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Abstract: Climate change demands urgent action to limit greenhouse gas (GHG) emissions and
explore methods for atmospheric carbon removal. Forest residues, a significant biomass resource,
represent a readily available solution. With the use of life cycle assessment (LCA), this study
investigates the environmental advantages of thermochemical processes utilizing forest residues to
produce valuable energy-dense products, like syngas, bio-oil, and biochar, providing a carbon sink.
While slow pyrolysis emphasizes biochar production for carbon sequestration, gasification focuses
on bioenergy generation. This research evaluates the environmental performance of both techniques
in terms of carbon sequestration and GHG emissions mitigation. This comprehensive analysis aims
to identify critical factors influencing the environmental sustainability of thermochemical processes
in forest management. The findings aim to contribute to achieving sustainable development goals by
highlighting the environmental advantages of biochar in mitigating climate change.

Keywords: forest residues; biochar; slow pyrolysis; fast pyrolysis; life cycle assessment (LCA);
climate change mitigation; bioenergy

1. Introduction

Global climate change is occurring at an alarming pace. To prevent a potentially
catastrophic impact on global society, it is essential to prevent temperature rising no more
than 1.5 ◦C compared to preindustrial levels [1]. In addition to swiftly decreasing human-
generated GHG emissions, there is an urgent necessity to explore and implement rapid
carbon dioxide removal strategies [2]. The utilization of biomass presents a readily accessi-
ble solution. Bioenergy is highly preferred as a renewable energy source due to its abundant
reserves, extensive distribution, and minimal carbon emissions. Moreover, forest residues,
being one of the significant biomass resources, hold substantial potential for displacing
fossil fuels [3,4]. Nevertheless, on a global scale, just 65% of forest residues are employed
for bioenergy, with the remaining portion often left unutilized. Unutilized forest residues
left to decompose in the forest emit carbon dioxide, contributing to climate change [5].
In some regions, they are incinerated, leading to CO2 release into the atmosphere and
contributing to smog and particulate matter [6]. Thermochemical processes are among
the most promising technologies for converting biomass, with the potential to produce
both renewable energy and valuable materials [7]. Different pyrolysis technologies can be
tailored to suit various applications, considering factors like feedstock types, geographical
locations, and scale [8,9]. Pyrolysis is commonly categorized into different types, ranging
from slow to fast based on differences in heating rates and residence times, leading to
varying proportions of primary products, such as syngas, bio-oil, and biochar [10–12].
Usually, fast pyrolysis follows a heating rate of 10–200 ◦C/s, with lower rates between
0.1–10 ◦C/s referred to as slow pyrolysis. Fast pyrolysis temperatures typically occur
between 400 and 800 ◦C and slow pyrolysis between 300 and 700 ◦C, although some
sources suggest wider ranges [12]. Slow pyrolysis, with low heating rates and moderate
temperatures, promotes biochar production, while fast pyrolysis favors the generation of
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bio-oil and syngas. As pyrolysis temperature rises, the yield of biochar decreases, but the
carbon content and aromatic condensation of the biochar increase [13]. Pyrolysis could be
followed by gasification. Gasification, an industrial thermochemical process, can be used
to produce energy, with biochar as a low-cost byproduct. In this process, by heating the
products of pyrolysis reactions to higher temperatures and adding a gasification agent (air
or oxygen), they can be further converted into a gas mixture containing carbon monoxide,
carbon dioxide, hydrogen, methane, and nitrogen. Biochar is a solid carbon-rich product
obtained by heating biomass in an oxygen-limited environment, such as pyrolysis [14–16].
In line with IPCC recognition in 2019, biochar is now acknowledged as a technology for
CO2 removal. Sequestering atmospheric carbon dioxide can be achieved efficiently by
producing biochar and incorporating it into the soil [17]. Biochar has shown great promise
as a soil amendment in recent years due to its unique physical and chemical characteristics
and interactions with soil systems. Biochar’s molecular structure, characterized by its high
chemical and microbial breakdown resistance, improves soil fertility, nutrient retention,
and water-holding capacity when added to soils. The porous structure of biochar provides
a habitat for beneficial microorganisms, contributing to healthier soils and promoting plant
growth. Moreover, biochar’s porous structure makes it a versatile material with potential
applications in removing harmful chemicals from contaminated waters [18], storing hy-
drogen as an energy carrier [19], and serving as a carbon-activated material to enhance
carbon potential capacitive performances [20]. These properties contribute to its role in
promoting circular economy principles and improving ecological conditions. Demon-
strating the environmental advantages of biochar applications is a crucial prerequisite
before commercialization and widespread implementation [21–24]. Recently, there has
been a growing focus on conducting life cycle assessments (LCAs) for large-scale biochar
production, reflecting its increasing importance [25–30].

