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LCA analysis for assessing
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of new biobased chemicals
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The global shift towards using biomass for biofuels and chemicals is accelerating due to increasing
environmental concerns and geopolitical strategies. This study investigates a biorefinery model using
citrus-processing-waste, specifically citrus pulp, to produce high-value products for various industries,
including cosmetics, pharmaceuticals, flavours, fragrances, and food packaging. In Italy, particularly
Sicily region, citrus processing generates significant amounts of waste, often improperly disposed

of, contributing to environmental problems. Researchers have demonstrated that citrus waste can
yield commercially valuable compounds. This study specifically focuses on orange peel waste (OPW),
which constitutes about half of the fruit's weight, aiming to extract pectin and limonene through a
combined process. The extraction process was carried out on a laboratory scale, and its sustainability
was evaluated using a life cycle assessment (LCA) with SimaPro 8.1 software and the Impact

2002 + method. The functional unit adopted for this study is 300 g of OPW, obtained after the pre-
treatment phase, from which 0.14 g of limonene and 8.22 g of pectin were extracted. The LCA results
revealed that pectin extraction has a significantly higher environmental impact compared to limonene
extraction, primarily due to the use of ethanol as a solvent, followed by electricity consumption. To
mitigate this impact, the LCA assessed alternative, more sustainable solvents, resulting in a 73.4%
reduction in the environmental footprint of the pectin extraction process. These findings underscore
the critical role of LCA, even at the laboratory scale, in identifying environmental hotspots and
providing insights for improving and optimizing processes for potential industrial-scale applications.
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The world is currently witnessing ongoing and significant regression, and heightened apprehension regarding
the planet’s future largely stems from global climate change!. Carbon dioxide emissions have increased by over
80% since 1970, primarily due to increased fossil fuel consumption and alterations in land use?*. Among the
primary goals of the European Union (EU) is the reduction of greenhouse gas (GHG) emissions through the
more sustainable utilization of land and agricultural resources*. Notably, the agricultural sector and the agro-
food industry play pivotal roles in emission generation among human activities, largely owing to the substantial
volume of biomass without proper utilization or allocation’. In recent years, the need to manage such waste has
escalated into a global priority®, with approximately 21 million tonnes of waste estimated from the agricultural
sector in Europe alone in 2020°. Biomass derived from agriculture in the form of by-products and waste has
garnered attention from researchers, who have demonstrated its potential applications in several fields (e.g.,
energy, chemicals, building) and its contribution to devising novel and sustainable waste management
strategies'®'". In line with the Europe 2020 strategy'®'?, the objective is not only to find uses for this waste but
also to minimize reliance on conventional disposal methods such as landfill or incineration by fostering a circular
economy'*. Several authors have delineated the potential valorisation of food waste and its role in fostering a
future bio-based economy®. Within this context, this study explores a pioneering citrus-processing-waste (CPW)
based biorefinery, promoting such biomass to more valuable products applicable across several industries (e.g.,
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pharmaceutical, cosmetic, food packaging)'>!”. Italy hosts a significant citrus fruit sector, particularly in the
South and notably in Sicily, which accounts for approximately 56% of the national citrus fruit production'®*
Oranges constitute 61.7% of the total Italian citrus production, followed by clementines (17.7%), lemons (13.7%),
and mandarins (5.1%). Most citrus production is directed towards fresh consumption, with a minor portion
utilized for fruit juice extraction. Citrus fruit processing yields various waste types, including solid and liquid
effluents. Solid waste comprises peels, seeds, and residue, collectively identified as citrus pulp'®?. Liquid waste
encompasses cannery effluents, can-cooler overflow, fruit-washing waste waters, peeling and sectioning table
wastewaters, and floor flushing water. The management of this waste poses contemporary environmental
challenges due to difficulties in obtaining information regarding its location, quantification, and disposal
methods'?. Frequently, this waste is directly discharged into lakes, ponds, forests, or wells or channelled into
municipal sewer system, resulting in adverse environmental impacts. The solid fraction, comprising seeds, peels,
pulp and residues, commonly referred to as orange peel waste (OPW), represents the primary waste output in
the fruit juice processing industry?"?. Specifically, depending on the citrus fruit variety, only around 35-40% of
the fruit is used for juice production, while a minor fraction, ranging between 0.2 and 0.5%, designated for
essential oils extraction (such as limonene), occasionally conducted concurrently with juice extraction. The
residual 60-65% constitutes the solid fraction, i.e., the OPW waste??. It has been demonstrated that this waste,
representing almost half of the fruit total weight, harbours numerous commercially significant compounds or
phytochemicals of commercial relevance®. By valorising this biomass through specific chemical processes, it is
feasible to extract some of these structural components, with diverse applications across various sectors, as
exemplified by limonene and pectin. Specifically, these two biomolecules are derived from distinct parts of the
fruit, termed albedo and flavedo. Pectin, a structural polysaccharide, is situated in the albedo, while limonene,
a cyclic terpene, is predominantly found in the flavedo of citrus fruits**. The burgeoning demand for these
biomolecules and their derivatives in the market is attributed to their multifaceted utility across diverse industrial
sectors. Limonene and its derivatives find widespread application in the food industry as flavouring or sweetening
agents®, in the production of cleaning products such as resins and solvents?, and in the pharmaceutical sector,
exhibiting chemotherapeutic activity against various tumours®. Pectin also has functional importance in the
food industry owing to its thickening and gelling properties®® and is instrumental in the development of
environmentally friendly food packaging®. The incessant growth of the market surrounding these two
biomolecules attests to the abundant availability of these wastes worldwide. The global pectin market size was
estimated to be $1 billion in 2019 and is projected to reach $1.5 billion by 2025%°, while for limonene, a market
size of $312.1 million was estimated in 2022, with an expected increase to $331.0 million by 2023*!. However,
given the escalating attention on production sustainability of and the burgeoning interest in renewable resources,
such as citrus fruit waste, which mitigate the issue of illegal disposal with consequential environmental
ramifications, by obtaining value-added products capable of substituting those traditionally derived from non-
renewable sources, it is imperative not only to explore its potential applications but also to validate its
environmental impact. From this standpoint, assessing the extraction of these two pivotal biomolecules from
OPW is as crucial as evaluating the environmental sustainability of the process itself. Accordingly, this study
aims to evaluate, in terms of environmental impact, a combined extraction process of pectin and limonene at
the laboratory level using orange peel waste (OPW) provided by Ortogel Spa, Sicily (Italy), derived from the
industrial juice production process. The Life Cycle Assessment (LCA) methodology is considered a reliable tool
for evaluating the environmental potential of new technologies even in the laboratory phase. As highlighted in
a recent review*?, most LCA studies in the citrus sector primarily focus on the cultivation and processing phases
for juice and essential oil production, typically adopting a “cradle-to-gate” approach. In these studies, the
agricultural phase emerges as having the highest environmental impact, mainly due to the use of land, water,
energy, and fertilizers®. While the transformation phase within the juicing industry has a lower impact compared
to the agricultural phase, it is still significant due to the substantial consumption of water and energy***.
However, the same review*” points out that only a few studies address the environmental impact of managing
and valorising the waste generated during processing, such as OPW. In the existing literature, the environmental
impacts of extracting limonene and pectin are often analyzed separately. LCA studies on limonene extraction
tend to focus on using residues for biogas and digestate production®, whereas pectin-related LCA studies
primarily compare different extraction methodologies®”*%. The only study that addresses both limonene and
pectin extraction considers limonene as an intermediate compound in producing value-added products like
p-cymene®. Our study aims to bridge this gap by investigating the combined extraction of limonene and pectin
from citrus industry waste, employing experimental methods on a laboratory scale and adopting a “gate-to-gate”
approach. This approach focuses exclusively on the post-transformation phases of citrus processing, specifically
the extraction of pectin and limonene from the waste product (OPW). Given the growing industrial interest in
modeling and optimizing more sustainable extraction processes for value-added products, analyzing the
environmental impacts of limonene and pectin extraction separately is also gaining traction®. Therefore, by
applying the LCA methodology, this study aims to evaluate the environmental sustainability of the limonene
and pectin extraction process at the laboratory scale, following international standards 14,040-44:2006"4!.
Utilizing the LCA methodology, as demonstrated in this study, allows for the identification of key environmental
hotspots within the laboratory extraction process and facilitates the development alternative improvement
scenarios.

