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Abstract: Energy production from biomass represents a strategic solution for the achievement of
global sustainability goals. In addition, the use of biofuels offers both significant environmental
advantages and several socio-economic benefits. In this study, the environmental life cycle impacts
associated with the use of woodchips from forest residues for combined heat and power generation
in Italy were analyzed. Moreover, the use of woodchips was compared to the use of conventional
fossil fuels in similar applications, and different biomass supply scenarios were evaluated to un-
derstand their effect on the overall impact related to 1 kWh of electricity. The impacts on “Climate
Change” (2.94 × 10−2 kgCO2eq/kWh) and “Resources” (4.28 × 10−1 MJ primary) were revealed to
be minimal compared to fossil fuels (reduction of about 95–97%) and forest woodchips emerged as
a sustainable alternative for electricity generation. Moreover, impacts regarding “Human health”
(3.04 × 10−7 DALY) and “Ecosystem quality” (3.58 × 10−1 PDF·m2·yr) were revealed to be relevant
and identified as a research area to be further explored. The findings of this study also highlighted
the key role played by the supply mode/distance of the woodchips on the overall life cycle impacts,
with the use of “local” biomass representing the best reduction option. Lastly, another aspect to be
further investigated is the optimization of the biomass supply.

Keywords: LCA; bioenergy; circular fuels; forest woodchips; electricity generation

1. Introduction

The increasing energy demand and need for decarbonization of energy production
are key challenges associated with sustainable energy transition. The supply of clean
and affordable energy can bring clear environmental advantages, but also several socio-
economic benefits supporting the achievement of various Sustainable Development Goals
(SDGs) [1]. Bioenergy can be considered one of the most relevant resources in this regard,
due to its wide availability, potential use for different energy purposes and contribution to
lowering carbon emissions and improving energy security.

Modern bioenergy accounts for 55% of renewable energy and more than 6% of the
global energy supply and represents the largest source of renewable energy globally. The
global supply of biomass (56.9 EJ in 2019 [2]) derives about 85% from solid biomass sources
including woodchips, wood pellets, and other conventional biomass sources. Solid biofuel
primary energy consumption in the EU27 increased by +8.1% in 2021 reaching a value of
104.2 Mtoe due, among various reasons, to the hike in fossil energy prices that characterized
the second half of the year and made biomass fuels more competitive [3].

Although the heating sector remains the largest source of bioenergy use, in recent
years bioenergy for electricity and transport biofuels have been growing rapidly, due to
higher levels of policy support [4].

In this context, with a production of 7590 Mtoe and a primary energy gross domestic
consumption equal to 8874 Mtoe, Italy is one of the main bioenergy users [3]. Solid biomass

Energies 2024, 17, 105. https://doi.org/10.3390/en17010105 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17010105
https://doi.org/10.3390/en17010105
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4245-9947
https://doi.org/10.3390/en17010105
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17010105?type=check_update&version=2


Energies 2024, 17, 105 2 of 16

represents about two-thirds of bioenergy use, and is mostly used for heating in residential
applications [5]. In recent years, the role of renewables in the Italian electricity mix has seen
consistent growth in addition to bioenergy and waste which experienced an appreciable
increase, reaching 7.5% of total generation in 2021 (compared to 3.9% in 2010) [6], with
gross electricity production from solid biofuels estimated to be 4529 TWh [3].

Italy’s energy policy is manly guided by the 2023 National Energy and Climate
Plan (NECP) [7]—an update to the 2019 version following the “fit for 55” package of
the European Commission and the new global energy context consequent to recent events
(COVID-19 pandemic, Russia’s war on Ukraine, dramatic increase in energy prices)—the
2022 Plan for the Ecological Transition [8] and the 2021 Long-Term National Strategy (LTS)
on Reducing Greenhouse Gases (GHG) Emissions [9]. These strategic documents outline
the national electricity policy and, among the other potential actions, clearly identify the
increase in the share of renewable electricity, the phase out of coal-fired generation, and the
reduction in the use of fossil fuels, as key strategies.

Solid biomass is still mainly considered concerning the production of thermal energy,
strongly encouraging the use of sustainable and circular (valorisation of residues) biomass
from short supply chains in efficient and low-emission plants. In line with these policy
recommendations, previous studies (such as [10]) investigated specific aspects regarding
decision-making in these applications. Anyway, also the potential use of solid biomass as a
fuel for other industrial applications (see, for instance, [11]) and for electricity generation
represents a relevant research area. Moreover, its potential use in fuelling electricity and
heat production in combined heat and power plants (CHP) is of notable significance.
Among the various renewable energy sources, in fact, it is among those that guarantee
regular and continuous plant operation, with a constant and programmable production
that is not dependent on climatic and environmental factors. It is moreover evident that
this aspect becomes more strategic when the used biomass is a residual one.