Therefore, a thorough evaluation of the impact of unused forest residues on climate
change can encourage increased efforts to utilize these resources for decarbonization
purposes, thereby improving economic viability, particularly if carbon trading mechanisms
are implemented [31].

Life cycle assessment (LCA) stands as the most commonly employed tool for eval-
uating the environmental sustainability of diverse products or services. It represents a
systematic approach to appraising the environmental consequences of a product over its
entire life cycle. LCA’s holistic vantage point helps prevent the displacement of issues
among various life cycle stages, impacts, or geographical areas [32].

Numerous field studies [33–35] and model-based simulations [36–40] have assessed
the climate benefits of substituting fossil energy with forest residues.

During forest harvest operations, a significant amount of nonmerchantable woody
residue is typically left in piles and burned. This burning process generates air pollution and
releases CO2 into the atmosphere. Alternatively, these nonmerchantable woody residues
can be converted into biochar at various scales, ranging from small-scale to large-scale
bioenergy facilities, offering opportunities for both merchantable and nonmerchantable
woody biomass, including integrating bioenergy production with carbon capture and
sequestration. Different methods for creating biochar can generate heat and sequester
carbon in different proportions [40]. Arfelli et al. [29] discussed the environmental benefits
of the gasification process by using different woody biomasses and specifically residues.
Carbon stock, due to the application of biochar on soil, and avoided emissions, due to
energy and heat produced, have been accounted for. Safarian [41] conducted a comparative
analysis of GHG emissions from traditional biomass energy production in Sweden, Italy,
and Poland, considering different electricity and heat generation systems. While gasification
was not evaluated, different pyrolysis temperatures were explored to identify the most
effective operating conditions.

This study presents a comprehensive analysis of the environmental benefits of two
different thermochemical processes applied to residual woody biomasses: one maximizing
biochar production at the expense of energy production (slow pyrolysis), and one that
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prioritizes energy production over biochar yield (gasification) [42,43]. This analysis is
conducted using a case study in Italy, a country that is not energy self-sufficient. In 2020,
Italy’s energy dependence on foreign sources was approximately 75% [44]. At the same
time, in Italy, the total wooded area covers almost 36 of the overall country area, of which
forest covers approximately 30% and other wooded land 6.5% [44]. For these reasons, the
energetic valorization of biomass in conjunction with carbon stock could be particularly
significant at a national level. While there is extensive research on the potential and benefits
of converting woody biomass through thermochemical processes, no articles specifically
address the differences achievable by using the selected two distinct processes while
considering both carbon stock and avoided emissions [41] and encompassing a full set of
environmental impact categories by applying life cycle assessment methodology [29,45–50].

The primary objective of this study is to investigate and assess the key factors influ-
encing the sustainability of thermochemical processes, focusing on biochar production and
its use as a soil amendment in forest management and energy production. The aim is to
thoroughly analyze the environmental benefits associated with managing forest residues,
focusing on aspects like carbon sequestration from biochar and avoided emissions from
energy produced from alternative renewable sources.

Ultimately, this research strives to contribute to achieving sustainable development
goals by enhancing our understanding of the potential advantages offered by thermochem-
ical processes applied to the wood residual biomasses. In particular, the renewable energy
products generated from the processes make a valuable contribution to SDG 7 (Affordable
and Clean Energy), which provides an environmentally positive substitute for conventional
fossil fuels. Moreover, incorporating biochar into the soil is consistent with SDG 13, which
aims to mitigate climate change.