Materials and methods

The orange peel waste (OPW) utilized in this extraction process originated from a citrus juice processing industry,
specifically from Ortogel Spa, located in Sicily (Italy). This waste belonged to the Tarocco variety (Citrus sinensis).
As reported in several studies, it is crucial to emphasise that the quantity of juice and structural components,
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such as pectin and lemon, can vary depending on the citrus fruit variety**. Consequently, the quantities extracted
from this process, given identical OPW inputs and technologies employed, differ from results obtained in other
studies, depending on the citrus variety utilised. Additionally, it is noteworthy regarding limonene, as previously
mentioned, a percentage between 0.2 and 0.5% is already mechanically recovered during the juice extraction
process. Therefore, the quantity of limonene extracted in this combined limonene and pectin extraction process
represents the additional amount that could be recovered through the implementation of a biorefinery.

To estimate the environmental impacts associated with the analysed biorefinery process, a gate-to-gate
LCA approach was developed in accordance with the specific international standards 14,040-44:2006*"*! and
organised as follows: (1) goal and scope definition; (2) life cycle inventory (LCI); (3) life cycle impact assessment
(LCIA); and (4) life cycle interpretation. These phases constitute the well-standardised framework according
to which this LCA was developed, with each discussed in subsequent sections. The adopted method offers a
holistic approach for a comprehensive environmental assessment, following as stated, the standardised method
ensuring reproducibility of results.

