<@ sustainability

Article

Life Cycle Assessment of Cynara cardunculus L. -Based
Polygeneration and Biodiesel Chains

Ramoon Barros Lovate Temporim 1L*[® Gianluca Cavalaglio 2(), Alessandro Petrozzi 1, Valentina Coccia 1,

1

Franco Cotana 3 and Andrea Nicolini 3

check for
updates

Citation: Barros Lovate Temporim,
R.; Cavalaglio, G.; Petrozzi, A.;
Coccia, V.; Cotana, F.; Nicolini, A.
Life Cycle Assessment of

Cynara cardunculus L. -Based
Polygeneration and Biodiesel Chains.
Sustainability 2022, 14, 13868.
https://doi.org/10.3390/
sul42113868

Academic Editor: Ljubomir Jankovic

Received: 24 September 2022
Accepted: 21 October 2022
Published: 25 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

CIRIAF—Interuniversity Research Centre on Pollution and Environment “Mauro Felli”, Via G. Duranti,
06125 Perugia, Italy

Centro Direzionale Isola F2, Pegaso Telematic University, 80143 Naples, Italy

Department of Engineering, UNIPG—University of Perugia, Via G. Duranti, 06125 Perugia, Italy

*  Correspondence: barroslovate@crbnet.it; Tel.: +39-075-5853-574

Abstract: Given the current scenario of increasing environmental problems associated with the need
for rapid energy transition, this article aimed to investigate the implementation of Cynara cardunculus L.
(cardoon), a plant with high environmental performance, as a source of energy resources. This study
presented thLife Cycle Assessment of two energy production chains—for the polygeneration of power,
heat, and cooling; and to produce biodiesel—fed with cardoon seeds, in addition to comparing these
chains with the use of the traditional Italian grids (power and gas) and with the production of diesel
based on palm, soybean, and rapeseed. Approximately 49 t of seeds were cultivated and processed,
yielding 8.5 t of oil. The system boundaries encompass three main macro-phases, cardoon production, oil
extraction, and, depending on the application, energy generation (polygeneration) or transesterification
(biodiesel). The models were developed using the software SimaPro V9.3.0.2, and the inventory was
based on the database ecoinvent V3.8. The Life Cycle Impact Assessment was performed using the
ReCiPe V1.06 method at the midpoint (H) and endpoint (H/A) levels. Crude cardoon oil showed a
global warming of 20-55% lower than other vegetable oils (palm, soybean, and rapeseed). In the case of
biodiesel production, cardoon-based biodiesel presented a reduction in the impact burden by 12-57%
compared to biodiesel based on palm, soybean, and rapeseed. With the use of oil in Polygeneration, a
subtle increase in the impact burden was observed, with 13% more impact than the use of Italian power
and gas grids.

Keywords: cardoon; mechanical oil extraction; oil seeds; ReCiPe method; global warming potential

1. Introduction

The need for researching and implementing alternative energy sources with high levels
of sustainability has grown in the current context of population expansion, growing energy
consumption, energy resource depletion, and the increased consequences of climate change
as effects on human health and degradation of the ecosystem [1,2]. World consumption
reached 13.86 billion metric tons of oil equivalent, with fossil fuels accounting for about
three-quarters of total demand. The prediction is that the global demand for primary
energy will increase to 35.5 million barrels in 2040 [3-10].

Recently, bioenergy from energy crops has gained the attention of researchers as an
alternative to conventional fossil fuel resources for addressing the current demand and
environmental needs [8,11,12]. The production of energy from non-food crops, particularly
those grown on marginal lands, in addition to the use of residual biomass, would be an
alternative. Even more, the use of marginal lands would avoid possible competition for
fertile soils destined for food crops and vegetable fibres [13,14]. This would reduce the
issue of boosting their worldwide food market prices [15]. Another relevant aspect of
the biomasses is that their production occurs by emitting CO;, which is reabsorbed in
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the regrowth cycles of the plant in the cultivation phase, i.e., it is a carbon-neutral energy
alternative [2,13,16,17].

Considering this perspective, Cynara cardunculus L., commonly known as cardoon,
stands out for its high level of sustainability, which has been proven by various studies
over the last 30 years. Gominho et al. [16] show that this species is a highly productive crop
that can thrive in Mediterranean regions with poor edaphoclimatic conditions [2,18-22].
This plant, commonly known as cardoon, stands out through a low level of management. It
possesses a perennial life form, an annual growth cycle, rapid regrowth, attractive flowers
for bees, and water stress tolerance [23,24], i.e., an attractive choice for degraded and
marginal lands [12,16].

The plant is composed of two fractions: the lignocellulosic material (90-92% of the
plant’s weight), and seeds (8-10%). Even though the seeds present a reduced proportion,
they are the fraction with the highest added value given their oil content, around 20-32%
of the seed’s weight [16,25]. This oil consists of glycerine and fatty acids with chain lengths
ranging between C8 and C20 of which 16, 18, and 20 carbon are the most common [26,27].

Different studies approach the use of cardoon for different purposes. Among the ap-
plications is the use to produce liquid, solid, and gaseous biofuels [28-30], bioplastics [13],
bio-oil (pyrolysis) [31], animal feed [32], bio-lubricants [30], active films [33], therapeutic
products [22], adhesives [34], and fertilisers [35]. Several thermochemical and mechanical
techniques are available for extracting oil from oilseeds [35]. Solvent extraction and mechan-
ical extraction are the two most used techniques in oil seed extraction. The most efficient
technique is solvent extraction. However, using solvents has a high operational cost, a
significant environmental effect, and complicated processing steps. On the other hand,
mechanical extraction is the widely used technique for oil seed extraction [11]. The benefits
of mechanical extraction include a simplified production chain, reduced environmental
impact load, improved oil quality, and the possibility to use the oilcake for other uses such
as animal feed or fertilizer because it is not contaminated by solvents [11,36-39]. In mechan-
ical extraction, essentially, the seeds are placed between barriers and compressed by a press,
separating the oil from the solid fraction of the seeds [11,40]. The most frequent mechanical
extraction procedures are the use of the screw press, which offers advantages because it is
more effective in extracting oil, in addition to being used in continuous processes [11,41].

