 427 x 1072 5.22 x 1072
Dust (PM2.5-PM10) 1.60 x 1073 1.50 x 1073 1.31 x 1073 1.60 x 1073
Silicon dust 465x107°  4.10%107° 2,61 x107° 3.35x 107°

2 NMVOC (Non-Methane Volatile Organic Compounds): 1,1,1-Trichloroethane, Chloromethane (methyl chloride),
Dichloromethane (methylene chloride), Tetrachloroethene (perchloroethylene), Trichloromethane (chloroform),
Vinyl chloride (VCM; chloroethene), 1-Butanol, 1-Pentene, 2-Methyl-2-butene, Acetaldehyde (Ethanal), Acetic acid,
Acetone (dimethylcetone), Alkane (unspecified), Benzaldehyde, Benzene, Butadiene, Butane, Butanone (methyl ethyl
ketone), Cumene (isopropylbenzene), Ethane, Ethanol, Ethene (ethylene), Ethine (acetylene), Ethyl benzene, Ethylene
acetate (ethyl acetate), Formaldehyde (methanal), Formic acid (methane acid), Heptane (isomers), Hexane (isomers),
iso-Butanol, Isoprene, Isopropanol, Methanol, Methyl acetate, Methyl formate, Methyl tert-butylether, NMVOC
(unspecified), Pentane (n-pentane), Propane, Propene (propylene), Propionaldehyde, Propionic acid (propane
acid), Styrene, Toluene (methyl benzene), Xylene (dimethyl benzene), Xylene (meta-Xylene; 1,3-Dimethylbenzene).
b Halon (1301), Halon (1211), R 22 (chlorodifluoromethane), R 114 (dichlorotetrafluoroethane), Carbon tetrachloride
(tetrachloromethane), R 12 (dichlorodifluoromethane), R 113 (trichlorotrifluoroethane), Chloromethane (methyl
chloride), R 11 (trichlorofluoromethane), 1,1,1-Trichloroethane. € Arsenic (+V), Nickel (+II), Chromium (+VI),
Cadmium (+II), Copper (+1II), Zinc (+1I), Vanadium (+1III), Lead (+II), Chromium (unspecified), Selenium, Mercury
(+1I), Cobalt, Antimony, Molybdenum, Thallium, Tin (+IV), Hydrogen arsenic (arsine). d Nitrogen oxides, Hydrogen
fluoride, Sulfur dioxide, Ammonia, Beryllium, Barium, Carbon disulfide, Hydrogen chloride, Hydrogen sulfide.
¢ Benzene, NMVOC (unspecified), Formaldehyde (methanal), Toluene (methyl benzene), Propylene oxide, Ethyl
benzene, Ethylene oxide, Xylene (meta-Xylene; 1,3-Dimethylbenzene), Ethene (ethylene), Xylene (dimethyl benzene),
Butadiene, Acrolein, Phenol (hydroxy benzene), Styrene. £ Polychlorinated dibenzo-p-dioxins (2,3,7,8-TCDD),
Hexachlorobenzene (Perchlorobenzene), Vinyl chloride (VCM; chloroethene), Dichloroethane (ethylene
dichloride), Carbon tetrachloride (tetrachloromethane), Pentachlorophenol (PCP), Trichloromethane (chloroform),
Dichlorobenzene (o-DCB; 1,2-dichlorobenzene), 2,4-Dichlorophenol, Pentachlorobenzene, Dichloromethane
(methylene chloride), 1 1,1-Trichloroethane, Tetrachloroethene (perchloroethylene), Methyl bromide.
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4. Discussion

Regarding GWP, the results of this study are consistent with other results found in the literature.
For example, in Hansson et al. [57], the total GWP for wood pellet production at the conversion
facility ranges between 2 and 25 g COyq per M]J of pellet, with Swedish pellets at the lower end of
the spectrum and Russian pellets, which use natural gas for drying the raw material, at the higher
end [57]. Giuntoli et al. [14] calculated a GWP of 15 g COz¢q/MJii for a pellet stove fed with forest
residues, which is similar to the GWP figure when logging residues are used (S4). The results of this
study are also in line with those reported by other authors [28,30,58] and are consistent with the default
European GHG emission figures calculated at plant-gate level (i.e., excluding the biomass delivery
to final users and its combustion) for specific bioenergy pathways, namely 18 g COzeq/MJi, and 19 g
CO2eq/MJ, for pellets derived from stem wood and from forest residues, respectively [59].