Previous literature studies investigated the state of the art in energy generation from
solid biomass in Italy, focussing on specific regions and conversion technologies, such as
thermochemical conversion [12] and direct electricity production by means of combustion
and gasification [13]. These studies highlighted that solid biomass from forests and agricul-
ture represents a largely underexploited energy source, with noteworthy advantages related
to a more extensive and integrated management. In addition, they showed that producing
power from residual biomass, especially in small agricultural communities, significantly
reduced their environmental impacts while improving the economic feasibility of their
waste management practices. Similarly, the use of residual solid biomass in CHP plants
was analysed in other studies, such as [14], supporting the idea that forest residues would
be an interesting and potential feedstock for bio-energy purposes, although optimization
biomass supply distances should be investigated in further specific research.

Focussing on the environmental impact evaluation of solid biomass, several LCA-
based studies are available in the literature and most of them (for instance [15–21]) investi-
gated woodchips (of different typologies and for different applications) focussing on the
supply chain, but not including the energy conversion. These studies showed the fuel pro-
duction and transportation as relevant phases of the life cycle and identified chipping and
forest operations (e.g., fertilization, harvesting, and extraction) as environmental hotspots
within it. On the other hand, the literature on wood-to-energy chains emphasised the
environmental suitability of using biomass (woodchips from forest/residues are included
in the investigated fuels in some cases) both for heat (in different applications [22,23])
and power generation, also showing the relevance of the plant size and combustion
characteristics ([24–26]).

More specifically, Balcioglu et al. [27] performed an LCA of the energy conversion
of two different types of forest residues (chips and pellets) through various technologies,
suggesting that the combustion of woodchips for heat and power cogeneration is, among
the other options, associated with the lowest environmental impacts (and costs). Klav-
ina et al. [28], instead, compared the use of woodchips in pyrolysis and heat and power
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production and showed again the convenience of woodchip use in a CHP plant in terms
of environmental impact. Similarly, Sgarbossa et al. [29] carried out a comparative LCA
of bioenergy production from different wood pellet supply chains, including also logging
residues as wood feedstock option and showing their good performance in terms of Global
Warming Potential (GWP) compared to the other ones. Xu et al. [30] also focussed their
study on GHG emissions (evaluated through a cradle-to-grave LCA) of forest biomass
suggesting logging residues as an intermediate option in terms of environmental impact.

Moreover, although the literature has shown a certain (more or less recent) level of
development, it seems that a dedicated assessment of woodchip energy deployment in a
CHP plant based on an Organic Rankine Cycle (ORC) with a life cycle approach is still
partly missing, and can thus be considered an interesting topic of exploration.

Therefore, in this study we assessed the environmental life cycle impacts associated
with the use of woodchips from forest residues in a CHP plant for combined heat and
power generation in Italy, in order to characterize the specific use of circular biomass from
an environmental perspective. In detail, we analysed the production of heat and electricity
in a plant where an ORC cogeneration unit is coupled with a biomass boiler, representing
one of the most widely adopted arrangements in these applications, and also investigated
using LCA by [31].

We then compared the use of woodchips to the use of conventional fossil fuels in
similar applications, still from a life cycle approach, so to clearly highlight the potential
environmental benefits/impact modifications. Finally, different biomass supply scenarios
were defined and evaluated to understand the effect of this relevant aspect of the life cycle
on the overall impact related to the generation of 1 kWh of electricity.

The impact assessment was performed using a combined midpoint/damage method
that considers 15 different impact categories and links them to 4 damage categories related
to human health, ecosystem quality, climate change and resources depletion. In this way,
the study presents a clear and comprehensive characterization of the impacts related to
the production of electricity from woodchips at a national level, also identifying the effect
of relevant internal variables of the biomass-to-energy chain. This can be considered of
interest in the Italian context since, despite according to the national policy documents, the
share of energy from solid biomass in the country’s future electricity mix is expected to
increase less compared to other renewable sources (such as solar and wind energy), it will
remain particularly relevant for its role and its specific impacts in certain fields [32,33]. In
general terms, the results of this study could be useful to support optimization strategies in
the woodchips-to-energy chains and a proper source of information and communication
concerning this type of renewable and circular fuel.

According to the results of this Life Cycle Assessment (LCA) study, woodchips from
forest residues can be considered a valid and sustainable alternative to fossil fuel for
electricity generation, with the greatest environmental benefits regarding the “Climate
change” and “Resources” impacts. Further, other impacts regarding “Human health” and
“Ecosystem quality” emerged as relevant, also comparing the use of forest woodchips
to conventional fossil fuels and their assessment represent research areas to be further
explored. The study also highlighted the key role of woodchips supply mode/distance on
the overall life cycle impact associated with the generation of 1 kWh electricity, suggesting
that the use of “local” biomass represents the best solution for the reduction of impacts.