2. Materials and Methods
2.1. Goal and Scope

This study aims to calculate the carbon balance by quantifying the energy and mate-
rial inputs and outputs associated with biochar production. Therefore, the analysis was
designed to evaluate the full range of environmental benefits achievable through ther-
mochemical processes for energy (bio-oil and syngas) and biochar production, including
increased soil carbon stock and avoided impacts from alternative energy production. The
scope includes two thermochemical processes, namely, the GAS and SLOW prototypes. The
LCA includes the environmental impacts of input materials, such as fuels and electricity, as
well as the resulting outputs, including biochar, energy, waste, and emissions. The life cycle
assessments adhered to ISO 14040 and ISO 14044 standards [51,52]. SimaPro 9.4 Analyst
software (PRé Consultants B.V., Amsterfoort, The Netherlands) was employed to create
the life cycle inventory (LCI) models and generate results and analyses with IPCC 2021
GWP100 V1.00 and EF 3.0 methodologies [53]. The reference period is 2020–2022, and the
collected data encompass both primary data (Table 1), gathered through direct surveys, and
secondary data obtained from the literature, databases, technical manuals, other studies,
and calculations. The functional unit (FU) for the LCAs of the selected thermochemical
processes is one metric ton (1000 kg) of forest residues from a mixture of wood, mainly
Turkey oak and beech. The system boundaries include the chipping phase, pyrolysis with
the production of syngas and biochar, the application of biochar to forest soil, and related
transportation. The chipping storage phase and the disposal of ashes produced by the py-
rogasification plant are excluded (Figure 1). Ecoinvent 3.8 (Ecoinvent, Zurich, Switzerland)
was used as the dataset for background data. All background data used the allocation at
point of substitution (APOS) approach [54].
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Table 1. Specific inventory data (input and output) relating to the energetic valorization of residual
biomasses from forests in Italy (primary data).

GAS SLOW Unit

Biomass input (FM) 1.00 ton

Biomass dry matter 0.7 ton

Chipping consumption 212.1 MJ/ton

Biochar 3 16 %

Syngas + bio-oil 67 54 %

Thermal energy 7589 2700 MJ/ton

Electricity 0.88 0.15 MWh/ton

Transport in diesel agricultural machinery
4 km

10 km/h
20 L/h

Biochar loading and spreading 0.03 0.16 ton

Road transport input 35.00 tkm

Road transport output 1.05 5.60 tkm

C content biochar 63.9 64.1 %

C stock (100 years) (biochar) 75.00 %
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2.2. Inventory
2.2.1. Harvesting, Chipping, and Transportation

The process of collecting forest residues is outlined in Table 1. The residual biomass,
before chipping, has an average density of 30 kg/m3. An estimated 216 MJ/ton was
calculated for the collection and chipping of residual biomass [55]. Transport from the
forest road to the collection site is carried out by tractor and trailer with a load capacity of
4 tons, distance of 4 km, average forward speed of 10 km/h, and consumption of 20 L/h
of diesel. Transportation from the collection point to the thermochemical process plants
covers a distance of 35 km using a Euro 6-class vehicle with a load capacity of 3.5–7.5 tons.

2.2.2. Thermochemical Processes

The wood chips having various sizes (<20 mm), shapes, and an average density of
240 kg/m3 are alternately directed to the two plants. Heat, electricity, and quantities of
biochar produced were obtained from primary data (Table 1). Wood chips combustion
avoids the heat produced by natural gas combustion and electricity generation at the
national level. The following Ecoinvent v. 3.5 processes were used as avoided processes:
“Heat, district or industrial, natural gas {Europe without Switzerland}|heat production,
natural gas, at industrial furnace >100 kW | APOS, U” and “Electricity, high voltage {IT}|
electricity production, natural gas, conventional power plant | APOS, U”.

