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Abstract

Onion (Allium cepa L.) is a worldwide culinary ingredient and the second most important vegetable
crop. Hence, the amount of onion solid waste (OSW) is really abundant and constitutes an
environmental problem due to its pungent odour and the proliferated growth of phytopathogens.
However, the content of flavonol quercetin and fructooligosaccharides (FOS) makes it a
potentially recoverable residue. The aim of this study is to incorporate a biorefinery approach,
developing a full-scale plant for the valorization of OSW into quercetin and FOS, under a circular
economy perspective and, in parallel, to evaluate the environmental profile of this alternative
according to a Life Cycle Assessment perspective. To do so, inventory data are obtained from
modelled processes at large scale. A mass-based allocation approach is established as baseline,
although a sensitivity assessment is further developed considering the influence of the different
variables on the results obtained. The results identify that the sections responsible for the
extraction of quercetin and FOS, based on the use of ethanol as an extractive agent, have
significant environmental burdens. Consequently, the use of this solvent is responsible for a high
environmental load due to its background production processes, reaching contributing ratios of
up to 30% and 50% in some categories for the extraction of quercetin and FOS, respectively. In

addition, the consumption of electricity in the different stages of the process is also responsible
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for high environmental loads (up to 93% for flavonol quercetin and 86% for FOS) due to its
dependence on fossil fuels. Therefore, improvement alternatives should be studied (e.g.
microwave and ultrasound-assisted extractions) to significantly reduce impacts on the

environmental profile.
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1. Introduction

Agro-industrial waste is an available, diverse and recyclable resource. Traditionally, these agro-
industrial by-products have been used for low value-added activities such as fertilizers and animal
feed or landfilled with other wastes [1-3]. However, deepening in the composition of agricultural
residues, a broad range of bioactive compounds such as pigments, oligosaccharides, lipids,
flavours and phytochemicals are present. These bioactive compounds have applications in the
food, nutraceutical and pharmaceutical sectors. However, the valorization of agrowaste requires
a change of paradigm. Beyond waste management, the approach of biorefinery emerges as a
new and promising initiative: the use of agro-industrial by-products as raw material. The inherent
and diverse chemical content of agro-food waste, together with the growing demand for
environmental protection and resources preservation, are encouraging more efficient valorisation
of these wastes for the production of value-added food ingredients, chemicals and biofuels. In
this sense, progress can be expected in the coming years for integrated biorefineries, developed
on the basis of waste recovery and avoiding the risk of land, feed and food competition [4,5].
Moreover, among the Sustainable Development Goals (SDG) [6] defined by the United Nations
for 2030, this valorization proposal is framed within SDG 12 "Responsible consumption and
production”, which aims to achieve sustainable management and efficient use of natural
resources, substantially reducing the generation of waste through prevention, reduction, recycling
and reuse.

Onion (Allium cepa L.) is a biennial plant, the second most important horticultural crop after
tomato, with a world production of 66 million tons [7—9]. This plant is included in the Liliaceae
family and its medicinal properties are well known, mainly associated with its composition in
carbohydrates, sulphur and phenolic compounds [10]. This crop is very relevant in Spain, a
versatile vegetable used as ingredient in many dishes and as source of nutrients, spicy garnish
and non-nutrative health promoting compounds [11].

Onion bulbs are the edible part and are classified according to their colour in yellow, red and white
or on their taste as sweet and non-sweet [8]. The consumption of bulbs implies the production of
agricultural residues that are the dried skin, the outer two fleshy leaves, the upper and lower
bulbs, as well as undersized or damaged bulbs [12]. Its cultivation grows every year, with Spain

being one of the main onion producing countries in the world [13] and around 25,000 ha are



dedicated to onion cultivation, which represents 6.50% of the total Spanish horticultural area [14].
Onion processing generates a significant fraction of waste [7,9]; around 0.5 million tonnes of onion
solid wastes (OSW) are produced annually in Europe, with Spain, the United Kingdom and The
Netherlands being the most important producing countries.

