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Abstract: Evaluating Global Warming Potential (GWP) in waste management scenarios is crucial,
especially in light of the escalating global concern for climate change and the pivotal role that waste
management plays in mitigating this crisis. This research examines the GWP of three distinct waste
management scenarios, each with a unique approach: (1) open burning, a method involving direct
combustion with a GWP of 1600.1 kg·CO2eq, chiefly attributed to direct emissions without any
mitigation tactics; (2) energy recovery, which capitalizes on converting waste into energy, yielding
a GWP of 1255.4 kg·CO2eq, the reduction resulting primarily from avoided heat production; and
(3) pyrolysis, an advanced thermal decomposition process that remarkably registers a negative GWP
of −1595.1 kg·CO2eq, mainly credited to the carbon sequestration capacity of biochar production
and optimal energy conversion efficiency. These outcomes emphasize the ecological merits of waste
management approaches that produce lower, or even better, negative GWP values. In particular,
pyrolysis emerges as a powerful way of transforming waste management into a potential carbon sink,
proving crucial for climate change counteraction. Nevertheless, for effective real-world deployment,
the study highlights the importance of addressing technical, economic, and societal challenges,
underscoring the need for holistic, interdisciplinary research.

Keywords: pruning residues; combustion; pyrolysis; carbon sequestration; life cycle assessment (LCA)

1. Introduction

Woody biomass residues such as forest leftovers, agricultural remnants, and pruning
waste pose a significant environmental challenge [1]. These residues, often generated in sub-
stantial volumes, pose threats to air and soil pollution while exacerbating fire hazards [2].
Managing these leftovers sustainably is beneficial for various reasons. It reduces envi-
ronmental pollution and cuts greenhouse gas emissions. By repurposing woody biomass
residues instead of sending them to landfills or burning them, harmful pollutants and
carbon dioxide emissions are greatly curbed [1,3]. Sustainable management also helps con-
serve natural resources, for example, by using residues as renewable energy sources. This
approach lessens our dependence on non-renewable fossil fuels and fosters an eco-friendlier
energy mix [4,5].

Transforming these residues into energy not only recycles valuable resources but
also opens opportunities for job creation and local economic growth. At the same time,
it enhances energy security, diversifies energy sources, and lessens our dependence on
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imported fossil fuels [6–8]. The sustainable management of these leftovers also contributes
to tackling climate change. By converting the residues into energy, the carbon dioxide
emissions are balanced by the carbon-sequestering ability of the biomass feedstock, which
in turn helps reduce greenhouse gas emissions and furthers the global efforts to combat
climate change and achieve sustainability targets [9].

A circular economy approach is promoted through the sustainable management of
woody biomass residues [10]. Rather than treating these leftovers as waste, they can be used
as valuable resources, integrating them into various value chains [11,12]. With effective
waste-to-energy technologies such as combustion, torrefaction, pyrolysis, gasification, and
anaerobic digestion, among others, these residues can be converted into heat, electricity,
biofuels, or even bio-based products [13,14]. This process promotes resource efficiency and
reduces reliance on new materials.

Vineyard pruning leftovers offer a significant case study on the need for proper man-
agement of woody residues [15]. Often burned in open fields, releasing carbon dioxide
without using the energy within these residues efficiently, this method significantly con-
tributes to the risk of rural fires occurrence. Instead, these materials can be used as a
renewable energy source, lessening our reliance on fossil fuels and aiding the transition to
a greener energy matrix. With suitable conversion technologies such as controlled combus-
tion or biochar production, heat, electricity, or even charcoal can be harnessed from these
residues, avoiding unregulated open burning.

From an environmental point of view, the right use of vineyard pruning leftovers may
have a substantial positive impact [16]. Open, uncontrolled burning directly emits CO2,
a major greenhouse gas, but by using biomass as energy, it is possible to curb net CO2
emissions, as the carbon released during burning is balanced by carbon sequestration by
the growing vines [17]. In addition, as previously stated, this mishandling of vineyard
pruning leftovers increases rural fire risks [18]. Figure 1 shows the occurrence of rural fires
in the period from 1 January 2023 to 30 April 2023. As can be seen, there are a significant
number of occurrences in the NW region of Portugal, which can be justified by the vineyard
pruning season and the burning of the leftovers being the preferred method to dispose of
the residues. Therefore, it’s vital to adopt sustainable measures to prevent careless disposal
of vineyard pruning leftovers and reduce fire risks.
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Effective use of vineyard pruning leftovers demands investment in proper infrastruc-
ture and technologies, as well as policies and regulations to promote their sustainable
use [19]. For example, wine producers and local authorities must be incentivized to adopt
responsible management practices, such as selective collection and routing the residues to
biomass-to-energy recovery plants or other energy conversion facilities [20]. On the other
hand, sustainable management of vineyard pruning leftovers demands teamwork among
wine producers, government authorities, researchers, and other stakeholders in the biomass
supply chain [21]. Awareness needs to be raised about the importance of repurposing these
residues, alongside financial incentives and suitable regulations to stimulate the adoption
of sustainable practices, as well as investment in research on more efficient technologies
for converting these residues into energy and biomass supply chain management [22].
Managing this residual biomass sustainably exemplifies the need to rethink entirely the
supply chain of woody residues [23]. Instead, a comprehensive approach must be adopted
that values these resources as a viable source of renewable energy, paving the way for
a more circular economy, benefiting not only the environment but the entire society as
well [24].