Cardoon oil is made up of triglycerides that are made up of three long hydrocarbon
chains connected to a single glycerol molecule. This molecular structure is similar to that of
crude oil, making cardoon oil an interesting alternative to petroleum [42—44].

The objective of this study, considering the current energetic demands, was to investi-
gate the environmental performance of the oil obtained and its use in two applications: for
the polygeneration of power, heating and cooling by a combustion cogeneration engine;
and for the use of oil for biodiesel production through transesterification. The solid fraction
of the seeds, i.e., oilcake, was considered to be applied as animal feed or fertilising agent,
this was considered a by-product of the oil extraction process, with its respective added
value. Other potential uses could be the production of bioplastics [45], biogas [46,47], or
direct use as solid fuel.

The two hypotheses for the use of cardoon oil (polygeneration and biodiesel) were
analysed through the Life Cycle Assessment and compared with traditional systems (Italian
power and gas grids, and traditional biodiesel) producing the same resources. Polygeneration
was confronted with the use of Italian power and gas grids providing power, heat, and cooling.
Additionally, cardoon biodiesel was compared with biodiesel from palm, soybean, and
rapeseed oils. It is expected that this article will be a contribution at the level of propositional
policies to diversification and energy transition, in addition to the economic valorisation of
territories, in addition to improving the energy resilience of these places.
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2. Materials and Methods
2.1. Life Cycle Assessment Methodology

The Life Cycle Assessment was developed under the requirements of ISO 14040:2006a [48]
and 14044:2006b [49], allowing the assessment of environmental impacts through the com-
pilation and evaluation of inputs (energy and material) and outputs (products, by-products,
pollutants, and emissions) [50]. These frameworks comprehend the steps of goal and scope
definition, life cycle inventory analysis, life cycle impact assessment, and interpretation of results.
The life cycle models were developed using the commercial software SimaPro V9.3.0.2 [51].

2.2. Goal and Scope Definition

The study aims to estimate and evaluate the environmental impact loads for the entire
production chain for the production and use of cardoon oil, starting from agricultural
production to the final application (polygeneration of power, heating, and cooling through
a cogeneration engine and chiller system; and biodiesel production through transesteri-
fication). The analysis of the two hypotheses was carried out by comparing them with
traditional systems that provide the same resources. In the case of the polygeneration
chain with the Italian power and gas grids. Additionally, in the case of the biodiesel chain,
biodiesel production is based on other oils (palm, soybean, and rapeseed).

The expected outcome of this study is to obtain a better understanding of the mul-
tiple application of cardoon oil, in particular for energy sources supply. Then, verify the
feasibility of these systems as an alternative to traditional production and distribution
energy systems.

2.3. Functional Unit and Allocation Strategy

The functional unit was considered 1 M] of energy obtained from the polygeneration
and 1 kg obtained from biodiesel. In the case of polygeneration, the total energy output
(power, heat, and cooling) was considered. The allocation of the burden of environmental
impacts on intermediate products (plant, seeds, and oil) until obtaining the final energy
resources was based on their energy content.

2.4. System Boundary

The definition of the system boundaries was done in accordance with ISO 14040 and
14044. A cradle-to-gate approach was chosen in its definition. The phases included in the
analysed system were the production of cardoon, the extraction of oil, and the obtaining of
the final products and energy sources (power, heat, and cooling; and biodiesel). The time
boundary was one year of operations. The scheme of the system boundaries is shown in
Figure 1.

System Boundaries

Biodiesel Chain

Cardoon Production Oil Extraction

Polygeneration Chain

T ification

Cardoon Production Seeds il Extraction Energy Generation

g

Cooling

Figure 1. Boundaries of the System for Biodiesel and Polygeneration Chains.

2.5. Life Cycle Inventory

The proposed production chains were divided into three main phases, which were
called macro-level categories. They were cardoon production, oil extraction, transesteri-
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fication, and energy generation. The inventories were developed based on the material
and process flows of each one of the macro-level categories and modelled based on the
ecoinvent V3.8 [52].

2.5.1. Raw Material Production

The metadata required to develop the cardoon production inventory was gathered
from a production field in Porto Torres, Sardinia (Appendix A—Table Al). As assumed
by the supplier, the use of marginal lands was adopted as a good practice to overcome
the problems attributed to the competition with food crops. Data on cardoon fractions
characteristics, and input amounts were available on experimental metadata. Based on in-
vestigations of the cardoon cultivation developed by Gominho et al. [16], Deligios et al. [53],
and Angelini et al. [23], data on the machinery and its usage were hypothesized. The use
of each machinery was calculated based on the flow of inputs and outputs (fertilisers and
yields of cardoon production) and the area cultivated.

During the cardoon growing cycle, the first activities were harrowing, ploughing, and
fertilisation. The fertilisation was carried out employing chemical fertilisers and compost
materials. Then sowing of seeds was carried out with an automatic transplanter.

The region where the cultivation was carried out has a range of 400-600 mm of seasonal
precipitation [53,54], respecting the rainfall requirements of the plant of about 500 mm.
Given these conditions and the fact that cardoon is resistant to dry climates, irrigation
was not required which was an advantage in terms of environmental impacts. Irrigation
systems are unsustainable as long as they use the limited freshwater resources required
for human consumption and other activities, in addition to the high energy demand. Even
without the use of irrigation, the crop showed a yield of 18 t/ha, close to the maximum of
20 t/ha reported by other authors [23,25]. Another advantage from an environmental point
of view was the absence of pesticide use, improving environmental performance.

The harvest process was carried out by a combined harvester. It was done annually
in the spring season, and for this reason, the dry matter content of the collected biomass
was around 90%. The underground fraction of the plant was left in the field apportioning
nitrogen to the soil supporting the nutrition of the next crop cycle. This material was
considered cultivated in fields 20 km from the oil extraction plant, and the seeds were
transported by road in trucks with a capacity of 30 tons.

The energy content of the cardoon fractions (seeds, epigean, and hypogeum fractions)
was used to allocate emissions of this phase.

