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Abstract: The agriculture sector produces significant amounts of organic residues and the choice of
the management strategy of these flows affects the environmental sustainability of the sector. The sci-
entific literature is rich with innovative processes for the production of bio-based products (BBP)
from agriculture residues, aimed at the implementation of circular economy principles. Based on
literature data, the present paper performed a life cycle assessment and assessed the environmental
sustainability of five processes for the exploitation of rice and wheat straw, tomato pomace, and or-
ange peel. The analysis identified as significant issues the high energy demand and the use of
high impact organic solvent. The comparison of BBP with conventional products showed higher
environmental loads for the innovative processes that used organic residues (except for rice straw
case). The obtained results do not want to discourage the circular strategy in the agriculture sector,
but rather to draw the attention of all stakeholders to the environmental sustainability aspects,
focusing on the necessity to decrease the electricity demand and identify ecological agents to use in
BBP manufacturing, in agreement with the most recent European policies.

Keywords: circular economy; agriculture residue; environmental sustainability; life cycle assessment;
bio-based product

1. Introduction
1.1. State of the Art of Exploitation of Agriculture Residues

The agricultural production is genuinely diverse; nevertheless, it focuses on some
central species fundamental for human diet, such as cereals, but also fruits and vegetables,
whose quantities exceed billions of tons of biomass produced [1]. Italian agriculture has a
significant role in Europe, being the 3rd country based on its production value in 2019 [2].
From the ISTAT database, it appears to be dominated by fodder plants, but cereals are an-
other important role in every regional production; besides these main species, horticulture
and fruit growing have another important role to play [3]. Due to the world population
growth in the current century, food demand has increased worldwide and consequently
the residues that food production generates too [4]. This biomass can reach huge quantities
and sometimes its disposal might create environmental or health issues. For this reason,
a further exploitation can be pursued to reduce these negative effects and enhance the
underused potential; in this context, the bio-based products (BBP) can be a viable option [5].
In the scientific literature, several studies have been conducted about agricultural residues
and byproducts exploitation. As shown in Table 1, many studies propose solutions for the
exploitation of residues from species actually produced in Italy (but not only), i.e., cereals to
horticultural species, but also fruits and fodder plants. As reported in the literature, the BBP
manufacturing can start from both residual biomass, collected during harvesting stage,
and industrial processes. The BBP from agriculture residues can be classified on the basis
of the levels of residue manipulation. The first level of manipulation is the lowest (mainly
mechanical, physical treatments, and mixing with other components), e.g., composite
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panels used in the building sector made from sunflower or maize lignocellulosic fibers [6,7].
A greater manipulation level allows the extraction of molecules used in their unaltered
state, such as antioxidants and vitamins [8,9]. A third level of transformation consists of
more complex processes, creating nanoparticles or functional polymers [10,11]. As an alter-
native, they can be categorized as chemicals and composites. Acids, enzymes, and coloring
substances are chemicals used in pharmaceutical and textile industries, as well as food and
biomedical sectors [12]. Among these molecules, there are also the functional ingredients
that improve or provide more value to other products of food and cosmetic industries [13].
Examples of these substances are vitamins, fibers, antioxidants, and pigments derived from
fruits and vegetables peels [8,9]. On the other hand, composite materials are made of two
main elements, a matrix and a filler [14]. Among composite materials, polymers, e.g., hy-
drogel [15] or plastic films [5], have great importance and they can have several structures,
e.g., adsorbent polymers for metal particles [16] or packaging materials. This second type
of products includes the smart polymers that can react to some parameter variations to
point out the initial deterioration, preventing food loss [17]. Moreover, nanoparticles (NPs)
have gained great attraction due to their submicronic dimensions that make them more
performing than macro and micro composites for nanocomposites production [14]. In this
regard, lignin molecule is used as capping and reducing agent on the surface of silver
nanoparticles. Possible applications can be in the textile industry and in biomedical and
electronic fields [18,19].