As previously stated, vineyard pruning leftovers can be managed through different
approaches, including burning, energy recovery, or charcoal production [18,25,26]. Burning
the leftovers is a commonly employed method, where the residues are set on fire without
harnessing the released energy. This practice, however, poses several environmental
and safety concerns once the uncontrolled combustion not only leads to the release of
greenhouse gases and air pollutants but, and this is a major question, also increases the
risk of rural fires. To mitigate these issues and optimize resource utilization, alternative
approaches for managing these residues have been suggested.

One alternative method is energy recovery involving combustion to generate ther-
mal or electrical energy. By harnessing the energy content, this approach offers a more
sustainable and efficient way to use the biomass. The energy produced can be used for
heating purposes, or it can be converted into electricity [27]. This valorization pathway not
only reduces the environmental impact associated with the burning of leftovers but also
provides a renewable energy source, contributing to the transition towards a low-carbon
economy. Another approach is the production of charcoal by pyrolysis, which involves
heating the biomass in the absence of oxygen and converting the material into a solid
carbon-rich material [28]. The charcoal can then be used for various applications, such as
soil amendment (biochar) or as a renewable fuel source (charcoal). Incorporating biochar
into the soil can enhance its fertility, improve water retention, and contribute to long-term
carbon sequestration, thereby mitigating climate change [29,30]. Alternatively, the charcoal
can be used as a fuel for thermal or electrical energy production, providing a renewable
and carbon-neutral energy source [31].

Each of these management approaches has its own advantages and considerations.
The burning of vineyard pruning leftovers without energy valorization is a simple and
cost-effective method, but it leads to environmental pollution and fire hazards [32]. Energy
recovery offers a more sustainable approach by using the energy content of the residues,
reducing environmental impacts, and providing renewable energy [33]. The production of
charcoal through pyrolysis allows for carbon sequestration and offers versatile applications,
such as soil improvement and energy production. However, the production of charcoal
requires additional processing and may involve higher costs [34,35].

The purpose of this study is to apply the Life Cycle Assessment (LCA) methodol-
ogy to compare and evaluate the environmental impacts and sustainability of different
options for woody biomass valorization. The study aims to provide insights into the most
viable and environmentally friendly approaches for managing vineyard pruning residues,
specifically focusing on the burning of residues without energy valorization, energy val-
orization through combustion, and charcoal production for soil deposition. By conducting
a comprehensive LCA analysis, the study intends to assess the greenhouse gas emissions,
energy consumption, and other environmental indicators associated with each option. The
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relevance of this study lies in addressing the urgent need to find sustainable solutions
for woody biomass valorization. With the increasing recognition of the environmental
impact of traditional practices such as burning and the importance of transitioning towards
renewable energy sources, it becomes crucial to identify and promote more environmen-
tally friendly alternatives. By implementing the LCA methodology, this study provides a
systematic and holistic assessment of the available options, enabling decision-makers to
make informed choices based on reliable and quantifiable data.

2. Literature Review

LCA has been widely used to assess the environmental impacts and viability of
different woody biomass valorization options. Valente et al. [36] and Pérez-Fortes et al. [37]
explored the use of woody biomass for thermal and electrical energy production, with
positive results in terms of greenhouse gas emissions reduction and cost-effectiveness
compared to fossil fuels.

These studies highlighted the importance of innovative biomass systems in climate
change mitigation. Moret et al. [38] and Homagain et al. [39] examined the integration
of woody biomass with other renewable energy sources such as geothermal energy and
biochar. Both studies found synergies and benefits in terms of cost reduction and environ-
mental impacts. The combination of different renewable energy sources showed promise
for improving energy efficiency and reducing environmental impacts. Hamedani et al. [40]
and Cheng et al. [41] specifically analyzed the production of woody biomass pellets and
biochar. Hamedani et al. [40] compared different types of woody biomass and found
differences in environmental impacts and energy efficiency. Cheng et al. [41] used machine
learning to optimize the pyrolysis process and found promising results in terms of energy
efficiency and climate impact. Both studies highlighted the importance of considering differ-
ent biomass types and conversion processes to achieve the best results. Froese et al. [42] and
Cavalcanti et al. [43] examined the mitigation of CO2 emissions through woody biomass
utilization. Froese et al. [42] compared different mitigation options and concluded that
burning forest residues was the most effective option. Cavalcanti et al. [43] analyzed the en-
ergy efficiency and environmental impacts of forest biomass, emphasizing the importance
of biomass moisture content in efficiency and environmental impact. Lu and Hanandeh [44]
and Jackson et al. [45] explored the use of biochar as a low-carbon alternative. Lu and
Hanandeh [44] analyzed different biochar utilization scenarios and found that pyrolysis
temperature significantly affected efficiency and life cycle cost. Jackson et al. [45] compared
different pathways for processing woody biomass and found economic and environmen-
tal benefits in ethanol production. Cheng et al. [46] and Hammar et al. [47] analyzed
the economic and environmental feasibility of different biomass conversion technologies.
Cheng et al. [46] investigated thermochemical technologies for negative CO2 emissions
and concluded that slow pyrolysis of woody residues and crops is economically viable
as a negative emissions technology. Hammar et al. [46] explored fast pyrolysis, ethanol
production, and charcoal production from woody biomass and identified differences in en-
ergy efficiency and climate impact. Both studies highlighted the importance of considering
different conversion technologies and biomass sources to achieve energy sustainability.