2.2.3. Transportation, Biochar Spreading, and CO2 Sequestration

It was assumed that the biochar would be transported back to the branch collection
point (35 km from the pyrogasification site) using a Euro 6-class vehicle with a 3.5–7.5 tons
load capacity. For spreading, the process from Ecoinvent v. 3.5 was used: “Solid manure
loading and spreading, by hydraulic loader and spreader {GLO}| market for | APOS, U”.
The stored CO2 was calculated assuming that the residual carbon in the soil after 100 years
would be 80% of the applied carbon, while the C content in the biochar was derived from
primary data (64.1% on dry matter biochar produced by the slow pyrolysis prototype, 63.9%
on dry matter biochar produced by the fast pyrolysis prototype). The conversion factor
from C to CO2 was obtained from the ratio of their molar masses. To estimate biogenic
CO2 emissions, the initial C content in the woody biomass was calculated, considering a
dry matter content of wood chips equal to 70% of the wet mass and a carbon content equal
to 50% of the dry matter (0.35 tons of C/ton of wood chips). The difference between the
initial C content and the content stored at 100 years, converted to CO2 using the factor
3.67, was considered as the total biogenic CO2 emitted in the thermochemical and soil
retention phases.

3. Results and Discussion

Figure 2 illustrates the global warming potential (GWP) for the two different thermo-
chemical systems analyzed, measured per 1000 kg of input biomass. It should be noted
that the GWP emissions depicted in Figure 2 exclude emissions from biogenic carbon
dioxide produced. For SLOW systems, CO2 stock from biochar application compensates
the total GWP emissions from the harvesting, chopping, collecting, and transporting forest
residues. In contrast, for the GAS system, roughly 70% of the total GWP emissions can be
compensated by biochar CO2 stock due to reduced biochar production rates. The quantities
of biochar obtained from the two different thermochemical plants and relative to the input
biomass are consistent with the available literature for similar processes. Biomass type,
temperature, and residence time can influence the final yields [56–58].

Different results are obtained when the CO2 stock resulting from biochar application
in forest soils is combined with the environmental benefit of avoided emissions. In fact, the
processing of residual woody biomass in the selected plants generates thermal and electrical
energy in quantities gathered from primary data provided by the plants under study and
reported in Table 1. These quantities are assumed to replace an equivalent amount of
thermal MJ and electrical MWh that would otherwise be assumed to be produced by
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natural gas combustion. In this case, the higher energy yield of the GAS process scenario
leads to greater benefits in terms of GHG emissions, as shown in Figure 3. In this latter
case, 1 ton of residual woody mass in GAS process has negative emissions corresponding
to 1110 kg CO2eq, compared to 558 obtained through slow pyrolysis.
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This study aligns with previous LCA research considering biochar’s potential to
mitigate climate change through direct carbon sequestration. In fact, when residual biomass
is employed in the chosen thermochemical processes, much of the carbon initially captured
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by plants from the atmosphere during photosynthesis is retained within the resulting
products, rather than being released back into the air through combustion. When added to
the soil, biochar acts as a C sink, effectively capturing and retaining C, preventing its release
back into the atmosphere as CO2 [59]. Moreover, beyond direct carbon sequestration, the
offset due to bioenergy production is accounted for by considering the avoided energy and
heat production [60–62]. Our results align with those reported by Ramachandran et al. [60],
who found that the net GHG emissions are −438.4 g CO2eq/FU. In Ramachandran’s study,
FU was chosen to be 0.2 kg of sewage sludge and 0.8 kg of woody biomass. Beyond the
biogenic emissions and carbon credits for grid electricity substitution, as in the current
study for SLOW pyrolysis, the most significant contributor to negative net emissions in the
proposed system is the CO2 sequestered in biochar. In fact, the codigestion of 1 kg of sewage
sludge and woody biomass produces 9.8% of biochar, avoiding, at the same time, the use of
direct fossil emissions for sewage sludge incineration. Usually, other potential benefits of
biochar use are not considered, like the reduced fertilizer use and the increased agronomic
yields [63–67], and in the present case, it is very difficult to estimate them due to the soil
forest reuse. Moreover, in the present paper, other potential uses of biochar and possible
environmental benefits are not considered. While biochar has various applications, its
most notable uses include removing organic pollutants and heavy metals from wastewater
and serving as a renewable carbon source in slag foaming. Research on woody biomass
offers insights into producing biochar from forest residues using portable systems [42,68].
These portable systems aim to decrease the costs and environmental footprint associated
with transporting forest residues to industrial sites. This is especially relevant for residual
woody biomass with low bulk density [69]. The benefits of using portable systems are
primarily measured by the carbon stock resulting from biochar application in forest soils.
Additionally, they offer other advantages, such as avoiding emissions from open burning,
which have significant implications for human health [70] and influence wildfire behavior.
However, other avoided emissions cannot be considered because these systems do not
produce energy.