Several articles carried out a comparison between traditional products on the mar-
ket (produced by conventional manufacturing chain, from raw materials different from
byproducts) and bio-based alternatives from organic residues, identifying as the most
common benefit the use of low value residual biomass available in huge quantities, for ex-
ample wheat, rice, and maize [16,20-24]. A common goal of the processes presented by the
scientific literature about organic residue exploitation is the green production, meaning
low energy consumption and nontoxic agent applications [15,19,23,25]. To complete the
current overview about BBP, mainly in an Italian context, the SPRING cluster deserves to
be mentioned. It is an Italian cluster that involves bio-refineries and innovation stakeholder
with the common goal of enhancing the circular and sustainable economy in the green
chemistry sector [26]. Despite the several advantages of BBP manufacturing, the use of
organic byproducts shows some relevant challenges. The first one is due to the residue
availability, concentrated in a short time span [7], which makes the stocking methods
essential [9]. There are also mechanical-physical observations to do about these materials.
In this regard, the advantage of the use of bio-based polymers, mainly lignocellulosic
materials, is their performance, also as far as it concerns the flammability behavior [7,27].
Nevertheless, they show some disadvantages as the scarce mechanical properties that can
be improved by mixing different polymers [11,28]. Furthermore, the literature underlines
the necessity to combine studies of BBP production with the analysis of the specific aspects
of these products; for example, for human health applications, by clinical tests of the real
physiological action [8,18]. Last but definitely not least, the environmental performance of
manufacturing processes should be assessed, supported by tools able to implement a life
cycle approach.
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Table 1. Selected exploitation processes for the use of agricultural residues.
Bio-Based Product Exploitation Process Reference
Rice byproducts
Composite panel filter Chopping; mixing with Lignin bioplastic Arboform®; extrusion; injection molding [27]
Ceramic material Combustion; calcination; pressing; sintering [29]
Breakfast bar Mixing with passion fruit peel and whey; extrusion [30]
Rice husk broth for polymer production Pulverizing; acid hydrolysis and steam treatment; neutralization with NaOH; dilution [24]
Wheat byproducts
Filler in polypropylene-based composites Milling; mixing with polypropylene and additive; drying; extrusion; granulation; drying; injection molding [31]
Li-Ag NPs Mechanical pre-treatment; alkali extraction; purification; mixing with AgNO3 [18]
Milling; treatment with sodium monochloroacetate in isopropanol/NaOH; crosslinking; crushing; sieving; water
Hydrogel S L [15]
suspension; washing; drying
Graphene layers Mechanical pre-treatment; hydrothermal treatment; pyrolysis; graphitization [23]
Corn byproducts
Adsorbent powder Washing; cutting; drying; crushing; sieving [21]
Adsorbent spongy aerogel MeChamca} pII'e—.trea.tmgnt; stirring in NaQH soluthn; HCl addition; washing; mixing with filter paper; freezing; [22]
freeze-drying; silanization with methyltrimethoxysilane
Tomato by-products
s . Milling; suspension in NaOH solution; heating under microwave radiation; vacuum filtration; acidification with HCL;
Vanillin, syringaldehyde > . [20]
extraction with ethyl acetate
Polyester film Drying; crushing; dewaxing with hexane and methanol; drying; hydrolysis; fraction separation; melt-polycondensation  [5]
Grape byproducts
Ag NPs Mechanical pre-treatment; extraction; centrifugation; mixing with silver nitrate; centrifugation [32]
Indicator in intelligent film Free.ze—drylr.lg; milling; sieving; mixing with k-carrageenan, sorbitol, distilled water, hydroxypropyl methylcellulose; [25]
casting; drying
Sunflower byproducts
Particleboards Grinding; sieving; mixing with synthetic binder; thermopressing [71
Reinforcement for thermoplastic material Steaming; drying; extrusion with polypropylene and coupling agent; granulation; drying; compression molding [6]
Orange byproducts
Functional ingredient in food products Washing; sanitization in sodium hypochlorite solution; dehydration; grounding; sieving [33]
Adsorbent polymer Mechanical pre-treatment; crosslinking; polymerization; extraction; hydrolysis; post-treatment [16]
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Table 1. Cont.

Bio-Based Product

Exploitation Process

Reference

Other agriculture byproducts

Active polymeric film from potato peel

Filler in polyhydroxyalkanoates composites from peas fibers

Cellulose nanocrystals for the preparation of agar-based bio-nanocomposites
films from onion peel

Film from prickly pear peels

Polyphenols, flavonoids, anthocyanins, vitamin C from peach peel, seeds,
and pulp

Functional ingredient in food products from beet leaves

Reinforcement for thermoplastic material from bagasse fiber

Polyurethane foam from rice, oilseed rape and wheat straw and corn stover

Functional ingredient in food products from cauliflower and celery leaves and
stem, onion peel, carrot bottom and tips

CuO NPs from cauliflower waste, potatoes and peas peels

Mechanical pre-treatment; water suspension; glycerol addition; stirring; bacterial cellulose addition; homogenization;
stirring; degasification by ultrasound; pouring in petri plates; drying

Drying; milling; mixing with poly(3-hydroxybutyrate-co-3-hydroxyvalerate), acetyltributylcitrate and CaCOg;
extrusion; injection molding

Mechanical pre-treatment; bleaching with sodium chlorite solution; boiling; washing; treatment with NaOH; treatment
with acetic acid; washing; drying; acid hydrolysis with sulfuric acid; centrifugation; sonication; freeze-drying
Mechanical pressing; ethanol addition; drying; dispersion in water; glycerol addition; stirring; casting; drying

Dispersion in ethanol; mixing; extraction (ultrasound /microwave)

Cutting; extraction in ethanol; centrifugation; drying; resuspension in water

Steaming; drying; extrusion with polypropylene and coupling agent; granulation; drying; compression molding
Drying; liquefaction; washing with acetone; rotary evaporation; drying; polyol neutralization with NaOH; mixing
with reagents

Extraction in boiling water; hand-squeezing; homogenization

Mechanical pre-treatment; water-dispersion; shaking; mixing with solutions of CuCl,-2H,O under shaking; washing;
drying; sintering

[28]
[34]
[35]
[11]
1]

[36]
[6]

[10]
(8]

[19]
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1.2. The GRASCIARI RIUNITI Project