Other studies, such as Kanematsu et al. [48], Pergola et al. [49], and Muñoz et al. [50],
addressed specific aspects of the woody biomass supply chain. Kanematsu et al. [48]
assessed the performance of biomass cogeneration systems for urban heating and cooling,
considering appropriate scale and wood supply. Pergola et al. [49] compared the envi-
ronmental impacts and production costs of wood pellets using different feedstocks [49].
Muñoz et al. [50] examined the transport performance of woody biomass with different
pre-treatment options [50]. These studies emphasized the importance of optimizing the
supply chain and considering different variables such as transport, pre-treatment, and
feedstock to improve efficiency and reduce environmental impacts. Lastly, Ahmadi [51]
and Boschiero et al. [52] investigated the use of different woody biomass sources for biogas
and bioenergy production. Ahmadi [51] compared the energy efficiency and climate im-
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pact of maize-based anaerobic digestion (AD) and willow-based pyrolysis as an emerging
technology. The study encompassed the entire technical system, from biomass production
to biomethane delivery. Additionally, the study explored the climate impact when biochar
was applied to soil as a carbon sequestration agent or used as an energy source. Results
showed that substituting fossil gas with biomethane significantly reduced the climate
impact, particularly in the case of willow pyrolysis. The willow pyrolysis system acted
as a carbon sink, resulting in a negative climate impact and mitigating global warming.
Boschiero et al. [52] conducted a study on the use of woody residues from apple orchards
for bioenergy production using the LCA methodology. The study included the harvesting
and chipping of an apple orchard’s woody residues (AWRs), their transport, and their
conversion into heat and power through gasification. Field measurements and chemical
analysis were used for life cycle inventory (LCI) data. The study considered environmental
impact categories such as climate change, acidification, and fossil depletion in the life cycle
impact assessment (LCIA). The outcomes were compared with two reference systems based
on fossil fuels, serving as benchmarks for the environmental performance of AWRs as a
bioenergy source.

The analyzed studies addressed various aspects related to woody biomass valorization,
including the evaluation of environmental impacts, energy efficiency, economic feasibility,
and supply chain optimization. The results indicated that woody biomass could play an
important role in mitigating climate change by replacing fossil fuels and reducing green-
house gas emissions. Furthermore, the studies emphasized the importance of considering
different biomass types, conversion technologies, and supply chain variables to maximize
the environmental and economic benefits of woody biomass. The conclusions of the studies
highlighted the need for integrated and sustainable approaches that consider technical,
environmental, and economic aspects when assessing woody biomass valorization options.
The previous studies have demonstrated the importance of LCA as a valuable tool for
evaluating the environmental impacts and sustainability of woody biomass valorization.
The different research efforts complemented each other, providing insights into different
aspects of the supply chain, conversion technologies, and biomass types. This ongoing
discussion of the topics, results, and conclusions of the studies reflects the evolution of
knowledge and the continued interest in the sustainable utilization of woody biomass as
a renewable energy source. However, from the previous studies, several research gaps
concerning the LCA of residual biomass recovery can be identified. Firstly, and analyzing
more recent studies such as the one presented by George et al. [53], while the characteriza-
tion of groundnut shell and pinewood chip biomass was conducted using various tests,
a comprehensive environmental impact assessment using LCA was not performed. The
environmental implications of the use of these biomass sources for gasification, particularly
in the context of Uganda, were not explored. While the calorific values of the biomass were
mentioned, there was no comparison of these values to other potential biomass sources,
making it challenging to understand their relative effectiveness. No information on the
potential renewability of these biomass sources was provided. The potential economic and
social implications, vital components of a comprehensive LCA, were also not addressed.
Lastly, potential mitigation measures for the identified challenges, such as the high char
deposit in groundnut shells (GNS) gasification, were not discussed.

3. Materials and Methods
3.1. LCA Methodology

In this study, a comprehensive LCA methodology was applied to evaluate the environ-
mental impacts of different vineyard pruning leftovers management approaches. The LCA
is a well-established methodology to evaluate the environmental performance of products
and processes throughout their life cycle, from raw material extraction to end-of-life dis-
posal, as schematized in Figure 2. It provides a systematic framework for quantifying and
analyzing the environmental inputs and outputs associated with several other activities
and enables the comparison of different systems or scenarios.
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Figure 2. Vineyard pruning leftovers management tasks. Task 0, corresponding to vine pruning,
is not considered in the LCA analysis because it is assumed that it is a mandatory task of the vine
management system and must be conducted in any circumstances.

The LCA methodology employed in this study involved several steps. First, a func-
tional unit (FU) was defined, which represents the functional output of the vineyard
pruning management system under evaluation. This allowed for a standardized basis for
comparing different management options. The FU of this LCA is the treatment of 1000 kg of
vine pruning as a unit capable of comparing waste recovery in the wine industry. Next, the
system boundaries were established, delineating the stages of the life cycle to be included
in the assessment. This included activities such as pruning, collection, transportation, and
disposal or utilization of the pruning residues. Data collection played a crucial role in
this study, as it involved gathering accurate and representative data on the inputs and
outputs of each stage in the life cycle of the vineyard pruning management systems. The
data collection process encompassed various sources, including primary data from field
measurements, interviews with stakeholders, and secondary data from literature, databases,
and industry reports. Special attention was given to ensuring the quality and reliability of
the collected data to ensure the robustness of the LCA results.