The composition of the onion (although it varies according to the variety) presents phenolic
compounds such as flavonoids, especially flavonol quercetin and quercetin derivatives (the onion
is the vegetable with the highest quercetin content). Quercetin presents antimicrobial, anti-
inflammatory, anti-cancer, antiviral, anti-cholesterol and antioxidant activities, among others [9].
As for the amount of quercetin, it is found in the skin and outer layers 48-fold more than the edible
portion [8,9,15]. Onion residues are not suitable for the production of animal feed or organic
fertilizers due to their pungent odor and proliferation of phytopathogens [9,13]. In addition,
incineration is not recommended because of its high water content. Therefore, onion residues are
considered a real problem for industry [12] and hence the interest in valorising this agricultural
residue instead of conventional management practices as food waste [1].

Therefore, the extraction or isolation of quercetin from onion residues is the subject of several
studies [1,7,16,17], in which extraction techniques such as conventional solvent extraction (using
methanol, ethanol, ethyl acetate or acetone), subcritical water extraction (SWE), supercritical fluid
extraction (SFE), ultrasound-assisted extraction (UAE), microwave assisted extraction (MAE) or
accelerated solvent extraction (ASE) have been evaluated. In each case, advantages and
disadvantages associated with each alternative have been identified, taking into account the
diversity of solvents in order to increase yield and improve efficiency as a function of process
costs (in terms of solvent requirement or energy consumption).

In relation to the content of fructooligosaccharides (FOS), the presence of these compounds has
been verified in onion residues with pharmaceutical, food and cosmetic applications [12,18,19].
FOS have interesting prebiotic properties as immunomodulators and can be considered a source
of dietary fibre as they are not hydrolysed by human digestive enzymes. Therefore, they can be
used as functional additives in the food industry [20].

Consequently, this study aims to assess the environmental profile of the valorisation of OSW from
the onion-based industry into flavonol quercetin and FOS by means of ethanol extraction, fulfilling

the Sustainable Development Objectives. An attempt will be made to assess not only the overall



environmental profile following the Life Cycle Assessment (LCA) methodology, but also to identify
the main responsible processing activities from a "cradle to factory gate" approach, as has been
done in other studies, for example in Gonzélez-Garcia et al. (2018) [21]. To this end, a valorisation
scenario has been proposed for the production of quercetin and FOS as an alternative to one of
the most widespread management practices of this type of waste, namely anaerobic digestion
[22]. As far as the authors are aware, no other peer-review LCA studies of quercetin and FOS

production regardless the raw material used have been reported in the literature.

2. Materials and methods

2.1. Life Cycle Assessment methodology

Life Cycle Analysis (LCA) is considered one of the most developed tools for holistically quantifying
the environmental consequences linked to the life cycle of production processes, products or
services [23]. Although the initial applications of LCA referred to consumer products, this tool has
been used in the environmental analysis of industrial processes and waste management at
various scales in recent years following the 1ISO 14040 guidelines [24-27] . In addition, several
authors have explored the implementation of LCA methodology in biorefinery environmental

studies [21, 28-31]. Its applicability in this area is therefore justified.

2.2. Goal and scope

Once the current literature on the production of quercetin and FOS from onion has been
evaluated, it is possible to propose a valorization scheme under a biorefinery perspective that
allows obtaining information on the associated environmental impacts. To achieve this, a real
scale system based on lab-scale data is modeled [1] using Aspen Plus® software [32]. The scale-
up of chemical processes requires the understanding of all the stages involved in the valorisation
sequence, as laboratory processes are often far from being optimised, either in terms of resource
consumption or energy efficiency [33,34]. Consequently, the environmental profiles are estimated
by considering the mass and energy balances for each stage of production. As mentioned above,
OSW is not suitable for animal feed production [9,13] and is therefore considered to be managed

by anaerobic digestion [35].



In order to develop a biorefinery approach, the modelled plant should be located close to onion-
based industries to manage the solid waste produced. In the case of Spain, the region of Castilla-
La Mancha [36] must present optimum conditions as in recent years it has become the reference
point for the culture of this crop not only in Spain but also in Europe.