2.5.2. Layout and Operations of the Oil Extraction Plant

The oil extraction phase comprises the stages of seed storage, transportation, remotion
of impurities, mechanical oil extraction, and filtration. The prototype plant is located in
Sant’Apollinare’s Fortress, Central Italy. The experimental plant of mechanical oil extraction
was dimensioned by the Biomass Research Centre (CRB) and the Interuniversity Research
Centre on Pollution and the Environment “Mauro Felli” (CIRIAF), financially supported by
the Italian Ministry of Agriculture.

The first stage is the transport and storage of the raw material. The seeds arrive by
truck, and it is weighed in the weighbridge before unloading in a hopper (2 m3). From
the hopper, these seeds are transported by a conveyor system composed of belts and a
bucket elevator toward the silos with a 180 m? of capacity. Following, seeds are extracted
from the silos by the conveyor system to be cleaned. The cleaning system consisted of
three levels of sieving, composed of a coarse sieve mesh size 7-8 mm, a fluidised bed to
remove the lightest impurities such as bark and leaves through a blowing air process, and
a final sieve mesh size of 3 mm. Then, in the extraction set, cleaned seeds are transported
through a screw conveyor to the press, where a continuous process extracted the oil. This
press system works with the seeds” compression between an internal chamber, forced by a
squeezing screw. The raw oil (rich in suspended solids) flows out through some apertures
in the cylindrical chamber and finally passes through a filter set, to separate the rich-press
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cake and the crude cardoon oil. The filtered oil is stored in tanks with 100 m3. All the
machinery operates with a set of fourteen electric engines, with 3 to 22 kW.

Representative samples were taken at all stages of the process chain and were analysed
at the University of Perugia, Biomass Research Canter’s laboratories in terms of moisture,
oil content, and energy content. Moisture was measured by a moisture analyser (model
Mettler Toledo HB43-S) [55]. The energy content was measured using a calorimeter (LECO
AC-350) [56]. The oil content in the seeds was determined based on the procedure of
the National Renewable Energy Laboratory National, Determination of Extractives in
Biomass [57]. All analyses were performed in triplicate.

2.5.3. Polygeneration

The polygeneration hypothesis was tested considering that all the oil extracted was
used for the polygeneration of energy, heat, and cooling through the combustion of the oil
in a cogeneration engine with a power of 100 kW of electric energy and consumption of
25 L/h. Residual energy from combustion was recovered to produce heat and cooling. The
recovered energy provided a power of 60 kW of heat and the chiller provided a power of
75 kW of cooling. The process of producing heat and cooling operates alternately, when
the residual energy was not used directly for heating, it was addressed to the chiller to
produce cooling. The power demands of the oil extraction plant were supplied by the
polygeneration plant.

2.5.4. Biodiesel

Alternatively, the oil was considered to be used for the production of biodiesel through
transesterification. The oil was considered to be composed of 11% palmitic, 4% stearic,
25% oleic, and 60% linoleic fatty acids, as cited in other studies, which is similar to other
energy crops that are traditionally used for biodiesel production, in particular the soybean
oil [20,54]. Therefore, to model the transesterification, a model was developed based on the
flows of materials and processes reported in other studies on the production of cardoon-
based biodiesel [16,30,58], using methanol and sodium methoxide, and by modifying
the transesterification model of soybean oil from the database ecoinvent v3.8, gives the
physio-chemical similarities of both.

The transesterification technique was chosen because it is the most common procedure
for producing standard biodiesel from vegetable oils [59-61], and in accordance with
UNE-EN 14214 standard. It is performed in the following steps: triglycerides react with
alcohol and produce fatty acid alkyl esters (FAAE) and diglyceride. Following diglycerides
react with alcohol again and produce FAAE and monoglyceride. Additionally, finally,
monoglyceride reacts with alcohol and produces FAAE and monoglyceride [11]. The
transesterification of the oil was simulated based on the yields calculated by other studies,
which is around 98% [62]. The biodiesel obtained was considered to have a LHV of about
39.73 MJ/kg, and a density of about 0.881 kg/L [62-64].

2.6. Life Cycle Impact Assessment and Interpretation

The method used to translate the life cycle inventory’s elementary flows into envi-
ronmental impact scores was the ReCiPe 2016 V1.1 [65]. The method was applied at the
Hierarchist Midpoint Level, since this perspective is based on scientific consensus with
regard to the time frame and plausibility of impact mechanisms, besides being valid for the
European region. The ReCiPe midpoint translates the elementary flows into 18 midpoint
impact categories, including the GWP [66]. The results obtained in the characterisation
were normalised to report on the relative magnitude of each of the scores for the different
impact categories, expressing them to a common set of reference impacts. Additionally,
the ReCiPe Endpoint (H/A) was used, aiming to show the total burden of environmental
impacts avoiding the burden-shifting. The results are shown in terms of 3 endpoint areas of
protection (“human health”, “ecosystems”, and “resources”), calculated based on midpoint
characterization factors to endpoints through the midpoint-to-endpoint factor [65].
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Aiming to simplify and be more comprehensive in the visualization of the results, the
following methodology was adopted. After modelling the entire chain (for polygeneration
and biodiesel) the midpoint level scores were directly normalised. With the normalisation,
it was possible to identify and isolate the impact categories (ICs) that contributed most
to the total burden of impact. By focusing only on the most prominent impacts, it was
possible to have a more focused view of the critical points of the proposed chains. Once the
main ICs were identified, they were characterised for detailed analysise

Pointing a more in-depth analysis, to visualise the core elements responsible for the
emissions, the results were investigated at three levels: production chain (polygeneration
and biodiesel); macro-level categories of the chains, which cardoon production, oil ex-
traction, energy generation, and transesterification; and mid-level categories, that is, the
sectioning of the macro-level categories: cardoon production (fertilising, illage, sowing,
swath, harvesting, and others), oil extraction (storage, transportation, selection, oil extrac-
tion, and filtration), energy generation (power production, heat production, and cooling
production), and transesterification (reaction and purification).,

3. Results
3.1. Mass Flows and Characterisation

A total of 49 tons of seeds, with a total impurity of about 7%, 2.39% of moisture,
and 20.64% of oil content, were processed obtaining 8.5 tons of crude oil with LHV of
37.80 MJ/kg; and 39.4 tons of oilcake with 3.21% of moisture, 5.11% of oil content, and an
LHYV of 16.92 M] /kg. The oil extraction efficiency of about 85% was slightly higher than
that reported by other studies [37]. The unextracted oil that remained in the oilcake gave it
greater added value for animal feed [67].