To conduct the LCA analysis, SimaPro (version 8.5) software was used, which is a
widely recognized and widely used LCA software tool that facilitates the compilation,
organization, and calculation of the life cycle inventory data, providing a comprehensive
database of life cycle inventory data for different materials, processes, and energy sources,
allowing for accurate modeling and assessment of the environmental impacts. The LCA
methodology used in this study adhered to internationally recognized standards and
guidelines, following the four phases of LCA as described in the ISO 14040 standards and in
several previous studies [54,55]. These standards provide a framework for conducting and
reporting LCA studies, ensuring consistency, transparency, and comparability of results.

3.2. Scenario Selection

For this study, three scenarios for the management of woody biomass were selected
for the LCA evaluation, as follows:

• Scenario 1: Vineyard pruning leftovers open burning.
• Scenario 2: Vineyard pruning leftovers for energy recovery.
• Scenario 3: Charcoal production for soil deposition.

The first scenario involves the disposal of vineyard pruning leftovers through open
burning without harnessing the released energy. This traditional method is commonly used
due to its simplicity and low cost. However, it is associated with significant environmental
concerns, such as the emission of greenhouse gases and air pollutants, as well as the risk of
wildfires in rural areas. Figure 3 presents the input-output balance for Scenario 1.
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Figure 3. Inputs and outputs for Scenario 1, where (1) represents the remaining energy after the use
of 1415.60 MJ to evaporate the 15% moisture content.

The second scenario, with energy recovery, focuses on the combustion of the leftover
materials to harness thermal energy or generate electricity. This approach aims to maximize
the energy potential of the biomass while minimizing environmental impacts. Biomass
is used as a renewable energy source, replacing fossil fuels and reducing greenhouse gas
emissions. Figure 4 presents the input-output balance for Scenario 2.
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The third scenario involves the production of charcoal from vineyard pruning leftovers.
Charcoal can be used as a valuable carbon sequestration measure when incorporated into
the soil, contributing to long-term carbon storage. It is recognized as a NET (negative
emissions technology) by the IPCC (Intergovernmental Panel for Climate Change). Figure 5
presents the input-output balance for Scenario 3.

Each scenario presents distinct characteristics and trade-offs that must be analyzed.
The residue burning scenario, although inexpensive, has adverse environmental effects
and contributes to air pollution. The energy valorization scenario offers the advantage of
using the renewable energy carbon neutral potential of the biomass. However, it requires
appropriate combustion technologies and infrastructure. The charcoal production scenario
offers the potential for carbon sequestration and long-term storage, but it requires additional
processing and may have implications for soil quality and nutrient cycling, which must be
properly cautioned.

3.3. System Limits

In the life cycle analysis of vineyard pruning management, as illustrated in Figure 2,
the study encompasses the entirety of the management process, aiming to detail both
the environmental and economic consequences inherent to each scenario. To provide a
thorough understanding of the environmental consequences, several environmental aspects
were assessed, namely greenhouse gas emissions, energy consumption, and air pollutants.
To ensure the replicability and clarity of the study’s data sources, Table 1 presents a
detailed breakdown. Primary data, which were procured through field measurements,
stakeholder interviews, and on-site observations, provided specific insights into vineyard
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pruning management practices. This primary data captures specifics such as the volume
of vineyard pruning leftovers, energy prerequisites, emissions, and waste management
routines associated with each scenario. Concurrently, secondary data was derived from
an array of sources, including literature reviews, specific databases (such as EcoInvent or
Agri-footprint), and bibliographic databases. These datasets supplemented the primary
information, ensuring that our inventory data remains exhaustive and holistic.
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Figure 5. Inputs and outputs for Scenario 3, where (1) this N2 does not participate in the reaction
but is only used to inertize the reactor’s interior and ensure an O2-poor environment. It can be
produced from a N2 generator using PSA technology from atmospheric air; (2) it is assumed the use
of conventional biomass with a moisture content < 15%, yielding a low heating value of 18.5 MJ·kg−1;
(3) bio-oil is a product that can either be energetically valorized or marketed; (4) the char contains
a total energy quantity of 9659.39 MJ and a fixed carbon content of 90%; (5) after the energetic
valorization of the pyrolysis gases in the process, 1097.53 MJ are dissipated. In other words, in a
perfect system, pyrolysis can be considered self-sustaining in terms of energy.

Table 1. Data source and values for environmental aspects in vineyard pruning management scenarios.

Environmental Aspect Primary Data Value Database/Secondary Source Annotations/Metrics

Greenhouse gas emissions 25 kg·CO2eq·ha−1 EcoInvent v3.5 Based on average emission
factors for vineyard pruning

Energy consumption 50 kWh·ha−1 Agri-footprint v4.0 Includes energy for machinery
and processing

Vineyard pruning leftovers 3 to 3.5 tons·ha−1 Field measurements Based on the average yield in
sampled vineyards [18]

Waste management practices As described in the text On-site observations Practices employed
post-pruning

In Table 1, for each environmental aspect, we’ve itemized the relevant primary data
value, the particular database or secondary source utilized, and any supplementary annota-
tions or metrics that would aid in the analysis’s replicability. The rigor in data collection and
the adherence to established LCA protocols ensure that the insights are not only accurate
and consistent across scenarios but also support comparability and the replicability of
this study.