An attributional cradle-to-gate approach is considered in this case study, using the OSW as main
raw material. In previous works the functional unit used to report the environmental profile was
based on the amount of raw material valued per batch [29,37]. In this case, the analysis will be
based on the kilogram of product obtained (quercetin or FOS), which have a wide variety of uses
and can be obtained from alternative raw materials or production sequences [35]. It is therefore
possible to obtain the necessary information on both products for future comparisons with
alternative production routes.

Allocation is required when a single production system produces more than one product to
distribute the environmental impacts between them. In this study, a mass-based approach has
been considered as baseline for distributing the impacts of common sections between the two co-
products (Sections 1-3). For this purpose, the quantity produced of each co-product (quercetin
and FOS) has been taken into account, based on allocation factors of 83% and 17% for quercetin
and FOS, respectively, which allow the impacts to be distributed between the co-products.
Economic allocation is not used as base case because prices are often confidential and vary over
time. Nevertheless, and in order to discuss the effect of the allocation choice on the environmental
profiles and findings, a sensitivity analysis will be carried out considering alternative allocation

procedures.

2.3. Description of the full-scale production facilities for flavonol quercetin and FOS

According to the literature, several approaches have been proposed regarding the extraction
method of quercetin and other valuable compounds from onion residues. Most of these studies
use simple liquid/solid extraction techniques combined with chemically-catalysed hydrolysis
reaction followed by liquid/liquid extraction of quercetin. Within the solvents used in the extraction,
ethyl acetate is commonly used [38]. These solvents should be recovered at the end of the
extraction sequence rather than disposed of as waste. In this regard, water could also be used

as a solvent for quercetin extraction, but only under subcritical conditions, i.e. at temperatures



above 100°C [17], otherwise the water is too polar to be a good solvent for quercetin. Methanol
and ethanol are also used to extract the highest yield of flavonol quercetin, being methanol the
organic solvent that shows the best extraction results [39]. However, the ingestion or consumption
of large quantities of this solvent may have an intoxicating effect on the human body. The use of
solvents could be avoided with other extraction techniques such as MAE and UAE. In our
modelled system, ethanol has been considered as solvent since it meets the requirements when
quercetin is aimed to be used in food applications [1,40]. The proposed valorisation scenario
yields two co-products, namely flavonol quercetin and FOS, as target products. Figure 1 displays
the simplified system boundaries of the valorisation scheme with the corresponding sections
proposed for analysis. Within each section, the different activities involved have been identified

in line with the operations performed at lab-scale and designed in detail at large-scale.

<Figure 1 around here>

Therefore, the appropriate equipment required in biorefinery systems (e.g. dryer, extractor,
ultrafiltration unit, flash units) as well as other secondary machinery (e.g. pumps, heat exchangers
and mixers) has been chosen and designed.

Figure 2 shows the flow diagram of the plant corresponding to the valorisation sequence for
quercetin and FOS production in which the different equipment designed can be identified. The
valorisation sequence has been divided into ten sections or steps. Sections 1-3 are shared by
both production lines (quercetin and FOS). Sections 4 and 5 focus on the production of flavonol
quercetin from the permeate obtained in Section 3. The other five sections (Sections 6 to 10)
focus on obtaining FOS from the solid stream obtained in Section 3. A detailed description of each

section and corresponding involved operations is detailed below.

<Figure 2 around here>

Section 1: Pre-treatment of onion solid waste. In this step, the raw material is received directly

from the surrounding onion industries and stored in hoppers. Secondly, the OSW is transported

to the tray dryer by means of a conveyor. This treatment is necessary to reduce the moisture



content from 90% to 40%. The drying phase takes place for 120 min at 55°C (70°C maximum)
since higher temperatures should result in the destruction of the active ingredients. It is then
necessary to reduce the size of the dry raw material to obtain the optimum extraction size, i.e.
around 5 mm. For this, an industrial crusher is required. Finally, the OSW at an optimum size is
cooled to 10°C and warehoused in silos and at atmospheric pressure, in order to guarantee the
conservation of the raw material and avoid the proliferation of plagues since OSW needs to be
processed in a maximum of 24 hours.