The present paper is part of a preliminary analysis of the environmental sustainability
within the GRASCIARI RIUNITI project (within the European plan to support the Regional
development FEASR-PSR MARCHE 2014-2020). Several farms on the Marche territory
have identified a relevant problem due to the management of the organic residue from
their agriculture activity. This problem is mainly due to the growing specialization of the
crops, which has ensured high production levels but it has changed the way of considering
the agriculture residues: from a biomass resource of the past to a waste to dispose of the
present. This practice has disrupted the balance of agriculture in many Italian regions.
The founded project, which combines local farms and research partners, has the ambition
to create a virtuous management system of waste and byproduct, suitable for a real scale
implementation. With this aim many possibilities of agriculture residue exploitation will
be considered (e.g., production of BB materials, active principles with specific action,
fertilizers, biostimulants, energy recovery) in order to combine the best options for the
most sustainable result. Starting from the byproduct criticality, really highlighted by the
local farms, the present manuscript analyzed many papers from the scientific literature
addressed to the BBP production (Table 1) and it selected five case studies (focused on the
exploitation of residues of the main Italian agricultural productions) for an environmental
sustainability analysis. The research did not have the presumption to find a single answer
but to critically observe some possibilities of agriculture residue exploitation, to verify the
effective implementation of the circular economy pillars. With this aim, the environmental
sustainability analysis was carried out by a life cycle assessment (LCA) approach.

2. Materials and Methods
2.1. Methods and Software

The quantification of the environmental impact represents an essential step for the
development of processes for agriculture residue management, consistent with the circular
economy principles [37]. Therefore, the present paper assesses five exploitation processes
of four different types of agriculture residue, from Table 1: rice and wheat straw, tomato
pomace, and orange peel. These species were included among the most common of
the Italian agriculture with the consequent production of huge quantities of byproducts.
Therefore, they have been considered relevant for the national scenario. The analysis,
according to the attributional LCA methodology, has been performed in agreement with
the LCA ISO standard 14040 and 14044:2006 [38,39]. The assessment aims at answering at
two main research questions, inspired by [40]:

- What are the environmental hotspots in the considered exploitation processes of
agriculture residues? What is the environmental impact of these innovative processes?

- Whatis the environmental impact of these processes compared with the most common
manufacture of comparable products (using conventional raw materials)?

The system boundaries considered for the present paper focused on the byproduct
exploitation (from gate to gate), starting with the produced agricultural residue, excluding
the use phase and the end of life, because they are considered equal between the conven-
tional and the biobased product. The environmental burden of byproduct is considered 0,
since it has been assumed its simple use, in animal husbandry field, in the case of avoided
use in BBP [41-43]. Furthermore, the use of the zero-burden assumption for agricultural
residues is common for attributional-LCA studies [44]. All LCA steps have been realized,
including the optional normalization and weighing, to assess the most affected impact
categories and the most critical steps of each process. The software used for data collection
is thinkstep Gabi software 9.5, combined with the Database for Life Cycle Engineering
(compilation 7.3.3.153; DB version 6.115). The method selected for the analysis is EF 3.0,
including all the environmental categories, recommended models at midpoint, together
with their indicators, units and sources [45,46]. The functional unit selected for the pro-
cess analysis is 1 kg of agricultural residue to produce selected bio-based products (with
emerging technologies). To answer to the second research question, the functional unit
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is a specific amount (reported in Figures 1-4) of bio-based products, resulting from the
treatment of 1 kg of agricultural residue, in order to facilitate a comparison with a conven-
tional production process (baseline scenario). The processes considered for the present
assessment were developed at lab scale (maximum TRL4). The literature reports that in a
higher technology development stage environmental and economic impacts are usually
lower than a lab scale [47]. Therefore, some sensible assumptions are made to realize this
analysis, hypothesizing the further scale-up:

The electricity consumption reported within the datasheet of real industrial machiner-
ies is considered to calculate the energy environmental load of mechanical-physical
steps (e.g., grinding, sieving, mixing, heating); the further implementation of a re-
newable energy production system by a photovoltaic panel system is considered as
an alternative to supply the energy to the machineries [47]. This possibility is not
considered for the traditional processes (from raw materials) since it is more likely
that a new technology invests in a renewable technology.

The recirculation of 90% of organic solvents for extraction and washing treatments
is applied. This assumption, consistent with the real-scale conditions, makes the
processes more efficient and environmentally sustainable, thanks to both the reduction
of raw material consumptions and waste flow [47,48].

The conditions selected for the washing operations have been the residue and the
washing solution ratio: 1:2 ratio and the time: 1 h, if not specified elsewhere.
Considering the low electricity demand, compared to the other process steps
(<0.002 kWh/kg residue), the filtration energy demand is considered negligible [49].

Scenarios 1-2

0.004 kWh . 0.2 kWh
electricity

0.5 kWh

ske  Composite
panel

A

>| chopping | -{ extrusion | >{ injection molding

4kg

Lignin bioplastic
Arboform®

Scenario 3 | Traditional composite panel production

Figure 1. System boundaries and mass and energy balance of rice straw exploitation (scenario 1) and

traditional process (scenario 3); scenario 2 includes the same conditions of scenario 1 with electricity

from renewable energy. Functional unit: 1 kg of organic residue.
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a)

Wheat
straw

b)

Wheat
straw

1 kg

1 kg

Scenarios 1—2

0.06 kWh 1 0.4kWh
electricity |
0.5 kWh 13 kWh
Water KOH 3 M HC10.5 M
2kg 30 kg 70 kg 420kg
N2 Argon
3ke 0.2k

| hydrothermal _| pyrolysi;