3.2. Life Cycle Inventory Analysis

The inventory was developed based on the resources, materials, and processes in
input and output required for all steps of both chains: cardoon cultivation, oil extraction,
energy generation, and transesterification.

3.2.1. Cardoon Production

The cardoon production inventory was carried out based on the mass flow metadata
declared by the supplier (Appendix A—Table Al). The use of machinery for operations
was hypothesized based on investigations of cardoon cultivation. The cardoon cultivation
phase required nitrogen and phosphate fertilizers, in addition to compost, which was
used to improve production performance. The modelling of the machinery used for soil
preparation and maintenance was calculated based on the cultivated area and yields. For
this purpose, the ecoinvent database processes were used, comprising the materials and
manufacture of the machinery, in addition to the fuel consumption. The main materials and
processes used for modelling the Cardoon Production are shown in Appendix A—Table A2.

3.2.2. Oil Extraction Plant

The oil extraction plant inventory was developed based on energy demand, weight
and material composition of the machinery used, and building. In the calculation, a lifespan
of 20-30 years was considered for the industrial park. The inventory can be seen in Table 1.

The power demand was estimated based on machinery operations as reported by
Ramoon et al. [67]. The annual operations consumed around 18 GJ of electricity. At the
beginning of the experimental campaign, the necessary energy was consumed from the
grid. After obtaining the first batch of oil, the plant operated in a self-sufficient way through
the production of energy provided using oil in the cogeneration engine. On the other hand,
in the oil extraction model adopted for the production of biodiesel, energy was supplied by
the Italian grid. The construction of the polygeneration plant would only have a positive
impact if they were used more intensively, spreading the impact related to its construction
in a higher amount of energy in output. The plant building occupies an area of about
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240 m2. The main materials and processes used for modelling the oil extraction plant are
shown in Appendix A—Table A2.

Table 1. Oil Extraction Plant Inventory.

Stage . . Power Input Engine Weight Electricity = Machinery Weight
Mid-Level Category Equipment/Machinery kW kg M]j kg
Belt (underground) 3 21 203 500

Storage Elevator (underground to top silos) 3 21 203 900
& Belts (top silos) 3 21 203 350
Belts (input top silos) 3 21 203 350

Belts (output down silos) 3 21 203 270

Transportation Belts (ground) 3 21 203 270
Elevator (up cleaning) 3 - 203 -

Selecti Cleaning sieve system 15 15 763 300
election Cyclone—dust collector 0.75 12 381 300
Screw input (seeds) 1.1 15 1119 190

E . Press 11 160 11,187 3140
xtraction Screw output (oilcake) 1.5 15 1526 190
Pump output 11 15 1119 150

Filtration Pump filter 0.75 12 38 300

3.2.3. Polygeneration

The polygeneration plant was composed of a cogeneration engine and chiller. Both
were modelled based on a modification of ecoinvent V3.8 database machinery. As a
comparative reference, the use of the Italian power grid for the supply of electricity and
cooling, and the use of the gas grid to supply heat was adopted. The main materials and
processes used for modelling the polygeneration plant are shown in Appendix A—Table A2.

3.2.4. Biodiesel

The modelling of the transesterification plant was carried out based on the modifi-
cation of a model of a soybean oil transesterification plant. This method was adopted
since cardoon and soybean oils have physicochemical similarities. The comparative ref-
erence was obtained from the biodiesel models available in the ecoinvent V3.8 database,
which are biodiesel based on soybean, palm, rapeseed oils, and standard biodiesel (a blend
of biodiesel from different raw materials). The main materials and processes used for
modelling the transesterification plant are shown in Appendix A—Table A2.

3.3. Life Cycle Impact Assessment
3.3.1. Definition and Characterisation of the Main Impact Categories
Initially, to visualize the impact categories that most contributed to the total burden of

environmental impacts, the results of the ReCiPe Midpoint method were normalised for
both chains. The normalised results for the 18 impact categories are shown in Table 2.

Table 2. ReCiPe Midpoint level normalised results for the Biodiesel and Polygeneration Chains.

Impact Category (IC) Polygeneration Biodiesel
Global Warming 1.33% 1.98%
Ozone Formation (Human Health) 2.16% 2.92%
Ozone Formation (Terrestrial 2 56% 3.47%
Ecosystems)

Terrestrial Ecotoxicity 7.15% 5.24%
Marine Ecotoxicity 3.25% 2.29%
Human Carcinogenic Toxicity 73.13% 69.74%
Fossil Resource Scarcity 2.89% 5.24%

Total 92.47% 90.87%
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Normalizing the results, it was possible to simplify the analysis of environmental
impacts by focusing on the most affected ICs. In both proposed chains around 90% of the
burden of environmental impacts was concentrated in six ICs: Ozone Formation, Human
Health (OF_HH); Ozone Formation, Terrestrial Ecosystem (OF_TE); Terrestrial Ecotoxicity
(TE); Marine Ecotoxicity (ME); Human Carcinogenic Toxicity (HCT) and Fossil Resource
Scarcity (FRS). Additionally, Global Warming (GW) was included as a reference indicator
for comparison with other similar systems.

The characterization of Polygeneration and Biodiesel Chains, in addition to the refer-
ence systems, are shown in Table 3.

Table 3. ReCiPe Midpoint level characterisation result for Biodiesel and Polygeneration Chains.