Goal and scope definition

The study aims to explore the extraction of limonene and pectin from OPW to identify environmental hotspots
and potential enhancements of a biorefinery based on citrus processing wastes. This objective is driven by the
need to mitigate conventional disposal practices, such as incineration or environmental dispersion of such waste,
which contribute to environmental degradation. The analysed process adopts a gate-to-gate approach, wherein
OPW serves as the incoming raw material for the combined extraction of pectin and limonene. Conducted at a
laboratory scale, all data concerning material and energy flows were gathered through a questionnaire tailored
for the implementation of the LCA methodology obtained from National Research Council of Italy (CNR). In
this way, the system boundary was defined, encompassing three distinct phases: pre-treatment (Section “17),
lemon extraction (Section “2”), and pectin extraction (Section “3”), as depicted in Fig. 1.

Section 1: pre-treatment phase. Orange peel waste (OPW) from the juice processing industry was mixed with
distilled water and pulped using a manual extractor. The aim of this first phase was to reduce the size of the OPW
to 2 mm and then centrifuge it. After centrifugation, two fractions were obtained: one liquid and one solid. The
liquid fraction exits the analysed system boundary, while the solid fraction leaving Section “1” is transferred to
Section “2” for the combined extraction process (Comb-HD).

Section 2: limonene extraction. In the combined extraction process (Comb-HD), distilled water and
hydrochloric acid were added to the solid fraction from Section “1”. The resulting mixture was used for lemon
extraction and subsequently for pectin extraction (Section “3”). For limonene extraction, the mixture underwent
hydro distillation followed by purification using cyclic methyl ether (CPME) and sodium sulphate (Na,SO,).

Section 3: pectin extraction. For pectin extraction, the mixture obtained from the combined extraction process
(Comb-HD) underwent filtration and heat treatment, leading to the separation of the liquid fraction from the
solid fraction. The solid fraction exits the analysed system boundary, while the liquid fraction is utilized in
the extraction process. The liquid fraction was mixed with ethanol and centrifuged to obtain liquid and solid
fractions. Pectin was extracted from the solid fraction after centrifugation. Notably, about 33% of the ethanol
from the liquid fraction produced during centrifugation was recovered through distillation.

The selection of the functional unit (FU) was determined by considering the total incoming raw material flow
and the maximum capacity of the laboratory machinery. The FU represents the unit of the product, provides
a reference linking inputs to outputs and resulting impacts and damages*~. In this small-scale study, the input
OPW was approximately 422 g, corresponding to the maximum capacity of the manual extractor used during
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the pre-treatment phase, necessary to obtain the chosen functional unit, equivalent to 300 g of pre-treated OPW
exiting the pre-treatment phase.

Life cycle inventory (LCI)

The inventory phase is crucial step in LCA processing involving the compilation, qualification, and quantification
of all the input and output flows essential for assessing the environmental impact of the process. Inputs include
resources, materials, and energies, while the outputs encompass material emissions into the air, water, and soil,
as well as the exploitation of natural and primary-energy resources*. To collect the information provided by
CNR on the primary laboratory stages of the process, product quantities, and waste quantities to be treated, a
tailored questionnaire was developed. This questionnaire comprised several sections, including discussions on the
developing process, details of each process step, and tables related to machinery used, electricity consumption,
and time required for each phase. Additionally, tables for inputs and outputs were included, specifying the source
and disposal procedure for each input and output identified as waste. Primary data collection involved three
repetitions of laboratory tests, and the data used represents the average of results obtained from these repetitions.
Following data collection, a detailed mass and energy balance was performed, referencing inputs and outputs
to the functional unit of the system, equal to 300 g of OPW. The LCA developed in this study thus represents
the limonene and pectin extraction process from OPW. Given the uncertainty and variability in LCA studies, it
is essential to determine the validity of the collected data and the reliability and robustness of the results*%. The
robustness of the data and modelling in this study is considered very high, as it is based on real data acquired
from three different repetitions of laboratory tests. Finally, the primary data were combined with secondary data
extracted from databases of acknowledged scientific value and relevance, particularly Ecoinvent v.3.3 available in
SimaPro 8.1. This database is globally recognized for accommodating most commonly used background materials
and processes in LCAs*. The information used to calculate the life cycle analysis (LCI) is shown in Table 1, which
details the quantities of limonene and pectin obtained, as well as the inputs and outputs used and produced in
the extraction process. Specifically, electricity consumption was calculated to be 10.49 kWh, considering the
electrical power of the machines used and their operational time. Further details on the modelling of secondary
inputs derived from the Ecoinvent database are provided in Supplementary Table 1. The combined extraction
process illustrated in Fig. 1 yielded 0.14 g of limonene and 8.22 g of pectin, as indicated in Table 1.