" pre—treatment

l -{ graphitization l

treatment
2kg 100 kg 420 kg
Synthetic Synthetic v
wastewater wastewater Synthetic
wastewater

*'%. Graphene

Scenario 3 ’ Traditional graphene production

Scenarios 1-2

0.2 kWh —
woosiw
0.02 kWh
Toluene
- 17 kg
58ke Ethanol
NaOH 0.51 M Water HCI 5M
10 ke 2.6 kg 2ke 3ke
L N ] L 4
alkali =¥
pre—treatment " . purification
extraction
8.4 kg I5kg  09kg
Synthetic
. 17kg wastewater
Organic " o
wastewater Organic  Solid waste
wastewater

Scenario 3 l Traditional production of sodium citrate I

0.1 kg

> Lignin

_ Reducing
agent

_ Silver
nanoparticles

Figure 2. System boundaries and mass and energy balance of two wheat straw exploitation processes as graphene ((a), sce-
nario 1) and reducing agent ((b), scenario 1) and traditional processes (scenarios 3); in both (a) and (b) options, scenarios 2
include the same conditions of scenarios 1 with electricity from renewable energy. Functional unit: 1 kg of organic residue.
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Scenarios 1-2

0.5 kWh T — 4KWh
electricity
0.09kWh 3kWh
HCI3 M
Methanol Hexane NaOH 0.5 M 8kg
2k
¢ Ske soke Water
2kg
1k . P 03kg
Tomato N N X fraction Soluble 03 ke I Polyester
pre—treatment [+ hydrolysis | | . > polymerization >
pomace separation residue film
N
60ke 0.7kg
Tkeg
v v v
Organic Synthetic ~ Solid
‘wastewater wastewater waste

Scenario 3 | Traditional polyester film production

Figure 3. System boundaries and mass and energy balance of tomato pomace exploitation (scenario 1)
and traditional process (scenario 3); scenario 2 includes the same conditions of scenario 1 with

electricity from renewable energy. Functional unit: 1 kg of organic residue.

Scenarios 1-2
Sk - 60 kg
NaOH 0.1-5 M
— 2kg
Distilled water ke
2kg - HCI0.1M
Ca(OR), 001 M Ceric . Quinone
al 2 0. ammonium -06
03ke | 3.13E° M ,
nitrate 0.005 M ¢ 300ke
Ske 0.05kg
) 25 -
HNO3 0.025 M Acctone Ethanol
; - 20k
Epichlorohydrin Methyl 20ke 20ke 2ke
0.02ke acrylate ke L
3kg
v L v r v . v v v . | o Metal-
Orange o - P - post— €
pre—treatment » crosslinking »| polymerization » purification hydrolysis | +| » adsorbent
peel 1kg T T treatment
polymer
2kg 12kg s
25kg " "
| ! 2 Bie 360ke 2kg
Synthetic Synthetic v v ‘
wastewater wastewater Synthetic Organic Synthetic Organic
0,003 kWhi wastewater | wastewater wastewater | wastewater
electricity
0.07kWh 0.4 kWh 0.2kWh
0.4kWh 0.5 kWh
Scenario 3 | Traditional production of activated carbon }

Figure 4. System boundaries and mass and energy balance of orange peel exploitation (scenario 1)
and traditional process (scenario 3); scenario 2 includes the same conditions of scenario 1 with
electricity from renewable energy. Functional unit: 1 kg of organic residue.

Further assumptions, specific for each process, are reported in the supporting materials
(Table S1).

2.2. Exploitation Processes

In this section, the five processes (selected among the options in Table 1) are described
and showed through mass and energy balances flow charts. The choice of these processes
has been determined by the will of the authors to prove the possible use of BBP in a wide
range of application fields (e.g., building field of the composite panel and the medical
sector of silver nanoparticles).

Currently, rice straw is separated from rice after harvesting and threshing and it is
used in animal husbandry, as bedding [41]. As an alternative, the exploitation process in
Figure 1 is realized through cutting the residue, mixing with Lignin bioplastic Arboform®,
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extrusion and injection molding, obtaining 5 kg of composite panel for interior design as
final product [27]. On the other hand, the manufacturing of a traditional panel involves
wood and polypropylene, by a process comparable to the innovative one [50].

As well as rice straw, wheat straw is produced after harvesting and threshing and
it is used in animal husbandry, as bedding [42]. Two processes have been considered as
alternative enhancements of this residue and they both represent innovative solutions in
electronics and biomedicine, respectively: graphene (Figure 2a) and lignin as reducing
agent for silver nanoparticles (Figure 2b). More in detail, the graphene is produced through
hydrothermal treatment, pyrolysis and graphitization [23]. Lignin, as reducing agent is ex-
tracted from wheat straw, purified, and mixed with silver nitrate [18,51]. There are several
techniques currently used for the graphene and lignin productions. The present study con-
siders, as traditional scenario, the electrochemical exfoliation of graphite, which produces
graphene monolayer [52] and the production of sodium citrate, as reducing agent [53,54].
In the reducing agent case, system boundaries exclude the silver nitrate addition for the
nanoparticles production, since it is a common step in both innovative and traditional
scenarios and does not affect the comparison results.