Biodiesel Polygeneration

Impact Category/Damage Category Unit Cardoon Standard Palm Rapeseed Soybean Ig::g:igg Cardoon
Global warming kg CO;z eq 1.34 3.14 2.44 177 5.65 0.08 0.05
Ozone formation 3 3 3 4 4

(Human Health) kg NOy eq 0.01 4.67 x 10 2.97 x 10 0.01 4.08 x 10 1.15 x 10 1.89 x 10
g Ozone formation kg NOy eq 001  492x1073 330 x 1073 001  452x10°  117x107% 193 x 104

= (Terrestrial ecosystems)

,é Terrestrial ecotoxicity 14-DCB 6.75 4.53 3.21 5.32 3.98 0.07 0.46
g Marine ecotoxicity T%I-DCB 0.01 0.01 438 x 1073 0.01 0.01 1.13 x 1074 6.01 x 1074
Human carcinogenic kg 4 3

toxicity 14-DCB 0.06 0.02 0.01 0.02 0.01 4.19 x 10 3.20 x 10
Fossil resource scarcity kg oil eq 0.44 0.31 0.17 0.37 0.25 0.03 0.01
£ Human health mPt 58.79 100.02 64.31 100.85 123.71 1.97 2.33
'g@ Ecosystems mPt 2.07 17.64 5.93 17.15 19.11 0.08 0.07
<9 Resources mPt 1.05 0.76 0.41 0.93 0.61 0.06 0.03
& Total mPt 61.91 118.42 70.65 118.93 143.42 211 2.44

Biodiesel Chain

Fossil resource scarcity
Human carcinogenic toxicity
Marine ecotoxicity

Terrestrial ecotoxicity

Ozone formation, Terrestrial ecosystems

Ozone formation, Human health

Global warming

Cardoon Seeds Production

3.3.2. Polygeneration and Biodiesel Chains

Both Polygeneration and Biodiesel chains were allocated into three macro-level cat-
egories: cardoon production, oil extraction, and depending on the use of the oil, nergy
Generation or transesterification. The results in terms of the macro-level categories can be
seen in Figure 2.

Polygeneration Chain

0% 20% 40% 60% 80%  100% 0% 20% 40% 60% 80% 100%

Qil Extraction = Transesterification Cardoon Seeds Production Qil Extraction Polygeneration

Figure 2. ReCiPe Midpoint level characterization—Biodiesel and Polygeneration’s macro-level categories.

The macro-level category of cardoon production was the same in both chains. The
macro-level category of oil extraction differentiated itself since in the production of biodiesel
the energy demand was supplied by the Italian grid. Alternatively, in the polygeneration
chain, the energy generated was used to supply the energy demand of oil xtraction. For
the polygeneration chain, a plant composed of a cogeneration engine and a chiller was
modelled, and for the production of biodiesel, was modelled a transesterification plant.

Cardoon production and oil extraction accounted for more than 90% of the impact
burden in the biodiesel chain. The mid-level category transesterification had a relatively
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low impact of 3-10%. In the polygeneration chain, about 80% of the burden of impact was
concentrated in cardoon production and oil extraction, except for the ICs HCT and TE,
where the macro-level category energy production was more evident.

3.3.3. Cardoon Production

The macro-level category cardoon production was the same for the two proposed
chains. It was divided into five main mid-level categories referring to the main stages of
the production process (fertilising, tillage, sowing, swath, and harvesting). The mid-level
category “Other” clustered the categories that had a minor impact (balling, loading, and
compost). The characterization of this macro-level category can be seen in Figure 3.

Fossil resource scarcity
Human carcinogenic toxicity

Marine ecotoxicity

Terrestrial ecotoxicity

I
Ozone formation, Terrestrial ecosystems _ | I I I
Ozone formation, Human health _ | , | I I I I
Global warming - [ —— I I I |
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m Fertilising Tillage Sowing Swath Harvesting Other

Figure 3. ReCiPe Midpoint level characterization—biodiesel and polygeneration’s cardoon produc-
tion mid-level categories.

The mid-level categories with the most prominent impacts were fertilizing, tillage,
and harvesting, accounting for more than 90% of the burden of impact across all ICs. In the
mid-level category of fertilisation, the use of phosphate and nitrogen fertilizers accounted
for almost 80-99% of all Ics in this mid-level category. The other mid-level categories dealt
with machinery, which was composed of the material used to manufacture the machinery
and the use of diesel. These inputs were the main impacting factors on the Ics HCT, OF
(both), and GW.

3.3.4. Oil Extraction

The macro-level category of ol extraction was divided into the following mid-level
categories: storage, transportation, selection, extraction, and filtering. The percentage distri-
bution of impacts in each of the mid-level categories, for both biodiesel and polygeneration
chains, were similar. As a reference for both chains, the results for the polygeneration are
shown in Figure 4.

OIL EXTRACTION

Fossil resource scarcity

Human carcinogenic toxicity

Marine ecotoxicity
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Ozone formation, Terrestrial ecosystems

Ozone formation, Human health

|
|
|
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|
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I I .
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m Storage Transportation Selection Extraction Filtration
Figure 4. ReCiPe Midpoint level characterisation—Polygeneration’s Oil Extraction mid-level categories.

Figure 2 shows that the macro-level category of oil extraction has the highest weight
in the burden of impact in both chains. In fact, in this phase, many infrastructures such as
buildings and machinery are concentrated, which are complex and demand a wide variety
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of processes and materials for their construction and maintenance, in addition to the energy
demand for their operation.

According to Figure 4, the mid-level category of Oil Extraction was the most impactful,
since it was the mid-level category with the most complex machinery and the highest
total weight, demanding large amounts of materials. As a result, the mid-level categories
storage, transportation, selection, and filter were the most impactful, respectively.

Particularity, storage and transportation, which are composed of silos and well systems
for the transport and storage of seeds, contributed to more than 50% of the burden of impact
in all Ics, except ME and TE. About 60% of the total area of the plant was covered by the
infrastructure of these two mid-level categories. The other categories are characterised by a
greater impact due to the use of materials for the manufacture of machinery. In practice, all
mid-level categories were characterized by three main elements, materials for infrastructure
construction, machinery materials, and electricity consumption.