Life cycle impact assessment (LCIA)

The LCIA phase, which provide information for the interpretation phase®, aims to evaluate the significance of
potential environmental impacts associated with the analysed systems. This is achieved by examining the system
from an environmental perspective, using the category indicators in the LCI results. The resulting flows quantified
within the inventory analysis are aggregated into a limited number of Impact Categories (ICs), specifically
midpoint categories*. LCIA development followed International Standards***!, considering two mandatory
steps: classification and characterization of the output inventories into damage and impact categories, and
two optional steps: normalization and weighing of results with respect to a common reference. According to
Jolliet et al.*%, damages and impacts categorization for the assessment followed the scheme provided by Impact
2002+, available in SimaPro 8.1 (Table 2). The Impact 2002+ method was selected due to its broad acceptance
and its ability to incorporate both normalization and weighting, which allows for a more comprehensive and
detailed assessment of environmental impacts. This method effectively bridges midpoint and damage-oriented

46

Items Average amount UM
Outputs
Products
Limonene 0.14 g
Pectin 8.22 g
Inputs
Material and energy commodities
Orange peel waste (OPW)*! 421.90 g
Distilled water 1.8 L
Hydrochloric acid (HCI) 36.90 mL
Cyclopentyl methyl ether (CPME) | 25.00 mL
Sodium sulphate (Na,SO,) 9.50 g
Ethanol (EtOH) 2.2 L
Electricity 10.49 kWh
Waste
Water due to evaporation 1682.79 g
Hydroalcoholic residue 1183.5 g
Municipal solid waste 14.24 g

Table 1. Average data collected from three different laboratory tests. All data are reported with their
corresponding units of measurement (UM). *! Corresponding to the quantity necessary to obtain the
functional unit (FU), which is equivalent to 300 g of OPW leaving the pre-treatment phase.
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Damage category (DC) | Impact category (IC)

Human Health (HH) Carcinoges

Non-Carcinoges

Respiratory inorganics

Respiratory organics

Tonizing radiations

Ozone layer depletion

Ecosystem quality (EQ) Aquatic eco-toxicity

Terrestrial eco-toxicity

Terrestrial acidification/nitrification

Aquatic acidiphication

Aquatic eutrophication

Land occupation

Climate change (CC) Global warming

Resources (R) No-renewable energy

Mineral extraction

Table 2. ICgand DC; provided by Jolliet et al.*® in the Impact 2002 + method.

approaches by integrating 14 midpoint categories with 4 damage categories, providing a holistic evaluation
framework. Its versatility makes it well-suited to the study’s scope and objectives, ensuring a thorough analysis
of the environmental impacts. As shown in Table 2, this LCIA method employs a combination of midpoint
impact categories and endpoint damage categories to assess the environmental repercussions of a system. In
the midpoint approach, LCIA results were expressed using equivalent indicators, such as kgCO,eq for ‘Global
Warming, MJ primary for ‘Non-renewable Energy, and kgPM2.5 eq for ‘Respiratory Inorganics. These ICs were
subsequently grouped into Damage Categories (DCs) to describe the environmental compartments damaged by
the product throughout its life cycle. Thus, normalization and weighing points were included in the assessment
as part of the endpoint approach. As it is known, the endpoint approach provides results estimated using
equivalent numerical parameters, expressed as ‘weighing points, ‘damage points, ‘eco-points, or simply ‘points’
This approach quantitatively represents the environmental damage associated not only with the investigated
system but also with all included materials, energies, processes, and phases, highlighting significant aspects for
potential improvements. Finally, weighing points were obtained by multiplying dimensionless results from the
normalization phase by 1 mPt. As known, the latter represents the factor (equal for all DCs and ICs) to convert
results from normalization to weighing, according to the Impact 2002 + method.

Results and life cycle interpretation

The most damaging processes were depicted using endpoint assessment results. Figure 2 shows the environmental
impacts related to pectin and limonene extraction processes expressed as weighing points (mPt), referred to
300 g of OPW (FU), and classified by damage categories: Resource (R), Climate Change (CC), Ecosystem Quality
(EQ), and Human Health (HH). Results shown in Fig. 2 demonstrate that the limonene extraction process is
less impactful than the pectin extraction one. The assessment showed that the environmental damage related
to the whole investigated extraction processes accounted for 10.84 mPt, with 10.63 mPt assigned to pectin and
0.21 mPt to limonene. Moreover, the Damage Category (DC) most significantly impacted was Human Health
(HH), in contrast to the other DCs, which ranged between 0.8 and 0.9 mPt, as highlighted in Fig. 3. Specifically,
Human Health (HH) emerged as the most influential DC throughout the entire process, accounting for 8.264
mPt, of which 8.098 mPt (i.e., 8%) were attributed to the pectin extraction process and only 0.165 mPt to the
limonene extraction (Fig. 2).