Tomato pomace is a byproduct of the transformation industry and it is currently used
in animal feed composition [43]. In the study taken into account (Figure 3), this residue is
exploited through the extraction of fatty acids that are used to produce a polyester polymer,
after hydrolysis and fraction separation. The product shows many promising qualities, it is
insoluble, nontoxic, biodegradable, and waterproof, which are optimal features resulting
from the chemical composition of the initial biomass matrix [5]. The comparison has been
carried out with a traditional polyester production described in the Gabi database [55].

Orange peel is a byproduct of the juice industry [16] and it is currently used as animal
feed, as some of the previous agriculture scraps analyzed [43]. In the innovative scenario
(Figure 4), this residue undergoes several steps: it is cut into small pieces, washed and dried,
crushed and sieved during the pre-treatment. Thereafter, it is crosslinked with epichlorohy-
drine [16,56], a crosslinking agent that, owing to covalent bonds with the polymer, makes it
more stable in acid conditions improving its adsorbing capacity [57]. The polymerization
is realized with methyl acrylate and the following steps aim at the product purification.
The process produces 1 kg of polymer characterized by a high adsorbent capacity, useful
in wastewater treatment. This purification mechanism can be achieved with different
techniques, mainly with activated carbons [16]. This material is selected for the comparison
with the innovative proposed adsorbent; in detail, the manufacture of activated carbons
includes a chemical activation with potassium hydroxide and pyrolysis of biomass [58].

3. Results
3.1. Classification and Characterization

The step of the analysis including classification and characterization steps has been
performed (by thinkstep Gabi software 9.2.1, Database for Life Cycle Engineering, Sphera,
Chicago, IL, USA) with the aim to identify both the strengths and weaknesses of the
considered processes. The total results for the considered impact categories (referred to
the functional unit) are reported in Table 2; the detail of each process is reported in the
supporting materials.
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Table 2. Results of classification and characterization. Functional unit: 1 kg of organic residue.
Resulting Bio-Based Products (BBP)
Environmental Impact Catego
P gory Composite Panel Graphene Lignin Polyester Film Meti}};‘?},ﬁgbent

Acidification terrestrial and freshwater (mole of H* eq.) 1.66 x 1072 1.32 x 1072 1.02 x 1072 1.11 x 1072 2.85 x 1072
Cancer human health effects (CTUh) 9.81 x 10710 1.92 x 107° 1.66 x 1072 1.37 x 1072 3.93 x 1077
Climate change (kg CO, eq.) 3.64 791 6.64 6.20 1.26 x 10*!
Ecotoxicity freshwater (CTUe) 2.87 x 10*! 7.10 x 10*! 5.98 x 10*! 4.88 x 10*! 1.90 x 10*2
Eutrophication freshwater (kg P eq.) 1.33 x 107° 850 x 1075 6.06 x 107> 7.28 x 1073 295 x 1074
Eutrophication marine (kg N eq.) 237 x 1073 397 x 1073 274 x 1073 3.20 x 1073 7.60 x 1073
Eutrophication terrestrial (mole of N eq.) 2.55 x 1072 4.06 x 1072 2.74 x 1072 3.18 x 1072 7.17 x 1072

Ionizing radiation-human health (kBq u235 eq.) 1.40 x 107! 1.04 1.13 x 1071 5.96 x 1071 141
Land use (Pt) 6.25 5.15 x 10*1 3.85 2.73 x 10*1 1.69 x 10+
Non-cancer human health effects (CTUh) 7.20 x 1078 7.43 x 1078 841 x 1078 6.76 x 1078 210 x 1077
Ozone depletion (Kg CFC-11 eq.) 248 x 1071 246 x 1071 873 x 1013 1.29 x 10713 1.01 x 107°
Photochemical ozone formation-human health 2 2 2 _3 2

(ke NMVOC eq.) 1.05 x 10 1.04 x 10 1.01 x 10 8.64 x 10 252 x 10

Resource use, energy carriers (M]) 1.75 x 10*2 1.13 x 10*2 1.66 x 10*2 1.17 x 10*2 3.47 x 10%2
Resource use, mineral and metals (kg Sb eq.) 5.89 x 1075 3.07 x107®  5.64 x 1077 1.66 x 107° 1.63 x 107>
Respiratory inorganics (disease incidences) 1.33 x 1077 130 x 1077 9.38 x 10~ 1.11 x 1077 244 x 1077

Water scarcity (m® world equiv.) 112 2.26 116 1.25 2.22

3.1.1. From Rice Straw to Composite Panel

Figure S1 in Supplementary Materials shows the results of classification and char-
acterization steps of LCA carried out on the rice straw treatment for the manufacturing
of the composite panel. Overall, it can be observed that the lignin bioplastic Arboform
causes the most relevant impact, irrespective of the impact category with a minimum
contribution of 55%, which reaches values higher than 95% of the total results. This result is
explained by the energy demand and the extraction phase included within the production
process of lignin bioplastic Arboform [59,60]. On the other hand, the extrusion step has
a non-negligible impact on ionizing radiation-human health effect, land use, and ozone
depletion categories due to its high-energy demand. The effect of electricity consumption
on the land use category can be justified by the electricity grid mix considered for the
analysis (supplied by Gabi database) composed of energy from: 44% of natural gas, 15%
hydroelectric, and 12% hard coal (and other lower contributions from additional resources).
Instead, the chopping step and has no substantial influence, with a contribution lower than
1% overall, thanks to the low energy demand.