Targeting a more detailed view, the macro-level oil extraction was regrouped into
three alternative mid-level categories: energy, including the total energy consumed by
the machinery; machinery, including the materials and manufacturing processes of the
equipment; and building, including the occupied area, infrastructure, and buildings for the
oil extraction plant, Appendix A—Figure Al. In the mid-level category of machinery, all Ics
were affected (39-70%), in particular Ics TE, ME, and HCT due to the use of large amounts
of steel, use of electronic components, and to a lesser extent by the embodied energy. The
electronic components were particularly impactful because of the use of gold and the large
amounts of embodied energy which most affected the ICs TE and ME. On the other hand,
the mid-category building (12-44%) had its impacts mostly caused by the intensive use
of materials, in order of impact level, concrete, steel, aluminium, bricks, and diesel, were
responsible for more than 70% of the impacts of all ICs. The mid-category Energy (4-29%)
mainly affected the ICs FRS and GW. In fact, the Italian grid is mainly powered by the use
of fossil sources, directly impacting the FRS and GW.

The only mid-category that changed in the polygeneration chain was the energy since
the energy needed was supplied internally by the polygeneration unit. This macro-level
category was examined in the section on energy generation.

3.3.5. Transesterification

The macro-level category transesterification was divided into two mid-level categories:
reaction, where biodiesel is produced; and purification, where biodiesel is separated from
by-products and other chemicals used at the moment of the reaction. The results can be
seen in Figure 5.

Fossil resource scarcity

Human carcinogenic toxicity

Marine ecotoxicity

Terrestrial ecotoxicity

Ozone formation, Terrestrial ecosystems

Ozone formation, Human health

Global warming

TRANSESTERIFICATION
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Reaction Purification

Figure 5. ReCiPe Midpoint level characterisation—biodiesel’s transesterification mid-level categories.

The participation of the mid-level categories homogeneously affected the ICs, being
subtly more affected by purification, except for the ICs FRS and TE, where approximately
70% of the impact load was caused by the reaction. The mid-level category reaction
was characterized by the intense use of chemicals for the transesterification reaction, in
particular methanol which was responsible for most of the burden of impact in all ICs
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(56-80%), except for the TE. Following the use of the base catalyser, sodium methoxide was
responsible for 19-67% of the burden of impact in all ICs.

The mid-level category of purification, on the other hand, was intensive in terms of
energy use. The most demanded energy resource was the use of heat which contribute
on average of 40% in all ICs. The electricity was used in the processes of distillation of
biodiesel and heating water to remove glycerine. Following, the use of electricity affected
considerably this mid-level on the ICs OF (both), GWP, and FRS due to the use of fossil
sources to supply the Italian power grid. Finally, the use of acids was impactfully in all the
ICs, particularly in TE, ME, and HCT.

Because the transesterification process is very demanding in terms of chemical and
energy inputs, the use of these inputs, particularly methanol, hydrochloric acid, sodium
methoxide, and energy demand (heat and electricity), had a significant effect on all of the
ICs investigated. These five inputs accounted for 83-99% of all CIs. Particularly, the use of
methanol was what most impacted the macro-phase of biodiesel production, being the most
critical input in the production of biodiesel. The individual chemical catalysts had a milder
impact. From an energy point of view, the supply of heat to catalyse the process was more
impactful than the use of electricity. The results can be seen in Appendix A—Figure A2.

3.3.6. Energy Generation

The results of the macro-level category of Energy Generation were grouped into three
mid-level categories referring to the production of each one of the energy resources in the
output: power production, heat production, and cooling production. The results are shown
in Figure 6.

Fossil resource scarcity

Human carcinogenic toxicity

Marine ecotoxicity

Terrestrial ecotoxicity

Ozone formation, Terrestrial ecosystems

Ozone formation, Human health

Global warming

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Power Production Heating Production Cooling Production

Figure 6. ReCiPe Midpoint level characterisation—polygeneration’s nergy generation mid-level categories.

The Energy Production presented a relatively homogeneous distribution for the ICs
GWP, OF (both), HCT, and FRS, with a subtle concentration in the mid-level category of
power production. The mid-level category cooling production impacted more than 70% in
the ME and TE.

Aiming for the simplification and cohesion of the results, the mid-level categories Power
production and Heat production were combined in this analysis since they have a common
infrastructure and both energy resources are produced together by the cogeneration engine.
In this combined mid-level category, the impact loads were mostly caused using materials
and machinery maintenance, which are highly steel intensive. Around 80-95% of the ICs were
affected by this material, the rest was caused by infrastructure construction.

The mid-level category cooling production showed the same pattern as the mid-level
categories of power production and heat production; about 83-97% of the impact load was
caused by the chiller manufacturing materials. There were four main materials, which
aluminium, steel, copper, and electronic components. Steel and copper were the main
materials to contribute practically to all ICs. It is worth noting that the TE and ME were
respectively impacted by 71% and 85% by copper use.
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4. Discussion
4.1. Life Cycle Interpretation
4.1.1. Macro-Level Categories

The macro-level categories of oil extraction and cardoon roduction most contributed
to the burden of environmental impacts in both proposed chains (polygeneration and
biodiesel), respectively. In fact, studies have pointed to agricultural production as a major
contributor to the burden of impact in the biodiesel production chain [62]. In addition
to the oil extraction process, which demands high amounts of energy [67] and materials.
In the case of the biodiesel chain, transesterification had a much lower impact than the
other phases. Still, in the case of biodiesel, cardoon production, oil extraction, and transes-
terification were responsible for 10-43%, 50-87%, and 3-19%, respectively. In the case of
the polygeneration chain, the impacts were more distributed in the mid-level categories.
Cardoon production, oil extraction, and transesterification accounted for 8-46%, 38-61%,
and 16—40%.

The macro-level category of cardoon production was mostly impacted by the use of
chemical fertilizers, which are nitrogen and phosphate fertilizers based on diammonium
phosphate. These two inputs alone accounted for approximately half of the impact burden
in the GW, TE, ME, and FRS categories. This input typically contributed to emissions in
all environmental fields: air, water, and soil. Chemical fertilizers are significant sources of
phosphorus and nitrogen emissions in the form of phosphates and nitrates, which mainly
affect groundwater and surface water through runoff and leaching processes. This results
in impacts on sweet water bodies close to the cultivation region and, finally, oceans and
seas. Therefore, the demand for these inputs directly contributes to ME [68], i.e., releasing
toxic substances into the marine environment, and ultimately causing damage to species
in this environment [54,68]. Furthermore, phosphorus is derived from phosphate rocks,
a non-renewable resource [69]. The other ICs (GWP, OF, and HCT) were mainly affected
by the materials and energy resources used in machinery, particularly steel, and by the
demand for diesel.