Figure 3 clearly confirms that the DCs with the greatest environmental impact, corresponding to 76.13%,
are Human Health (HH), followed by the Resource (R) category with 8.48%, Climate Change (CC) with 8.07%,
and finally, Ecosystem Quality (EQ) with the lowest percentage at 7.31%.

This was also confirmed from data reported in Table 3 where the damage-assessment values for each DC were
evaluated and reported. In detail, DALY (Disability-Adjusted Life Year) considers the overall severity of a disease
as the number of years lost due to illness, disability, or premature death; PDF (Potential Damage Fraction) is the
fraction of species that have a high probability of not surviving in the selected area due to unfavourable living
conditions. In terms of damage-assessment values, the pectin extraction process has a much more significant
environmental impact compared to the limonene extraction one, for all analysed DCs. Specifically, 98% of the
overall environmental impact is associated with the pectin extraction process, while only the remaining 2% is
attributable to limonene extraction (Table 3).

The emission data were organized into emission to air, to water, and to soil for both pectin and limonene
extraction (Table 4). Substances and resources contributing for < 1% (each) were excluded as their impact was
considered not relevant. In the case of soil emissions, since all substances reported an impact of less than 1%,
e.g., 0.06% of the total, a different criterion to select the substances and resources was considered. Indeed,
the emissions to soils have not a relevant impact if compared with the air emissions, e.g., 95.24%, and water
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Fig. 3. Percentage distribution of the total damage (10,84 mPt/FU) amongst the DCs considered by Impact
2000+ . Values are derived from endpoint results.

Human health 5.74x107° | 1.17x10° |5.86x10° | DALY

Ecosystem quality 10.65 0.22 10.87 PDFm’y

Climate change 8.50 0.17 8.67 kg.q CO,

Resources 137.17 2.80 139.97 M] Primary-energy

Table 3. Damage-assessment values for each considered damage category. Values were obtained from Impact
2022+ LCIA and are referenced to the FU.

emissions, e.g., 4.70%. Therefore, only substances and resources that accounted for more than 50% of the total
soil emissions were considered and reported in Table 4.

The emission to air from pectin and limonene extraction processes in terms of kg of emission were carbon
dioxide (biogenic and fossil), water, and carbon monoxide. Fossil and biogenic carbon dioxide emissions to air
are significant at 7.98 kg and 7.26 kg respectively (Table 4). Water emissions of 1.68 kg represent the amount of
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Emissions

Amount
Items Pectin Limonene | Total UM
To air
Carbon dioxide, fossil 7.82 1.60x10°" |7.98 kg
Carbon dioxide, biogenic 7.12 145%x107" | 7.26 kg
Water 1.65 3.37x107% | 1.68 kg
Carbon monoxide, biogenic | 4.03x107 |822x107° |4.11x10" |kg
Radon 843x10° |1.72x10* |8.60x10° |Bq
Noble gases, radioactive 1.03x10° |2.10x10° |1.05x10° |Bq
Heat, waste 3.13x107! |3.07x107" | 6.27x107 | MJ
To water
Nitrate 2.58x1071 | 5.27x107° | 2.64x107! kg
Water 4.33x10! 8.84x 107! | 4.42x10! m?®
Heat, waste 9.00x1072 |1.84x1073 |9.18x107% | M]J
To soil
Calcium 331x107° | 6.76x10° |3.38x107° |kg
Oils, unspecified 1.63x107% [3.32x10° | 1.66x107 |kg

Table 4. Emissions of substances and resources accounting for more than 50% of total emissions. Data are
presented with their corresponding Unit of Measurement (UM).

water vapour released into the air during the limonene and pectin extraction processes, while carbon monoxide
emissions of biogenic origin are present at 0.411 kg. Additionally, in terms of the becquerel (Bq) produced in the
air, it was found, as shown in Table 4, that random and other radioactive noble gases are 8.60 x 10° and 1.05x 10°
respectively. This unit of measurement provides information about the amount of radioactivity present in a
substance. Finally, again for emissions to air, the thermal energy lost during the extraction process is reported
for a total of 6.27 x 10~ MJ (Table 4).

Emissions to water from pectin and limonene extraction included nitrate in kg, water in m?, and Heat waste
in MJ. Nitrate emissions in water are equivalent to 0.264 kg, water-related emissions are equivalent to 4.42 m’,
while heat emissions in water are equivalent to 9.19 x 10~ MJ (Table 4). Soil emissions include small amounts
of calcium and oils released or deposited in the soil amounting to 3.38 x 10~ and 1.66 x 10~ respectively. The
results in Table 4 show that for all types of emissions, the highest impacts are due to the pectin extraction process.