The remainder of the manuscript is organized as follows: Section 2 describes the
material and methods, including all details regarding the specific woodchips production
case study, the LCA analysis and the alternative scenarios considered (a sensitivity analysis
is also presented); Section 3 shows the main results of the study; Section 4 discusses
implications and limitations, and links and compares the current research with previous
literature; and Section 5 provides summarized conclusions.
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2. Materials and Methods
2.1. Forest Woodchips Production Case Study

A specific case study in Italy, analyzed in the framework of the ARCADIA project
(“Life cycle approach in public contracts and Italian LCA database for the efficient use
of resources”) [34] financed by the 2014–2020 National Operational Programme on Gov-
ernance and Institutional Capacity [35], was considered to model the production of the
forest woodchips.

The case study is related to the production of forest woodchips in the North-East
of Italy (Friuli Venezia Giulia region) and can be considered representative, both from a
geographical and technological point of view, of other Italian (and not only) regions where
the production of woody biomass occurs mainly in a mountain (or similar) environment.
The source of forest biomass consists of a mix of silver fir and spruce wood obtained from
mature stands managed within a management scheme promoting the natural regeneration
of tree species (cutting of trees at a typical age of 30–40 years).

The studied product is a by-product of the production process of good quality for-
est woodchips, i.e., woodchips obtained from the chipping of branches, tops and other
residual parts of such process (Figure 1). According to the specifications of the ISO 17225-4
standard [36] the product is representative of “class B” woodchips, that include wood from
gardens and plantation, short rotation coppice from contaminated soil, but also chemically
treated/untreated industrial byproducts/residues and chemically untreated used wood.

1 
 

 
 

 

Figure 1. Case study for the production of the forest woodchips (colored icons and arrows identify
the reference production chain).

2.2. Life Cycle Assessment

The LCA study was performed in compliance with ISO 14040 [37] and 14044 [38]
standards, and also following the specific Product Category Rule (PCR) available for
“Electricity, steam and hot/cold water generation and distribution” (even if currently being
updated) [39].

According to the above a “cradle-to-gate” approach was adopted, and therefore all
the upstream (fuel extraction, processing, preparation, transportation and storage) and
core (energy conversion process at the power plant) processes were included, while the
downstream module that comprise all the processes after the power plant transforming
process to the customer meter was excluded (Figure 2). According to the specific PCR [39],
the use stage of electricity fulfils various functions in different contexts and is therefore
excluded from the downstream module as well as the end-of-life of the product. Trans-
mission/distribution losses associated with the transmission and distribution of electricity
to a customer (defined with respect to connection voltage) should instead be included in
the study, and representative average national transmission and distribution losses in the



Energies 2024, 17, 105 5 of 16

power networks could be used in this regard. Anyway, since these losses are indepen-
dent from the used fuel, to assess 1 kWh fed into the grid, they were excluded from the
system boundaries.

1 
 

 
 

 
Figure 2. LCA study system boundaries (grey phases/processes are out of the system boundaries).

Regarding the forest woodchips production phase, based on the abovementioned PCR
all the processes in conjunction with forestry shall be included in the study when biomass
fuel is made from primary forest products (such as logs). Moreover, the production and
maintenance of the machinery and equipment used for forestry activities were excluded
from the system boundaries, following the recommendations of other methodological
documents related to forest products available in the literature [40,41] and also considering
the negligible impact related to these processes that could be attributed to the single forestry
worksite. Also, road construction and maintenance activities were excluded from the study,
since no primary data and no information for a detailed modelling based on secondary
data were available. In fact, the forest worksite related to the specific case study was
already set and no new infrastructure was built to give access to the forest, and no solid
secondary data could be gathered from the literature for this specific processes (forest roads
are generally excluded from the system boundaries of LCA studies and, moreover, due to
overall complexity and high differences characterizing road construction and maintenance
reliable data should be very detailed and gathered from a higher level [41]). The travel
of personnel (business travel and travel to and from work) is beyond the scope of the
study (and can also be considered similar for different fuels production), and the land-use
transformation and occupation can be reasonably considered as having occurred more than
20 years before harvesting and, therefore, irrelevant according to [40]. Moreover, since
forest management activities can be assumed to have similar contributions in terms of
emissions and removal of biogenic carbon dioxide to and from the forest carbon stocks, the
net biogenic carbon dioxide emissions associated with forest woodchips production were
assumed to be zero. Primary data regarding forest operations (i.e., fossil fuels consumption
in the machinery and related emissions) were directly collected as referred to the total
volume of wood processed for the production of class A woodchips (main product of the
process) and class B woodchips (by-product of the process). Therefore, to estimate the
quantity of inputs (and related environmental loads) associated with the class B woodchips
an allocation procedure was adopted. In particular, these data were allocated on a volume
basis referring to primary data available in the ARCADIA project (also in line with literature
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and specific documents [42–45]), which showed that branches, tops and residual parts
represent 8% in volume of the total wood intended for felling. The inputs to the system were
then calculated considering the specific values of the sawlogs-to-woodchips conversion
factor and the bulk density, and the woodchips required to generate 1 kWh electricity. The
transportation of forest woodchips was modelled based on data regarding distances within
the fuel production chain and distances to the energy conversion plant, as well as the type
of vehicles used, according to [46].