The macro-level category of oil extraction was mostly impacted by infrastructure and
machinery materials. In both chains, these materials were responsible for more than 70% of
the burden of impact in all ICs. In the case of machinery, the main material was steel; while
in the construction of the oil extraction plant, the most intensively used materials were
concrete, steel, aluminium and bricks. In the case of the biodiesel chain, since the extraction
plant was fed by the Italian power grid, the impacts related to the use of electricity were
not negligible, impacting the FRS and GW, being responsible for around 30% of the burden
of impact in these ICs.

The macro-level category of Transesterification, as reported by several studies [62],
had a high demand for chemicals which contributed between 60-80% of all ICs. The most
impacting chemical inputs were methanol, hydrochloric acid, and sodium methoxide. The
second biggest cause of impact was the use of energy resources, which were electricity and
mostly the production of heat.

The macro-level category of energy generation was composed of two main types of
machinery, the cogeneration engine, and the chiller, which contributed most of the impact
load due to their material composition. The most intensively used materials were steel,
aluminium, copper, and electronic components. The use of copper was responsible for 50%
and 71% of the impact load on ICs TE and ME. For the other Cls, the main contributor to
the impact load was the use of steel.

4.1.2. Biodiesel and Polygeneration Chains

The GWP in the Biodiesel Chain hypothesis, similar to the Polygeneration hypothesis,
was primarily affected by the usage of steel, electronic components, and power, since the
oil extraction process was supplied by the Italian grid. In this case, a long-term solution
would be the adoption of renewable sources of primary energy by the Italian grid, in
addition to increasing the use of more sustainable materials, such as alternative materials
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or metals and components obtained from recycling. In the OF (both), as well as in the
polygeneration chain, the most impacting inputs were steel, electronic components, and
diesel. The TE and ME ICs were mostly affected by the use of phosphoric acid, steel,
copper, and electronic components. The impacts related to HCT were affected by the use
of steel. Finally, the FRS was impacted by the use of methanol in the transesterification
process, steel, electronic components, and the use of electricity and diesel. As in the case
of polygeneration, there was intense demand for phosphoric acid, steel, copper, electronic
components, and energy resources.

Regarding other similar systems, the cardoon-based biodiesel performed better with
a large advantage on the Ics GWP compared to all other reference systems. However,
regarding TE, HCT, and FRS the environmental performance was inferior to all reference
systems. On ME, cardoon-based biodiesel only presented a lower performance than palm
oil-based biodiesel. Regarding OF (both) it was noticed that cardoon-based biodiesel was
less impactful in comparison with rapeseed-based biodiesel. The ICs with the highest per-
centage differences, and where cardoon-based biodiesel was significantly more impacting,
were HCT followed by TE. These two most critical ICs, compared to other systems, were
directly associated with the intense use of steel by the oil extraction machinery, and by
the copper used in electronic systems. On the other hand, considering the endpoint level
analysis, the proposed biodiesel was better placed in the “Human Health” and “Ecosys-
tems” damage categories, only in “Resources”, its impact was more impactful. In the
endpoint-level overall analysis, the cardoon-based biodiesel had a better environmental
performance compared to all other reference systems.

Considering published studies, the biodiesel obtained by transesterification of other
oils (palm, soybean, and rapeseed) covers a wide range of GHG emissions, ranging from
0.65-3.36 kg CO, eq/kg of biodiesel produced. This wide variation can be explained by
the fact that different input supply chains from different geographical regions are related
to large-scale biodiesel production [70-74]. In this context, thistle-based biodiesel stands
out as a potential biofuel with the possibility of having a positive impact not only from
an environmental point of view but also socially and economically, as demonstrated by
other authors [30].

The inputs that most affected the GWP, in the hypothesis of the use of oil in the
polygeneration chain, were the use of steel used in the manufacture of industrial and
agricultural machinery, and the use of anhydrous ammonia and phosphoric acid in the
production of fertilizers. The OF (both) were affected by two key inputs, which were the
use of concrete in the construction of facilities (extraction and polygeneration plant) and
the use of diesel in agricultural machinery. The TE and ME were mostly affected by using
copper, mainly present in the chiller body, the electronic component of machinery, the use
of phosphoric acid, and the use of steel. HCT was mainly affected by steel production.
Finally, the FRS was impacted by the use of steel, anhydrous ammonia, phosphoric acid,
diesel, and electronic components. It is worth noting that the inputs that most contributed
to the total impact load considering all ICs were phosphoric acid, steel, copper, electronic
components, concrete, and diesel.

The polygeneration hypothesis presented a better performance in the ICs GWP and
FRS in comparison to the supply of the same energy resources by the Italian power and
gas grids. In fact, the proposed polygeneration chain was self-sufficient in terms of energy
demands. No grid energy was used, which is characterised by the intensive use of fossil
resources. In the remaining ICs, the polygeneration system was more impactful. In
particular, in the ICs HCT, TE, and ME, the olygeneration chain was much more impactful
than the Italian grids, respectively. Similar to the cardoon-based biodiesel, this was mainly
due to the intense use of steel in the machinery, copper, and gold used in the electronic
systems. In the endpoint level analysis, the polygeneration system was better in the
ecosystems and resources damage categories and more impactful in human health. The
final balance of the proposed polygeneration chain system was subtly lower than the use
of Italian power and gas grids.
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Unlike other studies using cardoon lignocellulosic material for polygeneration [69],
in this study, using oil, a lower performance was observed due to its low intensity of
machinery use. The energy generation phase presented considerable impacts linked to the
cogeneration motor and the chiller, which were highly impactful, and was underused in
the oil production scale of our proposal.