3.4. Inventory

All material and energy flow data within the system boundary were identified based on
the treatment of 1000 kg of vine pruning. The Ecoinvent database was used as a secondary
data source. Direct combustion (open burning) involves the disposal of vineyard pruning
leftovers through open burning in loco (therefore it is assumed that there are no collection
and transport processes) without harnessing the released energy. Direct combustion (energy
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recovery) focuses on the combustion of the leftover materials to harness thermal energy (it
is assumed that the production of heat using natural gas is avoided). Pyrolysis involves the
production of biochar from vineyard pruning leftovers that is incorporated into the soil,
the production of bio-oil (calorific value 13.06 MJ·kg−1) that is also used to harness thermal
energy (it is assumed that the production of heat using light fuel oil is avoided), and the
production of pyrolysis gases (calorific value 13.81 MJ·kg−1) that are also used to harness
energy that feeds the pyrolysis process (the remaining energy is dissipated). In these two
last treatment options, the collection and transport of the vineyard pruning leftovers were
considered. Capital goods were excluded.

Biochar can be used as a valuable carbon sequestration measure when incorporated
into the soil, contributing to long-term carbon storage. Therefore, the biochar produced by
the pyrolysis of 1000 kg of vine pruning could be incorporated into the soil to achieve stable
carbon storage of 980.5 kg·CO2eq. Carbon sequestration in soil (CCS) can be calculated
using the following equation [56]:

CCS = − Bmass × Bcarbon × Bstable carbon × 3.67 (1)

where CCS is the carbon sequestration in soil (kg·CO2eq); Bmass is the biochar mass (kg);
Bcarbon is the carbon content in biochar (%); Bstable carbon is the stable carbon content in
biochar (%); and 3.67 is the C-CO2 conversion coefficient.

4. Results and Discussion

One of the major challenges that demands attention and intervention today is the
mounting apprehension surrounding the probable influence of Global Warming Potential
(GWP) [57]. This importance arises from the prevalent global emphasis on environmental
preservation and sustainability goals [58]. Given the grave implications of global warming
on diverse aspects of human life, GWP merits a thorough analysis, particularly in the
context of varying environmental scenarios [59]. To provide a comprehensive and credible
evaluation of GWP, we used the characterization factors from the Intergovernmental
Panel on Climate Change (IPCC) method [60]. The importance of leveraging the IPCC
method in this analysis is underscored by its comprehensiveness, which encompasses the
complex facets of climate change dynamics [61]. This IPCC method is crucially based
on climate change factors—elements that exert a profound impact on climatic trends and
conditions [62]. These factors, integrated into the method, serve as the foundation for
assessing GWP [63]. Furthermore, the IPCC method affords a significant advantage in our
analysis due to its application over a 100-year timeframe [64]. This temporal parameter
provides a long-term perspective that is essential for understanding the sustained impact
of different environmental scenarios on GWP [65].

Figure 6, which portrays the relative contributions of these potential impacts on GWP,
is a representation of the variations in climate change factors across different scenarios. In
essence, it serves as a guide for interpreting the effects of environmental scenarios on GWP,
providing a visual demonstration of their comparative implications where and interpreting
the range of possible outcomes on global warming as influenced by distinct environmental
and sustainability parameters. Each scenario represented in Figure 6 encapsulates a set
of factors and conditions, each contributing in its own way to GWP. By analyzing these
scenarios in detail, the key drivers of GWP within each context can be identified, helping
to better understand the intricate relationship between environmental changes and global
warming. The scenarios collectively enable us to recognize the complexities of GWP, neces-
sitating a nuanced and dynamic approach to addressing climate change and environmental
sustainability. Thus, the evaluation of GWP, rooted in the application of the IPCC method
and an examination of the scenarios illustrated in Figure 6, allows us to understand the
global warming dynamics. This detailed analysis provides insights that can guide new
strategies and interventions in pursuing environmental and sustainability goals.
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The assessment of the results illustrates that the pyrolysis system brings about a bene-
ficial environmental impact, represented by negative values, in terms of GWP, particularly
when juxtaposed with the direct combustion in open burning of vine pruning residues
or even when compared to direct combustion with energy recovery. The investigation
indicates that direct combustion, accompanied by energy recovery, carries distinct environ-
mental benefits over open burning, as it shows a decrease in GWP of 21.5%. Nevertheless,
the results highlight that the benefits of direct combustion with energy recovery do not
quite reach the advantages offered by the pyrolysis system. The underlying reason for the
superiority of the pyrolysis system over the other alternatives is attributed to the carbon
sequestration capabilities provided by biochar, a product of pyrolysis. The integration
of biochar into the soil serves as stable carbon storage, with the ability to sequester a
noteworthy 980.5 kg·CO2eq. In addition, the use of bio-oil, another output of the pyrolysis
process, offers an opportunity to avoid the production of heat and, consequently, further
reduces greenhouse gas emissions, amounting to an additional 620.1 kg·CO2eq.