Section 2: Conventional solvent extraction stage. Extraction is the key step in extracting the
flavonol quercetin. Conventional extraction has been preferred over others for different reasons
such as economic cost, ease of implementation on an industrial scale and subsequent use in food
preparation [41]. In this case, ethanol has been considered as a solvent since it is accepted by
EFSA (2011) [42] in food sector. Considering the results of the literature [1], the optimal ethanol
concentration for quercetin extraction to reach maximum yield should range between 50% and
80%. If the ethanol concentration increases, the extraction yield also increases. However, at
concentrations above 80%, yield begins to decrease. Therefore, it has been established at 70%
ethanol to obtain the highest possible extraction yield. As for the solute-solvent ratio proposed for
the design, it was considered 1:100 following the recommendations of Machavarapu et al. (2013)
[39]. Moreover, and with the aim of achieving a high concentration of the target compound, the
liquid-to-solid ratio has been set at 10 L per kg. The extraction step was carried out at 70°C for 3
hours.

Section 3: Centrifugation stage. After the extraction stage, the output stream is a solid-liquid
suspension. Therefore, it is necessary to separate both phases in a centrifuge. The solid fraction
is recovered as a residue and will be further processed as raw material in the management
strategy focused on FOS production (Sections 6-10). The liquid fraction (rich on ethanol and
bioactive compounds) is derived to the ultrafiltration membrane unit. This unit is required to obtain
a more purified permeate without low-weight compounds (derived from OSW) that could cause
technical problems in the solvent recovery step.

Section 4: Solvent recovery stage. The permeate from Section 3 includes ethanol, water and
guercetin as the main compounds. Ethanol is the solvent used in the extraction and, with the aim

of incorporating a “closing the loop” strategy, whether environmentally or economically, it must be



recovered and recycled for later use. Thus, the permeate is sent to a flash evaporation to recover
the ethanol. This step is performed at 70°C and 30 kPa. After flash separation, there are two
products: pure condensed ethanol and a mixture of water and quercetin (see Figure 2). The
recovered ethanol stream is recycled to Section 2, reducing the requirements of solvent (88% of
the total is recovered)

Section 5: Drying and storage. The stream rich in water and quercetin needs to be managed in
order to reduce water content. To do so, it is sent to an evaporator and the final product is
quercetin with 8% of moisture content. The separation is carried out at 90°C and 30 kPa and the
output steam stream is recycled to Section 2 (only 14% of the water content of the input stream
is recovered because the first evaporator allowed the highest recovery yield). A spray dryer could
be considered as an alternative drying operation. However, close attention should be paid to the
operating temperature, as quercetin is heat sensitive. In this case, the airflow inlet temperature in
the dryer should not exceed 400°C. Finally, the flow of flavonol quercetin is stored in silos at
atmospheric temperature and pressure for further distribution.

As previously reported, side-waste streams are produced in the quercetin-based valorisation
scheme. The solid stream produced in Section 3 and Section 1 (in case of receiving OSW in poor
conditions) needs to be managed and possible options could be proposed for analysis. The solid
stream could be sent to an anaerobic digestion unit since other management strategies such as
fodder production, organic fertilization or incineration are not recommended [9,13,22]. However,
as justified in the Introduction section, the valorisation into FOS could be considered as more
attractive sequence from a circular economy approach, also achieving one of the SDG12 targets
proposed by the UN [6]. Therefore, the extraction of FOS from the side streams is considered as
case study in this biorefinery, as displayed in Figure 1. The designed strategy based on lab-scale
data from Paredes et al. (2018) [20] is up-scaled and classified in five stages as detailed below:
Section 6: Aqueous hydrolysis. The solid stream from Section 3 is rich in water, ethanol and FOS.
The process is carried out with boiling water at 100°C in a pressurized reactor to obtain soluble
oligosaccharides in the liquid fraction.