With regard to the CORE phase, forest woodchips are supposed to be used in a CHP
plant for the generation of high voltage electricity. According to the specific PCR [39]
recommendations, business travel of personnel, travel to and from work by personnel and
research and development activities were not included in the system boundaries. CORE
infrastructures were instead considered in the LCA and modelled through background data
(dataset of the ecoinvent 3.9 database [47]), as well as other auxiliary operational inputs,
fuel preparation processes at plant, maintenance activities and core waste management.
According to the ecoinvent dataset, the CHP plant is equipped with a woodchips furnace
with silo (5000 kW), an ORC heat and power co-generation unit (1000 kW electrical) and an
electrostatic precipitator for particulate matter emission reduction.

The selected Functional Unit (FU) for the LCA study is 1 kWh net of electricity
generated and, as detailed above, Life Cycle Inventory (LCI) data were both primary and
secondary (Table 1).

Table 1. Life cycle inventory data (FU = 1 kWh net electricity).

UPSTREAM

Diesel 3.44 × 10−3 kg Primary data
Petrol 9.27 × 10−5 kg Primary data
Lubricating oil 1.09 × 10−5 kg Primary data
CO2 emissions from forest worksite 7.57 × 10−3 kgCO2eq Secondary data
Transportation 1.28 × 10−1 tkm Secondary data *

CORE

Woodchips 8.41 × 10−1 kg Secondary data **

Energy conversion process
Background data of the ecoinvent 3.9 dataset

“Electricity, high voltage {IT}|heat and power
co-generation, wood chips, 6667 kW”

* based on hypotheses on transportation distances, assumed as in [46]. ** referred to woodchips with a Lower
Heating Value equal to 18.9 MJ/kg (dry mass).

The study was performed in SimaPro (v. 9.5) [48], which represents one of the com-
monly used software tools widely accepted as reliable for LCA [49], offering the possibility
to choose between several different databases and having a wide range of different environ-
mental impact assessment methodologies. The Life Cycle Impact Assessment (LCIA) was
performed using the Impact 2002+ method (v2.15) [50], which has demonstrated validity in
assessing and highlighting the environmental burdens best representing the investigated
system both at the midpoint and endpoint levels. The method, in fact, implements a com-
bined midpoint/damage approach linking all types of LCI results (elementary flows and
other interventions) to 4 damage categories via 15 different impact categories (in SimPro
“Human Toxicity” is split up in “Carcinogens” and “Non-carcinogens”) [50]. The “normal-
ization” and “weighting” phases were included in the assessment as part of the endpoint
approach and, therefore, overall results are shown in the form of “points” to create a scale
of the overall environmental profile and identify the most relevant categories and life cycle
phases. Anyway, the impact assessment was also extended to the midpoint level, analyzing
the damage categories with their specific unit of measure, with the aim of describing the
environmental compartments being damaged by the system in its life cycle. The results of
the characterization step concerning all the 15 impact categories included in the method
are given in the Supplementary Materials.
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2.3. Comparison with Conventional Fossil Fuels

With the aim of understanding, from a life cycle perspective, the potential environ-
mental benefits and/or environmental impact modifications associated with the use of
woodchips compared to the use of conventional fossil fuels in electricity generation, the
following alternatives were considered:

• A1: electricity production in a conventional natural gas CHP plant,
• A2: electricity production in a conventional oil CHP plant,

The life cycle of alternative A1 was modelled using background data and, in particular,
the ecoinvent 3.9 dataset “Electricity, high voltage {IT}| heat and power co-generation,
natural gas, conventional power plant, 400MW electrical”. Similarly, the life cycle of
alternative A2 was modelled using the ecoinvent 3.9 dataset “Electricity, high voltage {IT}|
heat and power co-generation, oil”.