3.1.2. From Wheat Straw to Graphene and Nanoparticles

Considering the availability of two processes for the exploitation of wheat straw,
a double result is shown in Supplementary Materials (Figure S2) the contribution of every
step on the environmental load of each treatment and the comparison between the two
options in all the impact categories. The results show that graphene production has a higher
impact than lignin production for most of categories. The pyrolysis step explains this result,
due to the energy demand to reach high temperature, around 800 °C for three hours.
The effect of the pyrolysis operative conditions is mainly highlighted in the categories of
ozone depletion and water scarcity with a contribution of pyrolysis phase around 87%
for each of them (Figure S2 (m) and (r)). On the other hand, the pre-treatment stage
results as not significant, since its share does not exceed 2% in any category. Even if it
is the least influencing process, the lignin production shows as main critical point the
purification step. This stage represents the most significant share in most of the categories,
affecting by 67% the whole enhancement process and the reason can be identified in
the ethanol use. In addition, alkali extraction has an impact due to the use of toluene.
This organic compounds use makes the graphene production the best choice mainly in the
categories connected to the human health aspects in Supplementary Materials (Figure S2
(I) and (n)). The environmental credit (the negative value) achieved in the water scarcity
category (Figure S2 (r)) is obtained by the treated wastewater that has been discharged in
the environment.
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3.1.3. From Tomato Pomace to Polyester

The results of the tomato pomace exploitation for the polyester film production are
presented in Supplementary Materials (Figure S3). The impact of the different steps
depends on the impact category; therefore, the further normalization and weighting steps
are essential to identify the significant issues of the process. The fraction separation step is
the most influencing phase because of the 72 h-vacuum thermic treatment, whose impact
is higher than 37%. However, in the water scarcity category (Figure S3 (r)), the fraction
separation step has a negative share, an environmental credit derived from the water
recovery from the wastewater treatment. In the same category, the most significant step is
the hydrolysis due to the high request of water. Overall, pre-treatment and polymerization
phases are not negligible with variable contribution to the different categories, between
3% and 48% and between 9% and 40%, respectively. The reasons are the energy demand
in the polymer synthesis and the use of organic solvents (hexane and methanol) in the
pre-treatment. This information suggests the relevance of the organic agents recirculation
to enhance the environmental sustainability of the process.

3.1.4. From Orange Peel to Metal-Adsorbent Polymer

As concern the orange peel exploitation for metal-adsorbent polymer manufacturing,
the highest environmental load of polymerization is shown in Supplementary Materisls
(Figure S4). The main reason of this impact, starting from 35% up, is the use of methyl
acrylate that is an organic compound, essential for the reaction. In agreement to what has
been observed in the tomato pomace exploitation process, the hydrolysis phase causes
the main contribution (85%) in the water scarcity category (Figure 54 (r)). In addition,
the wastewater treatment included in the post-treatment phase produces an environmental
credit in the water scarcity category, even though this step has the highest contribution in
eutrophication freshwater category. On the other hand, pre-treatment is a negligible phase
in almost each category, with a low contribution, steady under 1%, due to the low energy
and water consumption.

3.2. Normalization and Weighing

The classification and characterization steps showed relevant information to identify
the most critical steps in each process. Nevertheless, the normalization and weighting
phases were necessary to assess the whole magnitude of each phase of the treatments
and to estimate the environmental performance index (EPI), able to include all the impact
categories. In agreement with the selected method, this value is expressed as person
equivalent (p.e.), i.e., the number of people (average citizens) that generates the same effect
in one year [61].

Overall, Figure 5 shows that the most affected categories in the five processes are
resource use-energy carriers (in dark blue), ionizing radiation-human health (in yellow)
(both connected to energy issue [62]) and climate change (in plum). More in detail, the effect
on ionizing radiation-human health is due to the radionuclides (potentially toxic for
humans) resulting from both the nuclear energy production, and the mineral oil and gas
extraction, used as energy carriers [63,64]. Moreover, greenhouse gas emissions (e.g., CO»,
CHy, and more) are the main drivers of climate change, whose biggest contribution stems
from energy and industrial activities [65]. From these observations, it is evident that the
main criticalities in the innovative processes are the huge energy demand (e.g., pyrolysis in
graphene production) and the organic solvents use (e.g., methyl acrylate in orange peel
exploitation and ethanol in wheat straw enhancement as lignin). The further detail of
impact category loads for all the assessed scenarios is reported in Supplementary Material
(Table S2).
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Figure 5. Normalization and weighing graphic of the five exploitation processes. Functional unit:
1 kg of organic residue. The impact categories mentioned in the legend are the most relevant only.

