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Abstract: Green chemistry and engineering encourage the usage of renewable sources, in replacement
fossil fuels. The sector of bio-based products is one of the most predominant examples of such
replacements in different fields. However, the impact of biomasses usage is far from being negligible
or net zero. A life cycle perspective is required in order to assess all the different environmental
impacts related to biomass exploitation and usage, in particular when dedicated sources are used.
This study points out the importance of including the results of a Life Cycle Assessment (LCA)
early in the design of new bio-based products, to identify the stage of the value chain with the
greatest hotspots and set proper eco-design strategies. At the same time, the use of the LCA results
may support purchasing activities through comparing products with different burdens. In this
manuscript, a focus on land compartment is carried out, given its relevance to the cultivation phase.
Five analysis methods are selected for further description. Three are classified as multi-impact
approach methodologies (ReCiPe 2016, IMPACT World + and EF 3.0) since they are able to translate
mass and energy balances into several impact categories at the same time, not only those on land
comparts which are also included. In addition, the LANCA® model and the True pricing method
for agri-food products are discussed, underlining the importance of their usage when a detailed
review of the impact on soil is necessary (e.g., during an environmental impact assessment). They are
compared in this paper, underlining the main differences and potential fields of application.

Keywords: life cycle assessment; bio-based products; impacts on land; LCA; multi-impact
approaches; ReCiPe 2016; IMPACT World +; EF 3.0; the LANCA® model; the True pricing method for
agri-food products

1. Introduction

Chemistry represents one of the main pillars of our era. According to the green
chemistry discipline [1], the journey toward a benign-by -design society [2] goes through
the adoption of 12 fundamental principles. Those, together with the principles of green
engineering [3], represent key concepts that should be adopted at an early design stage of
each innovation (e.g., catalyst, monomer, intermediate/final product, system and service).
Within the concepts of green chemistry and engineering, the replacement of fossil resources
with renewables is one of the most prominent and transversal among all the different sectors,
as also suggested by the large overall budget of EUR 215.5 million allocated for supporting
European R&D activities within the bio-based sector [4]. For example, in transportation,
the usage of biofuels (e.g., biodiesel, bioethanol, biomethane, etc.) is increasingly celebrated
as one the key strategies to reach 2050 goals. In its 2022 Energy Outlook [5], BP stated
that their usage will increase rapidly by achieving a consumption of around 6–7 million
barrels/day (equal to 10 EJ/year) within the accelerated and Net Zero scenarios. This
trend is mainly driven by fuel usage in aviation (bio-jet fuel) [6,7]. A similar trend was
identified by the Organisation for Economic Co-operation and Development (OECD) [8]
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which showed an increase in biomass consumption up to around 37 Gt in 2060, including
food, fuels and materials. Among the latter, bio-polymers represent an outstanding basis
for innovative products and technologies: compostable, lighter, designed to reduce the
fossil carbon content, etc. The market refers to these kind of bio-commodities (materials
and fuels) by the term bio-based chemicals. Among those, some basic bio-molecules (e.g.,
ethylene, propylene, butadiene, paraxylene, glycerol, methanol, ethanol, etc.) represent
the major building blocks on which our society is founded. The market for those bio-
products reached 2.4 Mt in 2021 [9], the split among major commodities being represented
in Figure 1. The graph also classifies them into two main categories: biodegradable and
non-biodegradable. A clear distinction between them is reported in the literature [10].
In general, the term biodegradable is used to identify compounds that may be disposed
of through composting and anaerobic digestion [11]. In fact, during these end-of-life
(EoL) treatments, biodegradable molecules break down into CO2, water, CH4 (in anaerobic
digestion), inorganic compounds (nutritional elements) and biomass residues [12–14]. As
depicted in Figure 1, the lion’s share of the credit is attributed to biodegradable molecules
(64.2% on the total).
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Figure 1. Bio-based chemicals’ global production capacity in 2021. Based on [9].

Among these, PBAT (polybutylene adipate terephthalate), PLA (polylactic acid) and
Starch blends account for 85% of the class of biodegradables. On the other hand, among the
non-biodegradable substances (those that should be mechanically/chemically recycled or
thermally valorized during EoL) the principal compounds are polyamides (PAs), polyethy-
lene (PE), polyethylene terephthalate (PET) and polytrimethylene terephthalate (PTT). The
full list of abbreviations is reported at the end of the article.

However, in order to be easily affordable, bio-based chemicals should guarantee a
lower price than conventional commodity chemicals and consistent production over time.
The latter can only be achieved by using a share of dedicated biomasses, so-called primary
generation since they originate generally from edible biomasses [15,16]. However, bio-based
chemicals could be also synthetized starting from non-edible fractions, such lignocellulosic
feedstocks and waste biomasses (second-generation) or algae (third-generation) [15,16].