2.4. Woodchips Supply Scenarios

In total, two different biomass supply scenarios were defined to understand the effect
of this relevant phase of the life cycle on the overall impact related to the generation of
electricity from woodchips. In particular, assuming based on [51] that 90% of the required
biomass is of Italian origin while the remaining is partly supplied from Europe (8%) and
partly from USA and Canada (2%), the following were considered:

• S1: woodchips from Italy supplied by road for a distance of 350 km—considering that
forestry are widespread in various geographic area in the Country and, therefore, an
indicative mean distance for their availability [14]—woodchips from Europe supplied
by road for a distance of 543 km and woodchips from USA and Canada shipped for a
distance of 7458 km [51];

• S2: woodchips from Italy supplied by road for a distance of 70 km—according to
the definition of “biomass from short supply chains” given in [52]—woodchips from
Europe supplied by road for a distance of 543 km and woodchips from USA and
Canada shipped for a distance of 7458 km [51].

Road transport was modelled using the ecoinvent 3.9 dataset “Transport, freight,
lorry >32 metric ton, euro4 {RER}”, while sea transport referring to the ecoinvent 3.9 dataset
“Transport freight, sea, container ship {GLO}”.

2.5. Sensitivity Analysis

Since the environmental impact related to energy production is strictly dependent on
the conversion process performance, a sensitivity analysis was performed to assess how
the efficiency of the CHP plant affects the results of the study. Specifically, compared to
the baseline for which the overall electrical efficiency (the ratio of electric power output to
the thermal power input to the system) was equal to 22.6%, an alternative scenario with a
hypothetical efficiency increase was analysed. In detail, an overall electrical efficiency of
the system equal to 27.8% was adopted (consequent to an increase in thermal efficiency
equal to +10%).

3. Results

As shown in Figure 3, the most relevant categories are “Human health” and “Ecosys-
tem quality”, respectively, with about 57% (4.29 × 10−5 Pt) and 35% (2.62 × 10−6 Pt) of
the overall impact, while the share of “Climate change” (2.97 × 10−6 Pt) and “Resources”
(2.82 × 10−6 Pt) is both about 4%. It is also clearly evident that the CORE phase is the most
significant, being the main factor responsible for the impact related to “Human health”
and “Ecosystem quality” (about 97% in both cases), mainly because of the direct impacts
related to the energy conversion process (emissions and waste). On the other hand, the
UPSTREAM phase is particularly relevant for the categories “Climate change” and “Re-
sources”, with a contribution to their impact values, respectively, equal to 74% and 93%.
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Results of the impact assessment at the midpoint level are instead summarized in
Table 2, showing again the great relevance of the CORE phase for the categories “Human
health” and “Ecosystem quality” and the significance of the UPSTREAM phase for the
categories “Climate change” and “Resources”.

Table 2. LCA results per damage category and life cycle phase (damage assessment).

Damage Category Unit Total UPSTREAM CORE

Human health DALY 3.04 × 10−7 8.65 × 10−9 2.95 × 10−7

Ecosystem quality PDF·m2·yr 3.58 × 10−1 9.41 × 10−3 3.49 × 10−1

Climate change kg CO2 eq 2.94 × 10−2 2.17 × 10−2 7.67 × 10−3

Resources MJ primary 4.28 × 10−1 4.00 × 10−1 2.84 × 10−2

DALY = Disability Adjusted Life Years; PDF = Potentially Disappeared Fraction of species; yr = year;
eq = equivalents.

The endpoint assessment also focused on the inventory flows analysis, in order to
identify the output streams contributing most to the damage value associated with the
related damage category, i.e., the most burdening emissions in the various environmental
compartments for “Human health”, “Ecosystem quality” and “Climate Change”, and the
primary-energy and natural resources exploited affecting the damage category “Resources”
(Table 3). It is worth noting that the emissions of both nitrogen oxides (in air) and zinc (in
air and soil) represent the most relevant output flows for “Human health” and “Ecosystem
quality”, together with Particulates <2.5 µm. Carbon dioxide, fossil and Dinitrogen monox-
ide are instead the most contributing flows for the category “Climate Change”, while Oil,
crude and Gas, natural represent the most impacting outputs on “Resources”. Each of these
relevant substances was also addressed in terms of output–inventory amount and damage
assessment values, in order to quantify the real output flow and the related consequent
impact on the damage category, and thus a comprehensive environmental profile of the
investigated system (Table 4).
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Table 3. Most environmentally damaging emitted substances and resources consumed (weighting).