More in detail, the assessed EPI for rice straw exploitation for the production of the
composite panel is 0.05 person equivalent. Even though the resource use-energy carrier is
the most affected category, 31% of the whole impact is equally distributed between climate
change and resource use-minerals and metals categories. The most critical step is Lignin
bioplastic Arboform® production that, coherently with the characterization phase, creates
the biggest impact on resource use-minerals and metals. The normalization and weighting
phases confirm the exploitation of wheat straw for lignin production as the best environ-
mental performance choice, if compared to graphene production. Indeed, the EPI resulting
from the assessment of the second process is two times lower than the first one. If graphene
production has its biggest impact on ionizing radiation-human health, lignin production
largely influences resource use-energy carriers. Particularly, pyrolysis weighs 71% on the
graphene production process; moreover, the category ionizing radiation-human health
is the main affected, as well as it happens in other stages of the process. Instead, during
lignin production process the most influencing step is purification; in this case, resource
use-energy carriers is the most critical category, even though there is a significant impact to
climate change category too. The tomato pomace exploitation has an environmental perfor-
mance index of 0.06 person equivalent and the ionizing radiation-human health category
is the most affected category. The most important step is hydrolysis that constitutes 31% of
the total process impact; the three remaining steps of the process have a significant impact
as well and they affect ionizing radiation-human health and resource use-energy carriers
more than any other categories. Finally, the orange peel EPI is 0.2 p.e. and the process
has the highest effect on ionizing radiation-human health category, as shown in Figure 5.
Similarly, to the characterization phase, the most significant step is polymerization, with a
contribution of 51% compared to the others and it generates its biggest impact on ionizing
radiation-human health and resource use-energy carriers categories.

3.3. Comparison with Traditional Production Processes

In this section, the results of the comparison between the innovative methods based
on agricultural residues and traditional methods are shown, considering the normalization
phase only and the functional unit equal to the quantity of final product generated by each
process, with an initial residue biomass of 1 kg.

The composite panel produced through the enhancement of rice straw is compared in
Figure 6 with a traditional composite panel, made of wood and polypropylene. It is evident
that the innovative option allows a relevant decrease of the environmental load (from 0.07
to 0.05 p.e.) thanks to the non-use of polypropylene that is necessary in the traditional
process. In the same figure, the production of bio-based composite panel with renewable
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energy is shown and its impact value is comparable to the EPI of the bio-based composite
panel made with mixed energy, since the electricity production is not a critical issue.

8.0x 102 7.1x 102
-2 -
6.0x10% - 5.3 x 102 5.0 x 102
. -
o -
0 T
bio-based composite panel bio-based composite panel- traditional composite panel
renewable energy
Respiratory inorganics m Resource use, mineral and metals
® Resource use, energy carriers ® Photochemical ozone formation - human health
Tonising radiation - human health m Ecotoxicity freshwater
® Climate Change Acidification terrestrial and freshwater

Figure 6. Normalization and weighing graphics of three different composite panel production
scenarios, expressed as person equivalent (p.e.). The impact categories mentioned in the legend are
the most relevant only. Functional unit: 5 kg of product.

The wheat straw as graphene monolayers is compared to electrochemical exfoliation
of graphite [52], obtaining the results in Figure 7. In this case, the residue exploitation does
not show advantages for the environment, if compared to the traditional graphene manu-
facturing. This difference is due to the higher energy demand of the bio-based graphene
production. This aspect is confirmed by the possibility of green energy use, which reduces
EPI of about 50%, even though it still has a higher impact than traditional graphene.

1.2x107 7
8.5 x 10?2
—
S‘u ’ 10-2 -
3.7 x 102
- 5.8 x 10.3
| ] —
0 A
bio-based graphene bio-based graphene- renewable traditional graphene
energy
® Water scarcity Respiratory inorganics
m Resource use, energy carriers ® Photochemical ozone formation - human health
Tonising radiation - human health ® Ecotoxicity freshwater
® Climate Change Acidification terrestrial and freshwater

Figure 7. Normalization and weighing graphics of three different graphene production scenarios,
expressed as p.e. The impact categories mentioned in the legend are the most relevant only. Functional
unit: 0.1 kg of product.

In the second exploitation option, lignin production is compared to sodium citrate
production [53,54], which is a reducing agent as well. The comparison between these two
processes is visible in Figure 8 with a resulting EPI five times higher than the traditional
choice: lignin production has a higher value, because of the use of organic agents, missing
in the sodium citrate production. In the same graphic, it can be observed the impact
of the production of lignin using renewable energy. The index is comparable to that of
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lignin made with mixed energy, since the electricity production is not a critical issue of
this process.

8.0x102
4.8 x107? 4.8 x1072
e -
- —
—
L
0
bio-based lignin bio-based lignin- renewable sodium citrate
energy
m Water scarcity Respiratory inorganics
m Resource use, energy carriers ® Photochemical ozone formation - human health
Tonising radiation - human health ® Ecotoxicity freshwater
® Climate Change Acidification terrestrial and freshwater

Figure 8. Normalization and weighing graphics of three different reducing agents production
scenarios, expressed as p.e. The impact categories mentioned in the legend are the most relevant only.
Functional unit: 0.1 kg of product.

Tomato pomace is used to produce a polyester film. Therefore, the comparison is
made with traditional polyester [55]. As shown in Figure 9, innovative polyester film has
a bigger impact and its EPI is one order of magnitude higher than classic polyester film.
Specifically, both the use of caustic soda and the energy demand are the penalizing factors
of the bio-based polyester film production, making it more disadvantageous compared to
current production methods. In order to reduce this impact, the alternative of bio-based
polyester film made with renewable energy is analyzed and it actually has a smaller value
than bio-based polyester film, but still higher than traditional polyester.