Despite the possibilities reported above, regarding the usage of second- and third-
generation biomasses, a recent study from the European Commission [17] has shown that
around 77% of the feedstock used within the 408 investigated bio-refineries are primary
biomasses, mainly agricultural feedstock. Unfortunately, cultivated crops require material
and energy sources that lead to potential environmental impacts far from being considered
negligible or net-zero [18–21]. Among those, land occupation and transformation, as well as
contamination, could produce negative repercussions also on a broader scale (e.g., climate
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change [22]) and on different endpoint receptors (e.g., human health, due to the use of
fertilizers [23,24]). Therefore, when possible, a life cycle perspective should be introduced
to assess the potentialities of bio-based chemicals derived from dedicated cultivation.

The aim of this article is to provide a short overview of the Life Cycle Assessment
(LCA) approach and the most suitable analysis methods available that predict potential
impacts on land compartment, as well on other problem-oriented categories. The focus
on land issues is due to their importance to ecosystems and the Technosphere. However,
impacts on that compartment are not always taken into account during environmental
sustainability analyses of bio-products (which are too often focused on climate change
only), despite their importance [25]. An application of LCA can guide the synthesis of new
chemicals and their market by encouraging the production and purchasing of molecules
that have proven lower burdens.

2. Materials and Methods

LCA methodology [26–28] is aimed at evaluating the potential impacts and benefits on
the environment of products, processes, systems and organizations. In the case of a product
(such as a chemical substance, fuel or material), LCA may cover the entire life cycle (cradle
to grave) or part of it (cradle to gate or gate to gate). It depends on the study’s goal and its
scope (LCA first stage). During this step, the functional unit (FU) shall be defined. FU is a
quantitative, measurable and scalable unit that expresses the function of the system. The
LCA framework implies a second phase of data collection and modelling (called Life Cycle
Inventory or LCI) which is in general the most time-consuming, a third of impact assessment
(Life Cycle Impact Assessment—LCIA) and a final stage of interpretation. During LCIA all
the input and output flows involved in the production of the studied product or system (i.e.,
included in the LCI) can be translated into potential environmental problems (midpoint
level) or damages on final receptors (e.g., ecosystem quality, human health and resources
consumption, the so-called damage-oriented or endpoint level). Results are normalized
per the FU; this procedure allows comparison among different products. In the case of
bio-based chemicals, literature suggests the adoption of a multi-impact approach by using
methodologies able to predict potential burdens on several compartments [29–31]. The
adoption of a single-issue approach (e.g., carbon footprint [22]) is not proper for a life
cycle assessment study, since the impact categories shall reflect a comprehensive set of
environmental issues related to the product system being studied [27,28]. Finally, the
interpretation stage implies the LCA results are carefully analyzed to obtain information
which supports decision making or the revision of the model created. The LCA structure
allows for easy application to different case studies and at different levels of the value chain.
In general, it represents a powerful tool for supporting R&D and purchasing activities in the
decision to adopt bio-based chemicals from dedicated or waste biomasses [29,31]. Several
examples exist related to its application at early design and purchasing stages within each
sector of the chemical industry [32]. In particular, focusing on bio-chemicals is relevant to
understanding if the usage of waste biomasses (second-generation) is competitive with
respect to the exploitation of dedicated cultivations. Figure 2 represents a general overview
of the system boundaries for the bio-based sector according with a cradle-to-gate approach.
The core process is represented by the biorefinery process (identified as a fermenter in the
figure), which leads to the main bio-products (functional unit). In this case, the FU can be
fixed as the amount of bio-products generated by a defined time limit, e.g., kg/h or ton/y.
Depicted on the left of the figure are the stages involved in the supply chain (upstream) that
are responsible for the production of the starting raw material (biomass) and the auxiliaries,
which are the energy carriers used in the manufacturing and transportation processes, as
well as all emissions and the management of all waste streams generated. In this case, the
system boundaries exclude all the downstream stages (usage and EoL of the bio-products).
The choice of fixing the boundaries at a cradle to gate analysis is related to the goal and
scope. One example is assessing the environmental sustainability of different biomass
sources for the same bio-product (e.g., bio-PET). This is represented in Figure 2, where the
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boundaries differ in terms of the supply chain complexity of the two limited cases described:
(a) the exploitation of dedicated biomasses (first-generation) and (b) the use of bio-waste
(second-generation). The figure depicts how the use of cultivated biomasses creates several
flows upstream which describe soil occupation and exploitation, the production of raw
materials and auxiliaries (e.g., seeds and fertilizers) and resources need (e.g., water and
diesel for growing). On the other hand, as shown, the usage of waste streams to feed the
biorefinery (e.g., biowaste deriving from industries and municipalities) avoids all the flows
related to the cultivation and harvesting stages that can be cut off or allocated in part (more
conservative scenario). This means a near-zero burden scenario in the upstream stages,
since most of the environmental impacts are allocated to the main products (e.g., food, etc.)
and not to the bio-product. On the other hand, in the case of the comparison between a
biodegradable vs non-biodegradable molecule (e.g., counterposing PLA vs PET for plastic
bottles) it is mandatory to extend the boundaries to the downstream processes (cradle
to grave) to include the EoL stage that may differ [33]. Therefore, the usage of an LCA
approach is always recommended (where possible) for assessing the better choice from
an environmental point of view. Focusing on land compartment, the literature [29,34–36]
suggests that in some of the cases in which the land use category is investigated, impacts
for bio-based products exceed those of their petrochemical counterparts by a factor of ten
or more.
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In order to complete the LCIA stage and address direct/embodied burdens on land
compartment, several analysis methods already exist. In this short article, only some
of them are presented and discussed by giving an overview of the possible approaches
applicable to support the bio-based sector. In the first part of the manuscript, three methods
which follow a multi-impact profile are presented. A multiple-issue approach is proper
for a traditional LCA, in accordance with ISO 14044. The model expresses results in terms
of different categories permitting study of trends of impacts on different environmental
problems at the same time. Table 1 collects them by describing the main characteristics of
the three methods selected for discussion. The table summarizes the categories included
at the midpoint level (problem-oriented) as well as the geographical extension of each
method and the possibility of converting results at the endpoint level (damage-oriented).
Categories that influence impact on soil, directly or not, are flagged in orange.