Emitted Substance Compartment Pt/FU %

Human health

Nitrogen oxides Air 1.63 × 10−5 38.1%
Particulates, <2.5 µm Air 8.47 × 10−6 19.7%

Zinc (II) Soil 6.66 × 10−6 15.5%
Arsenic, ion Soil 4.10 × 10−6 9.6%
Ammonia Air 3.29 × 10−6 7.7%

Dioxin, 2,3,7,8
Tetrachlorodibenzo-p- Air 2.04 × 10−6 4.8%

Others Air/Soil/Water 1.98 × 10−6 4.6%

Ecosystem quality

Zinc (II) Soil 1.91 × 10−5 73.1%
Zinc (II) Air 2.83 × 10−6 10.8%

Copper, ion Soil 2.20 × 10−6 8.4%
Nitrogen oxides Air 5.42 × 10−7 2.1%

Others Air/Soil/Water/Resources 1.46 × 10−6 5.6%

Climate change

Carbon dioxide, fossil Air 2.27 × 10−6 76.5%
Dinitrogen monoxide Air 5.85 × 10−7 19.7%

Methane, fossil Air 9.49 × 10−8 3.2%
Others Air 1.70 × 10−8 0.6%

Resources

Oil, crude Resources 2.34 × 10−6 83.0%
Gas, natural/m3 Resources 2.95 × 10−7 10.5%

Coal, hard Resources 1.27 × 10−7 4.5%
Uranium Resources 3.89 × 10−8 1.4%

Others Resources 1.79 × 10−8 0.6%

Table 4. Most environmentally damaging substances and resources consumed: output inventory
analysis and damages assessment.

Emitted Substance Compartment Inventory
Output (kg) DALY PDF·m2·yr kg CO2 eq MJ Primary

Carbon dioxide, fossil Air 2.25 × 10−2 2.25 × 10−2

Nitrogen oxides Air 1.30 × 10−3 1.16 × 10−7 7.42 × 10−3

Ammonia Air 2.74 × 10−5 2.34 × 10−8 4.29 × 10−3

Methane, fossil Air 9.08 × 10−5

Particulates, <2.5 um Air 8.58 × 10−5 6.00 × 10−8

Dinitrogen monoxide Air 3.72 × 10−5 5.80 × 10−3

Zinc (II) Air 4.85 × 10−6 1.26 × 10−9 3.88 × 10−2

Dioxin, 2,3,7,8
Tetrachlorodibenzo-p- Air 4.96 × 10−13 1.45 × 10−8

Zinc (II) Soil 5.59 × 10−6 4.72 × 10−8 2.62 × 10−1

Copper, ion Soil 5.41 × 10−7 9.22 × 10−11 3.02 × 10−2

Arsenic, ion Soil 2.22 × 10−8 2.91 × 10−8 4.28 × 10−4

Oil, crude Resources 7.76 × 10−3 3.55 × 10−1

Coal, hard Resources 1.01 × 10−3 1.93 × 10−2

Uranium Resources 1.06 × 10−8 5.91 × 10−3

In comparing the case study to conventional fossil fuels at the endpoint level, it is
evident that the overall impact is significantly lower than the natural gas (A1) and oil
(A2) cases. In particular, with 7.48 × 10−5 Pt/kWh, the electricity generation by forest
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woodchips has an impact 34% less than its generation by natural gas and 72% less than its
generation by oil. It is also clearly evident that the use of forest woodchips is characterized
by a negligible impact in the categories “Climate change” and “Resources” compared to
natural gas and oil (Figure 4). These categories, in fact, represent together about 8% of the
overall impact in terms of damage points in the case study, while they account respectively
for about 42% and 51% in the natural gas case and about 34% and 29% in the oil case.
Focusing on the latter it is also worth noting the relevance of “Human health”, with a
contribution of about 36% of the total damage points.
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Figure 4. Comparison with electricity generation by natural gas (A1) and oil (A2) (weighting).

According to the above, in terms of midpoint indicators, while the electricity generated
by the use of forest woodchips is characterized by a value of 2.94 × 10−2 kg CO2 eq/kWh
and a value of 4.28 × 10−1 MJ primary, electricity from natural gas has impacts respectively
equal to 4.78 × 10−1 kg CO2 eq/kWh and 8.93 MJ primary, and electricity from oil values
of 9.03 × 10−1 kg CO2 eq/kWh and 1.18 × 10 MJ primary.

The analysis of woodchips supply scenarios showed a significant impact increase
(about +11%) in S1 and also an appreciable impact increase (about +2%) in S2 compared to
the case study (Figure 5). Given that in both these scenarios an 8% of woodchips is supplied
from Europe (by road for 543 km) and a 2% from USA and Canada (by ship for 7458 km),
this evidence clearly reflects the effect of the characteristics of these “foreign” woodchips
and the effect of the transportation of the 90% of woodchips that is supplied by road from
Italy. In particular, it is evident that for a transportation distance (350 km) greater than the
one considered in the case study, there is a slight increase in the impact of the categories
“Human health” and “Ecosystem quality” (respectively about +5% and +10%), while the
impact related to the categories “Climate change” and “Resources” notably changes, with
an increase respectively of about +61% and +69%. On the other hand, for a transportation
distance (70 km) lower than the one of the reference case study, given a similar slight impact
increase for the categories “Human health” and “Ecosystem quality” (respectively about
+1% and +5%), a reduction in the impact related to “Climate change” (about −7%) and
“Resources” (about −11%) was observed.
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Figure 5. Analysis of woodchips supply scenarios (weighting).