The results of the current study, even without accounting for avoided emissions,
indicate that in the case of slow pyrolysis, the distance from the collection point to the
pyrolysis plant can be up to 400 km to maintain a carbon-neutral process. For GAS process,
the minimal amount of biochar produced is insufficient to offset the emissions from the
process. Therefore, in this specific scenario, the distance should be reduced to 6.5 km,
compared to the previously estimated 35 km, to have carbon neutrality.

As with other studies, the EF 3.0 methodology was used to assess the environmental
impacts of biochar production in various categories, considering CO2 stock and avoided
impacts from produced energy (see Figure 4). In the GAS process, the avoided impacts
offset the impacts in 12 out of 14 impact categories, with results mainly affected by avoided
emissions (see Figure 4b). These results evidence the ability of the avoided impacts to
counterbalance the produced impacts in a significant portion of the evaluated categories.
The SLOW pyrolysis process demonstrates a notable environmental benefit only in 4 out of
the 16 impact categories, mainly because, in this case, biochar production is maximized
compared to energy production (see Figure 4a).

Although the results seem more favorable with avoided impacts, it is important to
emphasize that the “avoided impacts” are included in the system expansion allocation
procedure. System expansion relies heavily on precise data and can be prone to significant
uncertainty or inaccuracies. The implementation of this approach is difficult as the results
are highly dependent on the substitute selected in the reference system. For instance,
geographical location and technological level can greatly impact the outcomes [71]. This
is not the case for carbon stock related to biochar. It is important to note that in the
current work, only the carbon stock resulting from biochar application was considered,
without considering its effect on the carbon soil pool. Some authors argue that the “carbon
equivalence” between fossil and biological CO2 is debatable. In fact, carbon accounting
often renders fossil and biotic forms of carbon, i.e., from fossil fuels vs. land use, land use
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change, and forestry, equivalent, allowing fossil fuel emissions to be “offset” by increases
in biological carbon sequestration. A major issue with this equivalence lies in the different
timescales: fossil carbon is essentially permanent, while biotic carbon is part of the short-
term cycle. The temporal disparity between fossil and biotic carbon fundamentally limits
their equivalence. In contrast, biochar contains stable carbon: 75% of biochar C consists of
stable polycyclic aromatic carbon (PAC) and will persist after soil application for more than
1000 years, independent of soil texture and climate. The remaining 25% of the biochar C
may be considered as semipersistent carbon (SPC), with a mean residence time in soil of 50
to 100 years, depending on soil texture and climate. In this paper, only the stable carbon has
been considered of the two distinct carbon pools with different degrees of permanence [72].
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4. Conclusions

This study assessed the environmental impacts of producing biochar from forest
residues using two different pyrolysis systems, GAS and SLOW, located 35 km from the
harvesting areas, through a cradle-to-grave life cycle assessment.

Overall, biochar production from forest residues generates GHG emissions ranging
from −215 to 25 kg of CO2eq. per ton of forest residues for SLOW and GAS pyrolysis,
respectively. The estimates of bioenergy production and avoided emissions are −558 and
−1110 kg of CO2eq. per ton of forest residues for SLOW and GAS pyrolysis, respectively.

GAS pyrolysis is the most promising among the two biochar production systems when
considering avoided impacts across the full set of impact categories. However, regarding
permanent carbon stock, slow pyrolysis produces a larger share of biochar, contributing to
stable carbon dioxide storage. This is true even without considering secondary effects on
the soil carbon pool, crop yields, and other potential benefits that are difficult to estimate.

To summarize, both systems offer the potential for producing biochar while mini-
mizing environmental impacts. This study provides essential insights for stakeholders
and policymakers, improving the understanding of utilizing forest residues for biochar
production while increasing the share of renewable energy in Italy. There are opportunities
for economic development in mountainous and often marginalized regions. Establishing a
sustainable bioproduct industry in Italy is feasible, especially if forest thinning is adopted
for wildfire mitigation and biochar production from forest residues.
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