Furthermore, the contribution of each input considered for the whole process was analysed to evaluate the
impact for each DC. As shown in Table 5, the most impactful resources were electricity and ethanol for all the
DCs. In particular, the use of ethanol has a greater impact on the Human Health (HH) and Ecosystem Quality
(EQ) damage categories, while electricity consumption proves to be more impactful in the damage categories
related to Climate Change (CC) and Resource (R).

Furthermore, it is observed that for Human Health (HH) and Ecosystem Quality (EQ) damage categories,
Ethanol and Electricity together account for 99.65% and 99.37% of the total, respectively. In the case of the
Climate Change (CC) damage category, this percentage drops to 97.87%, while for the Resource (R) damage
category, it is 97.02%. When considering the entire process and the individual contributions of each substance
and/or resource, as depicted in Fig. 4, 81% of the total impacts are attributed to Ethanol, 18% to electricity, and
only the remaining 1% is due to the rest of the employed resources. This corresponds to single scores of 8.83 mPt
for Ethanol, 1.94 mPt for electricity, and 0.08 mPt for other resources (Fig. 4). The significant impact of Ethanol,
as revealed in this study, is consistent with findings from similar research, confirming that ethanol is one of the
primary contributors to environmental impact in processes involving the extraction of compounds like pectin
and limonene. For example, a study by Santiago et al.*® compared the environmental impacts of various limonene
extraction techniques, including solvent extraction with Ethanol. Their findings highlighted that this method
carries a substantial environmental burden, both due to the use of the solvent and the high energy consumption
required for its recovery. Similarly, Garcia et al.*” found that the impact of ethanol use surpasses that of electricity
and increases significantly if ethanol is not recovered, making it a key factor in the overall process. Duggal
Muskanna et al.”® further emphasize the importance of Ethanol recovery to mitigate its environmental footprint
and suggest that more efficient and sustainable extraction techniques, such as microwave heating or sourcing
ethanol from more sustainable origin, could minimize its use. By focusing attention on Impact Categories (ICs),
selected from those considered by Impact 2002 + (Table 2) and analysing the results, it was possible to highlight
that among the considered ICs, the most environmentally significant was Non-renewable Energy, belonging to
the Resource (R) damage category (Table 6). The other two ICs that were less impactful but still relevant were
Global Warming and Terrestrial Eco-toxicity, belonging to Climate Change (CC) and Ecosystem Quality (EQ)
damage categories, respectively.

However, the impact categories relating to Aquatic Acidification and Aquatic Eutrophication were not
reported because they did not produce any impact for this process. The most representative and significant ICs
were selected and listed in Table 6, based on results from the midpoint. Regarding the Human Health (HH)
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Damage assessment
Value UM
Substance/resource Pectin Limonene | Total DC
Ethanol (from fermentation) 536x107° | 1.09x10°° |547x107°
Electricity 3.60x10° | 7.34x10% 3.67x107°
Cyclopentyl methyl ether 852x10° | 1.74x107° |8.69x10°®
Water ultrapure 8.16x10°% | 1.67x10° |8.33x10°®
Hydrochloric acid 251x10°% | 512x1071° | 2.56x10°® DALY HH
Sodium sulphate 511x107° | 1.04x1071° |521x107°
Wastewater 1.51x107 |3.08x107"" | 1.54x107°
Municipal solid waste 4.29x1071° | 8.75x10712 | 4.37x1071°
Ethanol (from fermentation) 9.69 1.98x 107! 9.89
Electricity 8.97x 107! 1.83x102 9.15x107!
Water ultrapure 4.14x107% | 8.44x10* |4.22x107?
Cyclopentyl methyl ether 9.05x107° | 1.85x10™ |9.23x107?
Wastewater 7.48x107 | 1.53x10™* [7.63x107 PDE" m®ty kQ
Hydrochloric acid 741x107% | 1.51x10* | 7.56x107°
Sodium sulphate 1.41x107% | 2.88x10° | 1.44x107°
Municipal solid waste 1.16x10™* | 2.38x10° | 1.19x10™*
Electricity 6.29 1.28x107" | 6.42
Ethanol (from fermentation) 2.03 4.14x107% | 2.07
Cyclopentyl methyl ether 7.76x107% | 1.58x107 | 7.92x1072
Water ultrapure 6.68x1072 | 1.36x107° |6.82x107?
Hydrochloric acid 281x107 | 57ax107 | 287x107 | 8 cc
Sodium sulphate 6.01x10% | 1.23x10™* |6.13x107°
Municipal solid waste 1.88x107 |3.83x10° |1.92x107°
Wastewater 7.24x10™ | 1.48x10° |7.39x10™
Electricity 1.06 x 10* 2.15 1.08 x 10?
Ethanol (from fermentation) | 2.75x 10! 5.62x1070 | 2.81x10!
Cyclopentyl methyl ether 2.34 4.78x1072 | 2.39
Water ultrapure 1.04 2.13x107% | 1.07 )
Hydrochloric acid 5.65x107" | 1.15x102 | 5.76x10"! Primary-energy MJ | R
Sodium sulphate 1.18x107" | 2.40x10° |1.20x107!
Wastewater 8.93x10° | 1.82x10* |[9.11x107?
Municipal solid waste 535x10° | 1.09x10™ |546x107