According to the above, in terms of midpoint indicators, scenario S1 is characterized by
an impact equal to 4.72 × 10−2 kg CO2 eq/kWh and 7.23 × 10−1 MJ primary, while scenario
S2 has an impact of 2.74 × 10−2 kg CO2 eq/kWh and 3.80 × 10−1 MJ primary (compared
to the 2.94 × 10−2 kg CO2 eq/kWh and 4.28 × 10−1 MJ primary of the case study).

The sensitivity analysis showed an appreciable impact decrease for all the considered
damage categories associated with an increase of the overall electrical efficiency of the
system. As shown in Table 5, in particular, the greatest reduction is observed for the impact
on the “Ecosystem quality” (−18.4%), followed by the reduction of impact on “Human
health” (−17.0%). The reduction of impacts on “Climate change” and “Resources” are
instead less relevant and equal to −7.2% and −8.5%, respectively.

Table 5. Results of the sensitivity analysis per damage category.

Damage Category Unit Baseline
(Efficiency 22.6%)

Alternative Scenario
(Efficiency 27.8%)

Human health DALY 3.04 × 10−7 2.52 × 10−7

Ecosystem quality PDF·m2·yr 3.58 × 10−1 2.92 × 10−1

Climate change kg CO2 eq 2.94 × 10−2 2.73 × 10−2

Resources MJ primary 4.28 × 10−1 3.92 × 10−1

4. Discussion

The results of the environmental LCA performed in this study clearly showed that
woodchips from forest residues represent a valid and sustainable alternative to fossil fuel for
electricity generation. The overall impact associated with the use of this circular biofuel, in
fact, is significantly lower than those related to conventional energy sources such as natural
gas (−34%) and oil (−72%). The greatest environmental benefits concern the categories
“Climate change” and “Resources”, for which a 95–97% impact reduction is observed, while
the evidence regarding the other studied categories is multifaceted. In detail, the use of
forest woodchips also showed a significant advantage in terms of “Human health” when
compared to oil, with an impact reduction of about 66%, but is characterized by a one
order of magnitude impact increase in this category compared to natural gas. The same
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applies for the category “Ecosystem quality”, for which an increase of one (or two) order of
magnitude in the impact is observed in comparison to fossil fuels.

The detailed analysis of the impact related to the use of forest woodchips allowed us
to identify the energy conversion process in the CORE phase and, in particular its direct
emissions and waste, as the main factors responsible for the impact related to “Human
health” and “Ecosystem quality”. Moreover, an assessment focused on the inventory
flows, both in terms of outputs amount and endpoint/midpoint indicators, showed the
most relevant output streams contributing to these categories, i.e., Nitrogen oxides and
Particulates <2.5 µm emissions (in air) and Zinc emissions (in air and soil).

The comparison of different scenarios regarding woodchips supply and, in particular,
considering the supply of woodchips for a 10% from abroad (8% Europe, 2% USA and
Canada) and for a 90% from Italy, from a distance respectively of 350 km in S1 and
70 km in S2, highlighted a general small increase in the impact on “Human health” and
“Ecosystem quality” (respectively, about +5% and +10% in S1, and about +1% and +5%
in S2). It was therefore evident that the nature/characteristics of the used woodchips and
the transportation mode/distance can play a not negligible role in determining the overall
impact affecting these two relevant categories. At the same time, it was even more evident
the role of transportation in terms of “Climate change” and “Resources” impacts, with an
increase, respectively, of about +61% and +69% in S1 and a reduction of about −7% and
−11% in S2.

It has to be highlighted that the UPSTREAM phase processes were modelled based
on primary data from a specific Italian supply chain that is reasonably representative of
the production of woodchips in a mountain (or similar) environment. On the other hand,
the energy conversion process and the related ORC based CHP plant were modelled using
specific ecoinvent datasets and, therefore, the CORE phase modelling rely on secondary
data. This LCA study and the obtained results are therefore affected by the potential
limitations and uncertainties related to these specific assumptions. Moreover, although
a comparison with other studies is quite complex—due to the geographic reference area,
the production/conversion system (forest residues, short rotation, plant efficiency, . . . ), the
wood species considered, and the LCA study characteristics (functional unit, modelling
choices, . . . )—the outcomes of this research can be considered in line with previous literature.