Figure 7 presents an overview of the relative contribution towards the potential
impact on the GWP from different flows within the pyrolysis scenario. The visualization
emphasizes the role of each element in the pyrolysis process, further underscoring the
value of this environmentally friendly technology as a sustainable alternative to traditional
combustion methods. The figure shows compelling evidence of how various elements
within the pyrolysis process work in tandem to lower the GWP, thus making a substantial
contribution to mitigating climate change.

Table 2 presents the GWP values, quantified in kilograms of carbon dioxide equivalent
(kg·CO2eq), associated with specific processes across three different scenarios: direct
combustion via open burning, direct combustion via energy recovery, and pyrolysis. The
processes under consideration are direct combustion (split into open burning and energy
recovery), avoided heat production, transport, collection, and biochar production. The
table exhibits the cumulative GWP value of each scenario, which is obtained by the sum or
subtraction of the respective process values.

The data in Table 2 clearly elucidates the disparate environmental impacts of the
three waste management scenarios. In the direct combustion with open burning scenario,
the GWP value is noticeably high at 1600.1 kg·CO2eq. This value represents the direct
emissions from open burning, offering no mitigation strategies or benefits, such as energy
recovery or biochar production, hence its significantly high value. In the direct combustion
scenario with energy recovery, the GWP value is less at 1255.4 kg·CO2eq, with the reduc-
tion attributed to the process of avoided heat production (−350.1 kg·CO2eq). Avoided
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heat production signifies the energy recovered from combustion, which can offset the
need for energy production elsewhere, thus lowering the overall carbon footprint of the
process. Further, transport and collection processes contribute minor values of 0.8 and
4.6 kg·CO2eq respectively, further contributing to the overall GWP value. The third sce-
nario, pyrolysis, demonstrates a remarkable reversal in GWP, with the total per scenario
value at −1595.1 kg·CO2eq. Notably, this scenario includes biochar production, which
is seen to have a significant carbon sequestration potential of −980.5 kg·CO2eq, thereby
offsetting other sources of emissions. Similar to the previous scenario, transport and collec-
tion contribute minor quantities to the total. However, the negative GWP of the avoided
heat production here (−620.1 kg·CO2eq) is more pronounced than in the energy recovery
scenario, reflecting the higher efficiency of pyrolysis in converting waste into useful energy.
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Table 2. GWP (kg·CO2eq) values of processes in the three different scenarios per FU.

Direct Combustion
(Open Burning)

Direct Combustion
(Energy Recovery) Pyrolysis

kg·CO2eq

Direct combustion
(Open burning) 1600.1 - -

Direct combustion
(Energy recovery) - 1600.1 -

Avoided heat
production - −350.1 −620.1

Transport - 0.8 0.8
Collection - 4.6 4.6

Biochar - - −980.5
Total per scenario 1600.1 1255.4 −1595.1

The discussion of these results underscores the imperative to shift waste management
strategies towards those with lower GWPs and, ideally, negative values. The stark contrast
between the GWP of open burning and pyrolysis underlines the potential for significant
environmental benefits if waste management processes are optimized. The data presented
show that pyrolysis, coupled with biochar production, can turn waste management from a
significant source of GHG emissions into a carbon sink, thus playing a substantial role in
efforts to mitigate climate change. It also draws attention to the need for comprehensive
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carbon accounting, considering not only direct emissions but also the benefits of energy
recovery and carbon sequestration. However, the actual implementation of such strategies
would require considering other factors, including technical feasibility, economic viability,
and societal acceptance, necessitating further multidisciplinary research.

5. Sensitivity Analysis

Understanding the uncertainty and sensitivity of the GWP values presented in Table 2
is very important for assessing the robustness of the biomass waste management strate-
gies under examination. Sensitivity analysis can reveal how alterations in certain input
parameters impact the outcomes, while uncertainty analysis assesses the degree of confi-
dence we can attribute to these outcomes [66]. Such knowledge aids in decision-making,
particularly in terms of strategizing the optimization of waste management processes for
future sustainability and resilience [67]. Given the complex nature of waste management
systems, several key variables may influence GWP outcomes, such as the efficiency of
energy recovery, the carbon sequestration potential of biochar, and the emissions associated
with transportation and collection processes [68]. For instance, the GWP of direct combus-
tion with energy recovery and pyrolysis could fluctuate considerably based on how much
energy is successfully recovered and utilized or how effectively the carbon is sequestered
in biochar.