Quinteiro et al. [27] found a GWP of 7.8 g CO2¢q/MJt, for burning pellets from maritime pine logs
in a 9.5 kW household pellet stove, which is three times lower than the GWP of S2. Pergola et al. [26]
performed a comparative LCA of the production of 1 tonne of packed pellets derived from two different
wood sources: sawmill residues and roundwood logs [26]. Surprisingly, they found that the supply
chain based on sawmill residues emitted around half of the CO,.q generated by the supply chain based
on roundwood logs [26]. This is in contrast with the results of this study, where the supply chain
based on roundwood logs (S2) seems to perform better than the one using sawdust as pellet feedstock
(51). Nevertheless, in the above mentioned LCA studies, the preparation and the production phases
(especially the pelletizing process) were the main contributors to GHG emission [14,25-27], as found in
this study.

In general, these discrepancies in the results may be due to several reasons: distinct system
boundaries (e.g., inclusion of machinery and building infrastructures), dissimilarity of biomass
characteristics (i.e., heating value and moisture content), variation in machineries involved (e.g., type,
efficiency, and consumption, etc.), and different assumptions made (e.g., forest management, type of
energy used in the pelletizing plant, transport distances, product end-of-life, etc.).

As far as other environmental impacts are concerned, the results of other studies are often not
comparable, due to several factors. Available LCAs usually focus on GWP and energy demands;
different impact assessments methods are used, often implying different impact categories evaluated;
and, sometimes, the results are reported as damage or are normalized, as occurred in Fantozzi and
Buratti [21] and in Cespi et al. [54]. Nonetheless, some analogies may be drawn. Generally, ODP is
mainly due to the final pellet combustion and thermal energy generation [27] when the system
boundary ends up with the burning phase, or, when considering a cradle-to-gate LCA approach,
the main contribution to ODP is the pellet production phase [25,26]. Moreover, there is a general
consensus on the fact that the combustion of biomass is responsible for local scale impacts [14,27,56],
such as the photochemical ozone formation and human toxicity, as the results of this study further
support. Actions to reduce these impacts may include promoting the correct use of more efficient
and performing stoves together with the exploitation of certified high-quality biomass, derived from
sustainably managed certified forests.

An important aspect of this LCA study that needs further discussion is the role of transportation
in the overall global warming impact of wood pellet products. Some LCA studies have identified
the transportation of wood pellets to the final user as a major source of greenhouse gas emissions.
For example, Murphy et al. [29] evaluated the GHG emissions and the energy demand related to the
production of several wood products, including pellets. The results revealed that transportation was
the most energy and GHG emission intensive process, with 60% of the total GHG emissions in some
pellet production scenarios [29]. Contrarily, in this research, even restricting the system boundaries to
exclude the use phase (e.g., the burning), resource transportation together with pellet distribution play
a minor role in the GWP, ranging from 13% in S1 to 25% in S3.

The contribution of wood pellet distribution to the total life cycle environmental impact is highly
dependent on the transportation distance scenario; hence, the variations in the environmental impact



Forests 2020, 11, 1127 12 of 16

of wood pellets are discussed assuming alternative transportation distances. With a wood pellet
consumption that exceeds its production, wood pellets in the EU are typically produced for domestic
use. Therefore, a domestic transportation scenario is considered, with transportation distances varying
between 50 and 1500 km. Within this range and across the four wood pellet supply chains S1-54,
the contribution of transportation to the total impact varies between 2.22% and 58.8% for GWP, 5.04%
and 66.33% for ODP, 1.62% and 38.69% for POCP, and 0.37% and 12.14% for HTP. It may be noted that
impact categories such as GWP, ODP, and POCP are more sensitive to variations in the transportation
distance than HTP.

Beyond a certain transportation distance, the transportation phase becomes the main contributor
to the life cycle environmental impacts. These “critical” transportation distances were evaluated for
each impact category, and the highest distance across the four supply chains was selected. The results
reveal a critical distance for GWP of 1185 km, for ODP of 437 km, for POCP of 1337 km, and for HTP
of 6645 km. This analysis provides important insights into how to interpret the results of this study.
For example, as the critical distance for HTP exceeds realistic transportation distances for the domestic
distribution of pellets in the EU, we can conclude that the burning phase is the main contributor to
HTP, independently of the transportation distance scenario. However, the results of the contribution
analysis for GWP, ODP, and POCP are strictly dependent on the transportation distance, and this
should be taken into consideration when comparing these results with other studies.

In the quality certification of solid biofuels (ISO 17225 standard series), the origin of biofuel is one
of the mandatory parameters. As defined in the ISO 17225-2 [46], the best classes for pellet quality
certification are Al and A2 for domestic use and I1 and 12 for industrial use. Pellets belonging to
property classes Al, A2,11, and 12 are made from virgin wood and chemically untreated wood residues,
the same type of the feedstock analyzed in this study. In particular, the origins stated by the standard
for domestic use (the most restrictive) are steam wood, chemically untreated wood residues (Al and
A2), whole trees without roots, and logging residues (A2). The Al pellets represent solid biofuels which
are low in ash (<£0.7%) and nitrogen content (<0.3%), while class A2 has slightly higher ash (<1.2%)
and nitrogen content (<0.5%) [46]. With the same domestic burning appliance, these characteristics
are assessed to guarantee the lowest harmful emissions during combustion. The results obtained in
this study are in line with what was reported in the standard, but, if all the production phases are
considered, the S3 and S2 scenarios should be preferred in order to guarantee the lowest emissions
during the entire pellet supply chain.