Section 7: Conventional solvent extraction. Taking into account the extraction proposed in Section
2, 70% ethanol has been selected as the potential solvent for extracting FOS from the liquid

fraction from Section 6. Similar to Section 2, this stage is performed at 70°C.
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Section 8: Centrifugation. Again, after the extraction stage, the output stream is a solid-liquid
suspension that is separated in a centrifuge unit. The liquid fraction (ethanol-based supernatant)
is derived to an ultrafiltration membrane unit containing FOS in the permeate solution. As in
Section 3, it is proposed that this unit obtains a purified permeate that allows the solvent to be
recovered at the next stage. The solid fraction is recovered from both units (centrifuge and
membrane) as waste for its subsequent management (i.e. landfill), which has been excluded from
analysis because it is outside the limits of the system.

Section 9: Solvent recovery. The permeate from Section 8 includes ethanol, water and FOS as
main compounds. This stream is sent to a flash evaporation unit (70°C, 20 kPa) where a pure
ethanol condensate is finally obtained for recycling to Section 2, considerably reducing solvent
requirements (almost 78% of the total is recovered).

Section 10: Drying and storage. A new flash evaporation unit operating at 90°C and 20 kPa has
been designed in order to separate water from pure FOS and recirculate it to Section 7, thereby
reducing the water consumption required in the process. The final product obtained is FOS with
18% moisture. This percentage is large due to the ability of the compound to retain water (high

solubility), being also the percentage of water recovery so low (less than 2%).

2.4, Life cycle inventory data and sources

Special attention has been paid to the preparation of the life cycle inventory needed to carry out
the environmental analysis. This step is the most relevant in an LCA study, as the quality and
representativeness of the environmental results depend directly on the quality of the data
considered. Since the system is a large-scale biorefinery, mass and energy balances for the
foreground system have been established and modelled (Figure 1).

Modelling the full-scale facility requires the background information of the laboratory production
process. In the literature focusing on quercetin extraction by different extraction methods, several
laboratory-scale studies can be found [1,7,16,17]. In this study, the procedures processed by Jin
et al. (2011) [1] have been followed in detail as a starting point, i.e. information has been gathered
on the steps required, the type of equipment, the operating conditions and the performance for
the specific plant design. The engineering scale-up framework proposed by Piccinno et al. (2016)

[33] has been followed, starting with the laboratory protocols, the design of the full-scale
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production flow diagram divided by the production stages, the engineering design of the
equipment involved in each production stage, as well as the design of the infrastructure needed
to connect the stages (pumps, pipelines, conveyors). All these calculations have been adapted in
the context of an LCA study (Piccinno et al., 2016) [33]. The estimated energy and mass flows
have been obtained as foreground inventory data. Calculation procedures, design equations [43]
and simulations using Aspen Plus® software were used in the specific design of the equipment.
The simulations for the mass and energy balances have been performed with experimental results
identified in the literature [1]. Table 1 summarizes the most relevant life cycle inventory data of
the foreground system, data obtained from simulations performed with Aspen Plus® software,
taking into account the procedure reported by Braz de Oliveira et al. (2011) [44] and Paredes et

al. (2018) [20].

<Table 1 around here>

Regarding the recovery of ethanol used as solvent in the two extraction stages (i.e., the 4th and
9th), it is recovered, reaching an overall recycling rate of almost 72% from simulations carried out
in Aspen Plus®. However, the overall ethanol losses are around 10%, as it is embedded in the
solid streams of Section 8, which are sent for treatment, but the possibility of revaluation of these
streams is contemplated.

Although the use of primary data is recommended, it is sometimes necessary to use secondary
data mainly for background processes. This is the case for inventory data for the background
system, which includes upstream activities associated with the production of utilities (electricity
and liquefied petroleum gas) and other inputs to the foreground system (e.g., ethanol and tap
water). The Ecoinvent® database version 3.5 has been used as the main source of secondary
data [45].