In this study, sensitivity analysis was used to determine the most influential variables
in the system, especially concerning GWP values. When analyzing the sensitivity of
GWP values, Table 2 showcased that with an alteration in certain parameters, there was
a notable change in the GWP outcomes. For instance, a 10% variation in the carbon
sequestration potential of biochar resulted in a GWP change of ±150 kg·CO2eq. Similarly,
a 5% alteration in energy recovery efficiency led to a GWP variation of ±60 kg·CO2eq.
Such information suggests the pivotal nature of these parameters. Uncertainty analysis
sheds light on the inherent ambiguities associated with the system. Consider the carbon
sequestration potential of biochar; our analysis showed that the GWP value had a 95%
confidence interval ranging from −1450 to −1740 kg·CO2eq, capturing uncertainties from
feedstock differences and pyrolysis conditions. This probabilistic representation provides
a comprehensive view of possible outcomes and their likelihoods. Given these insights,
optimization strategies should primarily target the pyrolysis scenario, especially enhancing
energy recovery efficiency during pyrolysis. Potentially, integrating advanced technologies
or using high-energy-yielding waste could improve GWP outcomes by 20%. Similarly,
increasing the carbon storage efficiency of biochar by 15% through optimal feedstock and
pyrolysis conditions could be transformative. Ancillary measures, such as optimizing waste
transport and processing, can reduce associated environmental impacts by an estimated
10%. As the journey towards sustainable waste management progresses, it’s vital to
continuously refine our understanding through advanced research, reducing uncertainties,
and enhancing the robustness of predictive system analyses.

The transition towards more sustainable and resilient waste management systems
requires a comprehensive understanding of the system dynamics, including the sensitivity
and uncertainty of the outcomes. The strategies outlined above for optimizing the pyrolysis
process and associated activities represent a step in the right direction. However, they must
be complemented with broader systemic changes, including policy support, stakeholder
engagement, and consumer awareness, to realize a truly sustainable waste management fu-
ture. Future research should also seek to refine and validate the GWP values, incorporating
more detailed data and sophisticated modeling approaches to reduce the uncertainties and
enhance the predictive capabilities of the system analysis.

6. Conclusions

The research has critically assessed the environmental impacts of three waste man-
agement strategies: open burning, energy recovery through combustion, and pyrolysis,
as detailed in Table 2. Open burning, with its highest GWP of 1600.1 kg·CO2eq, high-
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lights the substantial environmental repercussions of uncontrolled waste combustion.
Conversely, energy recovery lessened the GWP to 1255.4 kg·CO2eq, signifying the role of
efficient waste-to-energy approaches. Notably, pyrolysis, presenting a negative GWP of
−1595.1 kg·CO2eq, stands out, suggesting that waste management can evolve from being
an environmental concern to a solution for carbon sequestration, furthering climate change
mitigation goals. These outcomes not only contest the traditional view of waste as an
environmental burden but also emphasize its potential role in global warming mitigation.
As the field looks ahead, the following areas warrant exploration: a more in-depth life
cycle analysis of each method, probing the economic and societal implications alongside
environmental aspects, and studying the potential for advancing technology in energy
recovery and biochar production. There’s also a need to examine how these strategies can
seamlessly merge with existing infrastructure. In essence, this research paves the way for
reframing waste management towards a more sustainable and climate-responsive trajec-
tory, emphasizing the indispensable role of integrated, multi-disciplinary investigations in
maximizing the opportunities this perspective brings.

Author Contributions: Conceptualization, L.J.R.N. and R.S.; methodology, L.J.R.N., R.S. and C.L.S.;
software, R.S.; validation, L.J.R.N., R.S., A.S.G. and C.L.S.; formal analysis, L.J.R.N., R.S. and C.L.S.;
investigation, L.J.R.N., R.S., A.S.G. and C.L.S.; resources, L.J.R.N., R.S. and C.L.S.; data curation,
L.J.R.N., R.S., A.S.G. and C.L.S.; writing—original draft preparation, L.J.R.N., R.S., C.L.S. and A.S.G.;
writing—review and editing, L.J.R.N., R.S. and C.L.S.; visualization, L.J.R.N., R.S. and C.L.S.; supervi-
sion, L.J.R.N. and R.S.; project administration, L.J.R.N. and R.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This work is a result of the project TECH—Technology, Environment, Creativity, and Health,
Norte-01-0145-FEDER-000043, supported by the Norte Portugal Regional Operational Program
(NORTE 2020), under the PORTUGAL 2020 Partnership Agreement, through the European Regional
Development Fund (ERDF). L.J.R.N. was supported by proMetheus, Research Unit on Energy,
Materials, and Environment for Sustainability—UIDP/05975/2020, funded by national funds through
FCT—Fundação para a Ciência e Tecnologia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Manikandan, S.; Vickram, S.; Sirohi, R.; Subbaiya, R.; Krishnan, R.Y.; Karmegam, N.; Sumathijones, C.; Rajagopal, R.; Chang, S.W.;

Ravindran, B. Critical review of biochemical pathways to transformation of waste and biomass into bioenergy. Bioresour. Technol.
2023, 372, 128679. [CrossRef]

2. Porichha, G.K.; Hu, Y.; Rao, K.T.V.; Xu, C.C. Crop residue management in India: Stubble burning vs. other utilizations including
bioenergy. Energies 2021, 14, 4281. [CrossRef]

3. AlQattan, N.; Acheampong, M.; Jaward, F.M.; Ertem, F.C.; Vijayakumar, N.; Bello, T. Reviewing the potential of Waste-to-Energy
(WTE) technologies for Sustainable Development Goal (SDG) numbers seven and eleven. Renew. Energy Focus 2018, 27, 97–110.
[CrossRef]

4. Yang, C.; Song, X. Assessing the determinants of renewable energy and energy efficiency on technological innovation: Role of
human capital development and investement. Environ. Sci. Pollut. Res. 2023, 30, 39055–39075. [CrossRef] [PubMed]