Though the quality of a solid biofuel is certainly a driving factor in the definition of its price,
several other aspects may also influence it. Besides a possible higher cost of the raw material, additional
costs for voluntary quality certification may increase the final price of the product [60]. Regarding
the wood pellet supply chain costs, based on recent bibliographic research [61], the main costs across
the entire supply chain are attributable to feedstock costs and pelletizing operating costs, including
additional feedstock used for drying.

Finally, though this study did not explicitly compare the GWP of wood pellets with that of
alternative fossil fuels, several studies have highlighted the global warming benefits of replacing
fossil fuels with wood pellets [56]. Buchholz et al. [30] reported a net GHG emission reduction for
residential heating in the US Northern Forest region of 64.4%, 62.2%, and 49% when wood pellets
substituted coal, heating oil, and natural gas, respectively. In a study conducted by Giuntoli et al. [14],
the GHG savings obtained from the forest residue-based bioenergy systems ranged between 80%
and 96% when compared to a reference natural gas system [14]. Despite the evident benefit for
climate change, it has been shown that wood pellet domestic heating systems present higher values for
other environmental impacts, such as photochemical ozone formation, particulate matter emission,
acidification [14], and human toxicity [54], when compared to natural gas. The “best environmental
option” does not seem to exist [27], since one option performs better for some environmental impacts
but worse in others. However, LCA allows us to translate the different environmental impacts into a
single unit, in order to obtain a result at an aggregated level [47,48]. In the study performed by Cespi
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et al. [54], where the most widespread alternative technologies for domestic heating available in the
Italian market (such as wood stove, pellet stove, gas boiler, solar panel, and heat pumps) have been
compared on a single score basis, pellet stoves presented the best performance.

5. Conclusions

With several wood resources available for wood pellet production, investigating the environmental
consequences of upgrading this raw material using a holistic and LCA-based approach is critical.
Comparing the environmental impacts of the four supply chains which were the object of study,
the results of the LCA analysis show that the two systems that use whole trees from thinning operations
(S3) and residues from forest operations (54) have lower GWP than the supply chains that use sawmill
residues (S1) and roundwood (S2) as feedstock. When biogenic CO, emissions are included in the
GWP evaluation, 54 results in the highest GWP. While the environmental impacts of S3 are lower than
the reference scenario S1 for all the impact categories, the scenario S4 presents slightly higher impact
on ODP, POCP, and HTP.

Along the whole pellets’ life cycle, some processes represent hotspots or areas of concern. For GWP,
these include the drying process during the preparation phase and the pelletizing process within
the production phase. The wood pellet distribution phase is a main source of ODP, whereas the
burning phase plays a major role in HTP. However, for all the impact categories except for HPT,
the transportation of wood pellets to the final user becomes the main contributor to the life cycle
environmental impacts beyond a certain transportation distance. This threshold distance is 1185 km
for GWP, 437 km for ODP, and 1337 km for POCP.

This study shows that, from both an environmental and a quality perspective, the whole trees
from thinning operations (S3) represent an excellent feedstock that could be used for the production of
wood pellets. The whole tree system extraction allows us to avoid debarking and any sorting processes.
This, coupled with high press productivity that is facilitated by the optimal mixture of wood and bark
into the feedstock, allows us to produce very durable pellets. This type of feedstock may be used
to meet the increasing demand for wood pellets in the EU, while simultaneously improving forest
health and creating economic opportunities within the forest sector. Nevertheless, when using forest
residues to produce wood pellets (54), a trade off exists between global warming benefits and local
pollution. These comparisons could be set as a starting point for the optimization of the environmental
performance of different supply chains and for the identification of strategies to improve the efficiency
of woody biomass-based bioenergy systems.

A possible future development of this research includes comparing the environmental impact of
wood pellets from forest residues and imported wood pellets. Additionally, as social and economic
aspects were not considered in this assessment, even though they are essential pillars of sustainability,
a life cycle costing (LCC) and a social life cycle assessment (SLCA) may be carried out in order to
provide a more complete picture of the sustainability of the different pellet supply chains.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/11/1127/s1,
Table S1: Inventory data of the four pellet production systems assessed (S1: pellets produced from sawmill
sawdust; S2: pellets produced from roundwood logs; S3: pellets produced from whole trees; S4: pellets produced
from logging residues).
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