Table 5. Substances and resources categorized based on the damage assessment.

damage category, all impact categories were negligible compared to those belonging to Resource (R), and, above
all, those belonging to Ecosystem Quality (EQ) and Climate Change (CC) damage categories. For the Climate
Change (CC) damage category, all impacts coming from the IC Global Warming were 98% from the pectin
extraction process, with the remaining less than 2% from the limonene extraction. According to this author team,
the output inventory pack discussed in Tables 4 and 5, as well as the ICs reported in Table 6, can be considered
highly significant environmental aspects and representative of the investigated process. The obtained results
made it possible to identify the life cycle phases that contribute the most to environmental impacts. Therefore,
since all the DCs were highlighted as mostly affected by Ethanol, especially during the pectin extraction phase,
as reported in Table 5 and shown in Fig. 4, a new analysis of the pectin extraction process was carried out with
the aim of reducing the environmental impacts for the improvement of the process.

Improvements of the process

Therefore, since all the Damage Categories (DCs) were highlighted as mostly affected by Ethanol during the
pectin extraction phase, a new analysis was carried out by replacing it. In detail, a comparison between two
scenarios (i.e., Scenario 1—pectin extraction phase using ethanol from fermentation and Scenario 2—pectin
extraction phase using Ethanol from ethylene) was carried out. Figure 5 shows the environmental impacts,
making a comparison between the two considered scenarios by adopting Ethanol coming from different sources
(i.e., fermentation and ethylene). The damage assessment showed that the environmental damages associated
with the investigated scenarios are equal to 10.63 mPt and 2.81 mPt, respectively, for Scenario 1 and Scenario 2.
Therefore, as highlighted in Fig. 5, Scenario 2 had a 73.4% lower impact than Scenario 1. In detail, the analysis of
Fig. 5 reveals that the Impact Category (IC) most severely affected in Scenario I, as already highlighted in Fig. 2,
was Human Health (HH), with a total score of 8.0984 mPt. Transitioning to the second scenario, characterized
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Fig. 4. Major processes contribution to Damage-assessment (weighing points).

Amount
Impact category Pectin Limonene | Total UM DC
Non-carcinogens 4.40x107° | 8.98x107 |4.49x10~ | DALY
Carcinogens 7.22x10° | 1.47x107 | 7.37x10° | DALY
Respiratory inorganics | 6.19x10° | 1.26x107 | 6.32x10° | DALY HH
Ionizing radiation 2.86x107% | 584x1071° |2.92x10® | DALY
Respiratory organics 5.14x107° | 1.05x107° |524x10” | DALY
Ozone layer depletion 1.23x107 |2.52x107" | 1.26x10”° | DALY
Terrestrial ecotoxicity 6.44 1.31x107" | 6.57 PDF*m2*yr
Land occupation 3.88 7.92x102% | 3.96 PDF*m2*yr EQ
Terrestrial acid/nutr 232x107" | 4.74x107° | 237x107" | PDF*m2*yr
Aquatic ecotoxicity 1.05x107" | 2.14x10 | 1.07x10" | PDF*m2*yr
Non-renewable energy | 1.37x1072 | 2.79 1.40x 10> | MJ primary R
Mineral extraction 3.59x 107" | 7.33x10° | 3.67x107" | MJ primary
Global warming 8.50 1.73x107" | 8.67 kgCO,eq | CC

Table 6. Most representative and impactful ICs, referenced to the Unit of Measurement (UM).

using Ethanol produced from ethylene instead of fermentation-derived Ethanol, a significant reduction of 91.21%
in this impact category was recorded, with the score decreasing from 8.0984 mPt to only 0.7115 mPt. In Scenario
2, the most significant damage category was Resource (R), highlighted by a single score of 1.1915 mPt, while the
other DCs show variable values ranging from 0.08 to 0.82 mPt.

This was confirmed by the data reported in Table 7, where the damage-assessment values for each Damage
Category (DC) were evaluated and reported. As stated before (Table 6), the analysis of the process revealed
that the most significant environmentally impactful Impact Categories (ICs) included Non-Renewable Energy,
belonging to the Resource (R) damage category, and to a lesser but still relevant extent, Global Warming, and
Terrestrial Eco-toxicity, falling within the Climate Change (CC) and Human Health (HH) damage categories,
respectively.