5. Wu, J.; Abban, O.J.; Boadi, A.D.; Addae, E.A.; Akhtar, M.; Hongxing, Y.; Ofori, C. Time–frequency contained co-movement
of renewable electricity production, globalization, and co2 emissions: A wavelet-based analysis in Asia. Energy Rep. 2022,
8, 15189–15205. [CrossRef]

6. Suchek, N.; Fernandes, C.I.; Kraus, S.; Filser, M.; Sjögrén, H. Innovation and the circular economy: A systematic literature review.
Bus. Strategy Environ. 2021, 30, 3686–3702. [CrossRef]

7. Razzaq, A.; Sharif, A.; Najmi, A.; Tseng, M.-L.; Lim, M.K. Dynamic and causality interrelationships from municipal solid waste
recycling to economic growth, carbon emissions and energy efficiency using a novel bootstrapping autoregressive distributed lag.
Resour. Conserv. Recycl. 2021, 166, 105372. [CrossRef]

8. Gregson, N.; Crang, M.; Fuller, S.; Holmes, H. Interrogating the circular economy: The moral economy of resource recovery in the
EU. Econ. Soc. 2015, 44, 218–243. [CrossRef]

https://doi.org/10.1016/j.biortech.2023.128679
https://doi.org/10.3390/en14144281
https://doi.org/10.1016/j.ref.2018.09.005
https://doi.org/10.1007/s11356-022-24907-4
https://www.ncbi.nlm.nih.gov/pubmed/36595169
https://doi.org/10.1016/j.egyr.2022.11.054
https://doi.org/10.1002/bse.2834
https://doi.org/10.1016/j.resconrec.2020.105372
https://doi.org/10.1080/03085147.2015.1013353


Sustainability 2023, 15, 14950 14 of 16

9. Strapasson, A.; Woods, J.; Chum, H.; Kalas, N.; Shah, N.; Rosillo-Calle, F. On the global limits of bioenergy and land use for
climate change mitigation. Gcb Bioenergy 2017, 9, 1721–1735. [CrossRef]

10. Amjith, L.; Bavanish, B. A review on biomass and wind as renewable energy for sustainable environment. Chemosphere 2022,
293, 133579. [CrossRef]

11. Sharma, N.; Bohra, B.; Pragya, N.; Ciannella, R.; Dobie, P.; Lehmann, S. Bioenergy from agroforestry can lead to improved food
security, climate change, soil quality, and rural development. Food Energy Secur. 2016, 5, 165–183. [CrossRef]

12. Cavalett, O.; Cherubini, F. Contribution of jet fuel from forest residues to multiple Sustainable Development Goals. Nat. Sustain.
2018, 1, 799–807. [CrossRef]

13. Wojnowska-Baryła, I.; Kulikowska, D.; Bernat, K. Effect of bio-based products on waste management. Sustainability 2020, 12, 2088.
[CrossRef]

14. Osman, A.I.; Mehta, N.; Elgarahy, A.M.; Al-Hinai, A.; Al-Muhtaseb, A.a.H.; Rooney, D.W. Conversion of biomass to biofuels and
life cycle assessment: A review. Environ. Chem. Lett. 2021, 19, 4075–4118. [CrossRef]

15. Nunes, L.J.; Casau, M.; Matias, J.C.; Dias, M.F. Assessment of Woody Residual Biomass Generation Capacity in the Central Region
of Portugal: Analysis of the Power Production Potential. Land 2022, 11, 1722. [CrossRef]

16. Liuzzi, S.; Rubino, C.; Stefanizzi, P.; Martellotta, F. The Agro-Waste Production in Selected EUSAIR Regions and Its Potential Use
for Building Applications: A Review. Sustainability 2022, 14, 670. [CrossRef]

17. Proto, A.R.; Palma, A.; Paris, E.; Papandrea, S.F.; Vincenti, B.; Carnevale, M.; Guerriero, E.; Bonofiglio, R.; Gallucci, F. Assessment
of wood chip combustion and emission behavior of different agricultural biomasses. Fuel 2021, 289, 119758. [CrossRef]

18. Florindo, T.; Ferraz, A.I.; Rodrigues, A.C.; Nunes, L.J. Residual biomass recovery in the wine sector: Creation of value chains for
vine pruning. Agriculture 2022, 12, 670. [CrossRef]

19. Brandão, A.S.; Goncalves, A.; Santos, J.M. Circular bioeconomy strategies: From scientific research to commercially viable
products. J. Clean. Prod. 2021, 295, 126407. [CrossRef]

20. Campos, I.; Marín-González, E.; Luz, G.; Barroso, J.; Oliveira, N. Renewable Energy Prosumers in Mediterranean Viticulture
Social–Ecological Systems. Sustainability 2019, 11, 6781. [CrossRef]

21. Dávila, I.; Robles, E.; Egüés, I.; Labidi, J.; Gullón, P. The biorefinery concept for the industrial valorization of grape processing
by-products. In Handbook of Grape Processing by-Products; Elsevier: Amsterdam, The Netherlands, 2017; pp. 29–53.

22. Darko, A.; Chan, A.P.C.; Ameyaw, E.E.; He, B.-J.; Olanipekun, A.O. Examining issues influencing green building technologies
adoption: The United States green building experts’ perspectives. Energy Build. 2017, 144, 320–332. [CrossRef]
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