Finally, it is worth noting that the potential for using these technologies studied here
depends only on the possibility of cultivating cardoon. This plant has the potential to
be cultivated in several countries where cardoon is native or adapted for. In fact, the
implementation of this plant has taken place in several Mediterranean countries such as
Spain, France, Italy, and Portugal, where 2000 to 3000 ha have been cultivated with yields
of 9 to 28 t/ha [75,76]. In addition to the European Mediterranean countries, the North
African countries, in addition to China, California, Mexico, and West Africa could benefit
from the implantation of this plant because they present suitable climatic conditions for
cardoon [18-21,77].

5. Conclusions

The objectives of this study were to analyse the environmental performance of a prototype
oil extraction plant fed with cardoon oil, in addition to testing the use of this oil for two
different applications: polygeneration of power, heat, and cooling; and biodiesel production.

Considering the life cycle model developed and the database ecoinvent V3.8, the
cardoon-based biodiesel chain showed a higher environmental performance compared
with traditional systems of biodiesel production based on palm, rapeseed, and soybean
oils. Cardoon-based biodiesel showed reduced impacts compared to other biodiesels in the
midpoint impact categories of global warming and ozone formation, and in the endpoint
damage categories of human health and ecosystems. The final result presented a reduction
in the overall burden of impact (endpoint—single score) of 12-57% compared with the
biodiesel base on palm, soybean, and rapeseed oils.

The polygeneration chain presented a lower performance compared to the use of
Italian power and gas grids. The polygeneration chain was less impactful in the midpoint
impact categories of global arming and fossil resource scarcity, and endpoint damage
ategory resources. In the final result, polygeneration was around 13% more polluting con-
sidering the overall burden of impacts (endpoint—single score) compared with the Italian
power and gas grids. Even with lower environmental performance, it is worth highlighting
the potential positive impacts at a social and economic level. With the implementation of
the polygeneration system, the local populations were able to benefit from the economic
valorisation of the territory and the consequent generation of wealth, in addition to greater
energy resilience.

Oil extraction and cardoon production were the critical phases in both proposed chains
(biodiesel and polygeneration). The main inputs that contributed to the total burden of
impact were the use of phosphoric acid in fertiliser production; steel, copper, and electronic
components in the manufacture of machinery; and the consumption of electricity and diesel
to maintain machinery operations.

Limitations of the Study and Future Perspectives

Even though the polygeneration plant demonstrated a lesser environmental perfor-
mance when compared to the delivery of the same resources by Italian grids, it would be
interesting to assess the increase in production size required to reach the same Italian grid’s
performance. This would provide a better understanding of the ideal size of a potential
polygeneration plant.

Furthermore, evaluating only the environmental performance does not meet all aspects
to support the decision to implement or not a proposed technology. As a result, a deeper
examination of this study in terms of social and economic aspects would be essential to
better examine the entire sustainable potential of the solutions proposed.
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Appendix A

Table A1. Cardoon Production Metadata.

Input/Output Value
Seed production 1.5t/ha
Seed moisture 8%
Seed oil content 25%
Epigean fraction 15t/ha
Moisture epigean fraction 15%
Hypogeum fraction 3t/ha
Moisture hypogeum fraction 50%
Nitrogen fertilizer as N 57.5kg/ha
Phosphate fertilizer as P,Os 146.9 kg/ha
Compost 20 kg/ha
Cultivated field 36 ha

Table A2. Ecoinvent’s Materials and Processes.

Cardoon Production

Nitrogen fertiliser, as N {RoW} | diammonium phosphate production | APOS, S
Phosphate fertiliser, as P,O5 {RoW} | diammonium phosphate production | APOS, S
Fertilising, by broadcaster {RoW} | processing | APOS, S

Tillage, harrowing, by rotary harrow {RoW} | processing | APOS, S

Tillage, ploughing {RoW} | processing | APOS, S

Swath, by rotary windrower {RoW} | processing | APOS, S

Baling {RoW} | processing | APOS, S

Bale loading {RoW} | processing | APOS, S

Sowing {RoW} | processing | APOS, S

Combine harvesting {RoW} | processing | APOS, S

Compost {GLO} | market for | APOS, S

Electricity, medium voltage {IT} | market for | APOS, S

Oil Extraction

Metal working, average for steel product manufacturing {GLO} | market for | APOS, S

Steel, unalloyed {GLO} | market for | APOS, S

Electric motor, vehicle {RER} | Production | APOS, S

Dust collector, multicyclone {GLO} | market for | APOS, S

Building, hall {GLO} | market for | APOS, S

Building, hall, steel construction {RoW} | building construction, hall, steel construction | APOS, S
Polygeneration

Heat and power co-generation unit, 200 kW electrical, diesel SCR, common components for heat +
electricity {RER} | construction | APOS, U

Absorption chiller, 100 kW {RoW} | production | APOS, U
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Table A2. Cont.

Biodiesel

Fatty acid methyl ester {RoW} | esterification of soybean oil | APOS, U (modified)
Polygeneration References

Electricity, medium voltage {IT} | market for | APOS, S

Heat, district or industrial, natural gas {RER} | market group for | APOS, S

Biodiesel References

Fatty acid methyl ester {RoW} I market for fatty acid methyl ester | APOS, U
Fatty acid methyl ester {RoW} | esterification of palm oil | APOS, U
Fatty acid methyl ester {RoW

{

)
} l esterification of rape oil | APOS, U
Fatty acid methyl ester {RoW} | esterification of soybean oil | APOS, U (modified)

Oil References

Palm kernel oil, crude {GLO} | market for | APOS, U
Palm oil, crude {GLO} I market for | APOS, U

Rape oil, crude {RoW} | market for | APOS, U
Soybean oil, crude {GLO} | market for | APOS, U
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Terrestrial ecotoxicity

Ozone formation, Terrestrial ecosystems
Ozone formation, Human health

Global warming
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Figure A1. ReCiPe Midpoint level characterization—Biodiesel’s Oil Extraction mid-level categories.
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Figure A2. ReCiPe Midpoint level characterization—Biodiesel’s Transesterification mid-level categories.
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