The OSW based biorefining is planned in Spain, as it is one of the most important onion-producing
countries in Europe. Transport activities in the production of quercetin and FOS have not been
considered since both processes are carried out in the same plant. The processes of
infrastructure, construction, installation or closure of the production plant have not been

considered, due to the useful life foreseen in this type of industrial facilities, the impact is
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considered insignificant. It has been considered that the operating time of the plant is 330 days
per year, which is common in industrial processes. Accordingly, the electricity mix used in the
environmental analysis considers updating the database of Dones et al. (2007) [46] taking into
account current data on average electricity generation and import/export data from Spain from
2017 [47], which derive 66.7% from non-renewable sources — mostly nuclear and oil/coal energy,
and 33.3% from renewable energies — mostly wind and hydraulic. Table 2 summarises detailed

information on the data sources used for the different base processes included in this study.

<Table 2 around here>

2.5. Life cycle impact assessment methodology

The classification and characterisation steps of the standardized LCA methodology have been
considered in the study avoiding normalization and weighting since there are optional in LCA
studies [23,48,49]. To do so, characterisation factors reported by the Centre of Environmental
Science of Leiden University -CML 2001 method v2.05 [50] have been used for the analysis.
SimaPro v9.0.0 software [51] has been used for the computational implementation of life cycle
inventory data.

The following impact categories were evaluated: global warming potential (GWP), acidification
potential (AP), eutrophication potential (EP), ozone layer depletion potential (ODP) and
photochemical oxidation potential (POP). Moreover, the cumulative energy demand (CED),
measured in MJ, was determined using methods developed by Frischknecht et al. (2007) [52].
The choice of these impact categories was made to provide a complete and complete synopsis

of the environmental effects related to the production process being evaluated.

3. Results and discussion

Table 3 shows the results obtained in the present study and based on a cradle-to-factory gate
perspective in terms of the functional unit, (kg of each product obtained from OSW). The
contribution of each section of the process to each category is shown, which allows the critical

points of the valorisation scheme to be given. Sections 1, 2 and 3 are common to produce
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quercetin and FOS but Sections 4 and 5 correspond only to quercetin and Sections 6-10 are

specific to FOS production.

<Table 3 around here>

3.1 Overall environmental performance

Figure 3 illustrates the distribution of environmental burdens and cumulative energy demand
among the valorization stages involved, whether in quercetin and FOS production. Taking into
account the complete set of environmental results, it can be observed that Section 1 constitutes
the environmental hotspot of quercetin with contribution ratios ranging from 45% to 63%
depending on the impact category. This section is also relevant to the FOS production line, with
scores ranging from 15% to 28%. The conventional solvent extraction stage, Section 2,
contributes significantly to the photochemical oxidant potential (POP) category corresponding to
quercetin production (almost 37%) and 12% for FOS. This is mainly due to the background
production process involved in the production of the ethanol required. As previously mentioned,
Section 3 is a common stage in the valorisation sequence of both target products. This section
reports a negligible contribution to all categories (below 3% for quercetin and 1% for FOS)
considered for analysis regardless the target product.

The rationale behind this low contribution is based on the fact that in this section there is only
energy consumption (electricity) and no chemicals or other compounds are required as in other
sections. Furthermore, in terms of electricity it is not as relevant, as it is not the section with the
highest electricity consumption (see Table 1).

Once the common sections for both processes have been analyzed, the sections that only
contribute to the environmental burdens due to quercetin and FOS production will be analysed
separately.