8.0 x 102
6.0 x 102
4.0 x10% | 3.6 x 102
7.6 x 10
L I
I 42000
0
bio-based polyester film bio-based polyester film - traditional polyester film
renewable energy
m Water scarcity Respiratory inorganics
E Resource use, energy carriers ® Photochemical ozone formation - human health
Ionising radiation - human health ® Ecotoxicity freshwater
® Climate Change Acidification terrestrial and freshwater

Figure 9. Normalization and weighing graphics of three different polyester production scenarios,
expressed as p.e. The impact categories mentioned in the legend are the most relevant only. Functional
unit: 0.3 kg of product.

From orange peel, a metal-adsorbent polymer is produced, whose equivalent on the
market is activated carbon [58] (Figure 10). The adsorbent polymer has an EPI almost three
times higher than the activated carbon production due to the use of organic solvents in the
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polymer production. The bio-based polymer made with green energy has a comparable
impact to the bio-based polymer made with mixed energy: in fact, as well as for the wheat
straw exploitation as lignin, the impact of the bio-based alternative is generated by the
solvents use and the impact is not significantly reduced by changing the energy source.

2.0x 10"
1.6 x 10! 1.5 x 101
o -
1.0x 107 1 -
5.9 x 102
(S
o i i e
0 — —— I
bio-based metal-adsorbent polymer bio-based metal-adsorbent polymer - activated carbon
renewable energy
| Water scarcity Respiratory morganics
B Resource use, energy carriers ® Photochemical ozone formation - human health
Tonising radiation - human health ® Ecotoxicity freshwater

m Climate Change Acidification terrestrial and freshwater

Figure 10. Normalization and weighing graphics of three different metal-adsorbents production
scenarios, expressed as p.e. The impact categories mentioned in the legend are the most relevant only.
Functional unit: 1 kg of product.

This comparison with the traditional methods shows that the bio-based alternative
is more impacting than traditional processes; this result is mainly due to relatively high-
energy demand and organic solvents use (as proved by the energy and raw material
balances in Figures 2—4). Therefore, even though bio-based products are accessible and
desirable alternatives, experimentation must proceed further to make these processes as
beneficial as actual production methods.

4. Discussion and Limitation of the Study

The present study implemented an environmental sustainability assessment of in-
novative processes for the use of common Italian byproducts from agriculture sector.
The assessed case studies were extracted from the scientific literature, implemented at
lab-scale. Nevertheless, they were considered interesting for their proposal to use organic
residues in a wide range of application fields. The data used for the implementation of the
analysis can be considered of good quality since they were extracted from an international
peer-reviewed journal. The additional assumptions implemented for the hypothesis of
upscaling followed the literature methods. Comparable observations are carried out for
the traditional products. The possibility to use data from wood handbook (for composite
panel from rice straw) and from the average value of the Gabi database (for polyester film
from tomato pomace) ensured high levels of representativity.

The present assessment shows some limitations:

e  Zero burden approach for agricultural residues was used, effects of redirection of
residue from today’s application is not included.

e  The effect of using other impact assessment methods or normalization sets was not
evaluated. Nevertheless, the authors selected the updated method EF 3.0 (recom-
mended by European Commission), which ensured the result validity.

5. Conclusions

The circular economy represents one of the main pillars that drive the choices of
countries, all over the world, towards a sustainable development. As confirmed by the
detailed study of the scientific literature and the GRASCIARI RIUNITI project, the develop-
ment of circular strategies within the agriculture field is a primary concern. Nevertheless,
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this analysis proved that there is still a necessity to evaluate the proposed solutions com-
bining technical/experimental aspects with environmental sustainability issues. More in
detail, the LCA of five case studies highlighted some significant issues due to both the
significant energy demand and the high impact organic solvents, despite the reduced
organic agent demand assumed for the upscaling. The obtained results had not the target
to discourage the development of alternatives for the agriculture residue enhancement,
but rather to draw the attention to the environmental sustainability aspects. Indeed, an ef-
fective implementation of circular economy strategy should have a holistic view, able to
consider the effect of the technologies in different environmental categories (as well as in
social and economic spheres). In this regard, many aspects play an essential role (as also
discussed in the European circular economy action plan and the European Green Deal),
as the avoided use of toxic (for both human and environmental health) agents and the
low energy demand. Overall, the implemented LCA proved the significant effect of the
renewable energy transition and the current necessity to identify ecological agents for an
effective environmentally sustainable production of BBP.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/5u13073990/s1, Figure S1: Classification and characterization graphics of rice straw exploita-
tion process. Functional unit: 1 kg of organic residue, Figure S2: Classification and characterization
graphics of two wheat straw exploitation processes. Functional unit: 1 kg of organic residue, Figure S3:
Classification and characterization graphics of tomato pomace exploitation process. Functional unit:
1 kg of organic residue, Figure S4: Classification and characterization graphics of orange peel exploita-
tion process. Functional unit: 1 kg of organic residue, Table S1: Specific assumptions: comparable
raw materials chosen to substitute the raw materials missing in the database, Table S2: Weight of
each impact category on the normalization and weighing results. Functional unit: 1 kg of organic
residue. References [66-76] are cited in the Supplementary Materials.
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