As shown in Table 6, focusing on the Climate Change impact category, since it rep-
resents one of the most used to evaluate and communicate the environmental impact of
products to different audiences, the results of this study are quite similar to others concern-
ing analogous applications of forest woodchips for energy purposes. Major differences can
be observed considering the production of electricity, with an impact of our case study that
is about 27% to 40% lower compared to other studies ([27] and [30], respectively), with a
maximum deviation of about −65% compared to [31]. As stated before, such appreciable
variations can be considered mainly related to the differences in the characteristics of
the study, its geographic representativeness, and the specifics of the power plant, with
particular regard to the electric efficiency. Focusing on the generation of thermal energy
or on the production of woodchips our results are instead more aligned with the previous
literature, with differences in the order of about −20% and +2% respectively compared
to [21] and [29].

Table 6. Comparison with other relevant literature studies.

Previous Literature Unit Literature Results and Comments Case Study Results *

Balcioglu et al. [27] kgCO2eq/MWh 40 combined heat and power,
direct combustion 29.4

Xu et al. [30] gCO2eq/kWh 48.9
mean value of GHG emissions for

the logging
residues-to-electricity pathway
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Table 6. Cont.

Previous Literature Unit Literature Results and Comments Case Study Results *

Stoppato and Benato [31] kgCO2eq/kWh 8.53 × 10−2
ORC with an electric efficiency from

8.6% (CHP mode) to 13.5%
(full electric mode)

2.94 × 10−2

Rincione et al. [21] kgCO2eq/kWh 2.71 × 10−2 woodchips production 2.17 × 10−2

Sgarbossa et al. [29] gCO2eq/MJth 196 1 MJ thermal energy produced by
50 kW boiler 200

* results of the case study are reported in the same unit of the considered literature.

5. Conclusions

The present study analyzed the environmental life cycle impacts associated with the
use of woodchips from forest residues for combined heat and power generation in Italy.
Moreover, a comparison between the use of woodchips to conventional fossil fuels in similar
applications was presented, and different biomass supply scenarios were investigated to
understand the effect of this relevant aspect of the life cycle on the overall impact related to
1 kWh of electricity.

Since the Organic Rankine Cycle represents a consolidated technology with good
efficiency and high reliability in the energy sector, in this study we analysed a plant where
an ORC cogeneration unit is coupled with a biomass boiler to produce heat and electricity.

The climate change impact was equal to 2.94 × 10−2 kgCO2eq/kWh, while the impact
in terms of resources deployment was calculated in 4.28 × 10−1 MJ primary. On the other
hand, the effects on human health and ecosystem quality were evaluated to be, respectively,
3.04 × 10−7 Disability Adjusted Life Years (DALY) and 3.58 × 10−1 Potentially Disappeared
Fraction of species (PDF) per m2 per year.

These results confirm the overall environmental convenience of electricity generation
from solid biomass, showing very low impacts in terms of “Climate change” and “Re-
sources” and significant reductions in these impact categories (about 95–97%) compared
to fossil fuels. At the same time, it brings attention to the relevance of this renewable
source in terms of “Human health” and “Ecosystem quality”, for which greater impacts
were observed compared to conventional fossil fuels, giving evidence to the relevance of
improving the understanding of such generally unstudied aspects.

According to these main findings, the use of biomass boilers coupled with ORC
can therefore be considered a viable option for the cogeneration of electricity and heat,
although additional research should be addressed to study the direct effects in greater
detail—and also the potential improvement options—of solid biomass energy conversion
process in terms of “Human health” and “Ecosystem quality”. These impact categories,
in fact, emerged as particularly relevant and are generally less investigated and debated.
Moreover, future researchers can investigate a more reliable modelling of the ORC-based
CHP plant considered in this study (e.g., collecting data regarding in-operation commercial
plants based on the same ORC unit) and also at evaluating how different management
strategies can affect the overall impact of the plant.

The study also confirms the key role that woodchips supply mode/distance can play
on the overall life cycle impact associated with the generation of 1 kWh electricity, as well
as the great relevance of these aspects in decision-making strategies, supporting the idea
that the use of “local” biomass represents the desirable choice. Therefore, the optimization
of biomass supply distances also represents a crucial aspect that should be investigated in
further specific research.

Finally, research concerning the environmental aspects in addition to the social and
economic factors is recommended to provide a comprehensive sustainability overview
regarding this interesting circular biofuel.
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Nomenclature

CHP Combined Heat and Power
DALY Disability Adjusted Life Years
FU Functional Unit
GHG Greenhouse Gases
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
LTS Long-Term National Strategy
NECP National Energy and Climate Plan
ORC Organic Rankine Cycle
PCR Product Category Rule
PDF Potentially Disappeared Fraction of species
SDGs Sustainable Development Goals
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