Section 4 presents notable contributions to the environmental impacts associated with the
production line focusing on quercetin production. Contributing ratios between 17% and 28% have
been identified, as detailed in Figure 3a. These impacts are mainly due to the electricity used in
the evaporation and heating units to recover the ethanol and re-circulate it to Section 2. The

environmental profile is not significantly altered because the drying stage (Section 5), as shown
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in Figure 3a, i.e. the scores contributing to the different categories evaluated are less than 1%.
These values are so small due to the reduced water content in the quercetin-rich stream that the
equipment used in this section (focused on reducing moisture content) does not require large
amounts of energy (see Table 1). Most of the water is recycled in the ethanol recovery stages.
As for FOS, Section 6 implies a slight contribution to the overall profile with the most prominent
effect in three categories: AP (17%), ODP (16%) and EP (15%). The rationale behind these
results is due to the electricity required in the equipment to perform aqueous hydrolysis (both in
the reactors and in the heaters), which represents 13% of the total electricity needs in the entire
valorizarion route. The environmental impacts derived from Section 7 are those derived from the
solvent extraction. The effect of this section is truly significant in all the categories analyzed, as
detailed in Figure 3b.

Nevertheless, it is quite relevant in POP (57% of total contributions) together with CED (44%) and
EP (42%). The cause of these high impacts is twofold: the emissions derived from the production
of ethanol required as an extractive agent (background process) in the case of POP and the
production of electricity required in the involved equipment (in the remaining categories), with the
extraction being the most relevant unit. The centrifugation and drying stages (Section 8 and
Section 10, respectively) do not contribute much to the overall results Contributions from Sections
8 and 10 to the environmental profile are negligible (below 4% and 1%, respectively, of the total
impacts) due to the small amount of energy required by the equipment involved in these stages
(see Table 1). In the case of Section 10, this low energy expenditure is due to the small amount
of water that is in the inlet stream of the section, since a large part of the water is recovered in the
previous section. Finally, the solvent recovery stage (Section 9) contribute lighlty to the overall
environmental results associated with FOS, being around 11% in terms of ODP, AP and CED.
The rationale behind these results is due to the electricity employed in the equipment in this

section allowing the recovery and recirculation of ethanol to Section 2.

<Figure 3 around here>

3.2 Identification of hotspots
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The identification of environmental hotspots emerges in this work as a key issue in order to
propose further improvement actions for the current valorisation scheme. Thus, the following
identifies and details the operations involved in the OSW valorisation system, which are
responsible for the highest environmental burdens and energy requirements.

Regarding the profile associated with quercetin (see Figure 4a), the production of electrical
requirements is mainly responsible for the impacts. All electricity is obtained directly from the
national grid, which relies heavily on fossil fuels. Thus, its production contributes to 55-93% of the
impacts depending on the category being the air heater from Section 1, the extractor unit from
Section 2 and the heater from Section 4 the equipment with the highest energy consumption (see
Table 1). The production of ethanol required in the extraction stage (Section 2) is also relevant,
involving 5-31% of global impacts (mainly in POP). Production of Liquefied Petroleum Gas (LPG)
used to heat the air in the pre-treatment stage (Section 1) has a significant effect on GWP (25%),
POP (14%) and CED (14%). Environmental burdens related to tap water consumption are
negligible.

Regarding the environmental profile linked to FOS, electricity consumption also plays an
important role, contributing 42% to 86% of the total impacts (Figure 4b), specially attributed to the
heater used to reduce the amount of moisture of the OSW at the inlet of the pre-treatment stage
(Section 1). Also important is the requirement of electricity in the evaporator unit to recover
ethanol in Section 7 and to perform aqueous hydrolysis (reactor) in Section 6. Ethanol production
contributes between 11% and 54% of the impacts; they correspond to the extraction process of
Sections 2 (quercetin) and 7 (FOS). As for the production of LPG used only in Section 1, its most
significant impacts are in GWP (11%) and in the rest of the categories lower than 5%. Finally, the
impacts due to the production of tap water used in Sections 2 and 7 (extraction stages) and 6

(agueous hydrolysis) are insignificant (less than 1%).