In this comparison, considering the use of Ethanol from a different source (Ethanol from ethylene), a
considerable decrease in the mentioned ICs in terms of environmental impact was observed (Table 7). Indeed,
the Non-Renewable Energy impact category reduced by 99.15%, decreasing from 140 to 1.19 M]J for Scenario
I and Scenario 2, respectively. Substantial reductions were also found for the other two ICs, namely Global
Warming and Terrestrial Eco-toxicity, belonging to the Climate Change (CC) and Human Health (HH) damage
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Fig. 5. Comparison of Scenario 1 and Scenario 2 at the lab scale, including associated causes and damages
(weighing points).

Non-carcinogens 4.49%107° | Respiratory inorganics | 5.57x107" | DALY
Carcinogens 7.37x10°¢ | Carcinogens 1.25x107" | DALY

Respiratory inorganics 6.32x10° | Non-carcinogens 2.38x107* | DALY HH
Ionizing radiation 2.92x10"* | Ionizing radiation 3.63x107 | DALY
Respiratory organics 5.24x 107 | Respiratory organics 1.47x107* | DALY

Ozone layer depletion 1.26x107° | Ozone layer depletion | 1.52x10™* | DALY

Terrestrial ecotoxicity 6.57 Terrestrial ecotoxicity | 6.51x10 | PDF*m2*yr

Land occupation 3.96 Terrestrial acid/nutri 8.51x107 | PDF*m2*yr £Q
Terrestrial acid/nutri 2.37x107" | Land occupation 6.97x107 | PDF*m2*yr
Aquatic ecotoxicity 1.07x10™" | Aquatic ecotoxicity 1.54x107 | PDF*m2*yr
Non-renewable energy | 1.40x 10> | Non-renewable energy | 1.19 M] primary R
Mineral extraction 3.67x 107! | Mineral extraction 1.99x 107 | MJ primary
Global warming 8.67 Global warming 829x10"! | kg CO,eq CC

Table 7. Damage-assessment values for the most representative and impactful ICs. Values, referred to FU,
were obtained from Impact 2022 + LCIA.

categories, respectively. The former decreased by 90.44%, going from 8.67 to 0.82 kg CO,eq, while the latter
decreased by 99.01%, going from 6.57 to 0.065 PDFm2yr.

In this case as well, ICs related to Aquatic acidification and Aquatic eutrophication were not reported because
they showed no impact for this process. The most representative and significant ICs were selected and listed
in Table 7, based on results obtained from the midpoint. Overall, as observed in Table 7, all impact categories
experienced a significant reduction in terms of environmental impact due to the substitution of fermentation
Ethanol with Ethanol from ethylene.

Although to a lesser extent, all the Damage Categories (DCs) were also significantly affected by electricity
consumption (Table 5 and Fig. 4). However, according to other studies®, high energy consumption constitutes
arecurring challenge in various biomass valorisation contexts, putting at risk the sustainability of the processes,
including the recovery of citrus waste from the initial stages of the process. In an optimized process, considering
a further improvement, this impact could be significantly reduced by replacing the use of energy from fossil fuels
with renewable sources (i.e., solar, biomass, wind).
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Conclusion and future perspective

The responsible use of biomass and waste to produce high-value products is now a crucial global goal to address
climate issues related to their underutilization or improper disposal, which has serious consequences for our
planet’s health. This study aims to promote an innovative biorefinery based on citrus processing waste (CPW),
with the goal of laboratory-scale extraction of two essential molecules, pectin, and limonene, for various sectors
and purposes. However, defining a use for waste to create new high-value products is not enough today; it is
also crucial to ensure their environmental sustainability. Therefore, the laboratory process described in this
study was assessed for its environmental impacts using the globally recognized Life Cycle Assessment (LCA)
methodology. This approach allows the examination of products, processes, facilities, or services from resource
acquisition to waste management.

In this context, the presented study analysed a laboratory process for the extraction of pectin and limonene,
highlighting environmental critical points in this phase and providing a basis for identifying potential
improvements. Specifically, the Life Cycle Assessment results identified ethanol and electricity as the main
sources of environmental impact. The analysis revealed that 97% of the total damage resulted from ethanol
use within the pectin extraction phase. Consequently, the study proposed an improvement measure, aiming to
replace environmentally impactful fermentation-derived ethanol with ethanol from different sources, such as
ethylene. The results showed a significant reduction in the environmental impact of 73.4% associated with pectin
extraction, using ethanol derived from ethylene. This underlines the importance of the LCA methodology as a
crucial tool for identifying and improving the environmental impacts of new industrial processes. Regarding
electricity, although its impact on the overall extraction process is minor compared to ethanol use, future
optimization could bring further improvements by substituting fossil energy sources with renewable sources
like solar, biomass, and wind power.
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