<Figure 4 around here>

3.3 Sensitivity assessment: alternative allocation procedures

As indicated above, mass allocation is used for this LCA study as a baseline; however, an

economic allocation could also be considered as an alternative for allocating impacts from
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common stages among co-products, as fluctuations and discrepancies in outcomes could be
obtained. The formulation of an economic allocation will be performed in Scenario A taking into
account the market prices identified in the literature [53] for both co-products (see Table 4). In
addition, an alternative mass-allocation (from now, Scenario B) has been proposed for the
analysis that distributes the impacts of these common sections, although considering the outflows
of Section 3 (Centrifugation), which are the permeate (the input for flavonol quercetin valorisation)
and the solid flow (the input for FOS valorisation). Therefore, and in order to discuss variations in
environmental performance, these two possible allocation procedures have been considered as
part of the sensitivity assessment. Table 4 shows the comparative values between the identified

alternative scenarios.

<Table 4 around here>

Figure 5 illustrates the comparative environmental profiles for the co-products under study taking

into account alternative allocation approaches.

<Figure 5 around here>

According to the results, it is shown that the impacts report an opposite behaviour for flavonol
qguercetin and FOS. Thus, the profile corresponding to flavonol quercetin (Fig. 5a) increases by
about 8% in all impact categories considered for evaluation when considering an economic
allocation (Scenario A). On the contrary, the profile associated with FOS (Fig. 5b) improves
considerably, with reductions ranging from 15% to 19%, depending on the category in which this
allocation is considered. With respect to Scenario B, the results show a decrease of around 18%
in all impact categories for quercetin (Fig. 5a); conversely, an increase in impacts associated with
FOS production ranging from 32% to 42% can be identified.

Therefore, the selection of the allocation procedure considerably affects the results and opposing
conclusions can be drawn. However, attention should be paid to economic allocation, as prices

are not stable and vary according to the quantity of product to be sold.
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3.4 Improvement Outlook

In the designed plant, the sections whose goal is the pre-treatment of onion solid waste to facilitate
the subsequent valorisation steps (Section 1) and the recovery of the extractive agents (Sections
4 and 9) used in the extraction sections (Sections 2 and 7) are the key environmental aspects
due to the large energy needs consumed in their equipment, as well as the background process
involved in the production of ethanol used as extractive agent. Bearing in mind the losses of
ethanol fixed in the solid stream derived from Section 8, the recovery of this solvent could be
considered as a potential improvement action since around 10% of total ethanol required in the
valorisations strategies is wasted. In addition, improvement actions based on the management of
the steam-rich output stream of the water recovery stages (i.e., Sections 5 and 10) could be
considered. These steam-based streams could be used for heating purposes to reduce the
energy needs of the equipment in Sections 4 and 9 (currently 23% of the total electricity required
in the plant is produced in both stages).

The search of alternative extraction techniques [12] to obtain quercetin and FOS as well as the
modification of the extraction conditions could constitute an outstanding improvement since it
requires about 17% of the total electricity in Sections 2 and 7, as well as the requirement for
extractive agent. Microwave and ultrasound-assisted extraction techniques, whose extraction
times are shorter than conventional solvent extraction, could result in lower energy and chemical
requirements [54]. Different microextraction techniques could be valorized in the future taking into
account their advantages such as the use of small proportions of solvent in comparison with
conventional ones [55].

Finally, pre-treatment activities are among the most environmentally negative stages due to the
electricity required in the equipment responsible for reducing the amount of moisture in the raw
material (i.e., OSW). In addition, temperature is a very important parameter since high values
cause the destruction of the active principles, with 70°C being considered the maximum accepted
value. In view of this, several novel approaches should be studied, including physico-chemical
processes such as microwave and ultrasounds [56] in order to improve the energy efficiency in
Section 1, thus contributing to the reduction of the environmental burdens without altering the

components of the onion waste.
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Conclusions

The large-scale production of flavonol quercetin and FOS from OSW has been designed and
environmentally assessed to identify environmental hotspots and to propose future strategies for
improvement. The pre-treatment, solvent extraction and solvent-recovery stages included in this
study result in significant environmental burdens. The use of ethanol as solvent to extract the
target products in their corresponding sections and the electricity consumption are behind these
significant environmental burdens. Therefore, the use of alternative extraction techniques should

be carried out to improve the environmental profile.
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