The first method selected is ReCiPe 2016 [23,24]. First released in 2008 [37], it represents
a multiple-issue methodology developed by the National Institute of Public Health and
Environmental Protection (RIVM), Radboud University, Centrum Milieukunde Leiden
(CML) and PRé Sustainability B.V. As depicted in Table 1, ReCiPe 2016 covers 18 impact
categories at the midpoint level (problem-oriented) and is also able to classify them into
three damage-oriented categories (endpoint level). The method considers several impacts
on land compartment. The first one is land use (LU), which is characterized by agricultural
land occupation potential (characterization factor), estimated in m2·yr (annual crop land)
and takes into account the three steps described by Milà i Canals et al. 2007 [38]. The
first step is transformation, to make the soil suitable for the next use, then occupation for
a certain period. After that, finally, soil relaxation can start (to return the land to a semi-
natural state). ReCiPe 2016 also takes into consideration terrestrial acidification potential
(TAP, in kgSO2 eq.), terrestrial ecotoxicity (TETP, in kg 1,4-Dichlorobenzene) and ozone
formation in terrestrial ecosystems (OFTE, in kg NOx eq.).

TAP expresses an estimation of proton (H+) increase in natural soil as a consequence of
the atmospheric deposition of acidifying gases (SO2, NOx and NH3) and of the usage of acid-
based fertilizers (sulphur-, nitrogen- and ammonia-based). TETP evaluates the potential
effects on the ecosystem due to the leakage of chemical substances with a toxicological
effect derived from the large usage of auxiliaries during cultivation stages. OFTE expresses
the indirect damages on terrestrial ecosystems as a consequence of the formation of oxidant
species in atmosphere. Further details about the method can be found in literature [23,24].

The IMPACT World+ [39] is a globally-regionalized LCIA methodology that con-
stitutes an updated version of previous methods (IMPACT 2002+ [40], LUCAS [41] and
EDIP [42]). Similar to ReCiPe 2016, it expresses results in terms of 18 midpoint impact
categories (reported in Table 1). Among these, TAP (in kgSO2 eq.), land transformation,
biodiversity and land occupation, biodiversity are the indicators directly connected with
the soil compartment and they are all regionalized. Regionalization allows the covering of
different levels of spatial resolution to analyze the magnitude of characterization results
for each impact category at the global scale and to quantify the relative importance of
spatial variability compared to the overall spread of characterization factors [39]. The
IMPACT World+ also describes the nexus between land exploitation and negative effects in
in terms of loss of biodiversity (the land transformation, biodiversity and land occupation,
biodiversity categories), a useful key performance indicator (KPI) when the production
plant under study is located near a protected habitat.

The last multi-issue method presented is the EF 3.0 (Environmental Footprint) [43], the
methodology recommended by the environmental footprint [44]. In the case of EF 3.0, LCI
are converted into 28 midpoint categories listed in Table 1. The EF 3.0 method addresses
impacts on land by considering three major categories: (i) terrestrial eutrophication poten-
tial (TEUP), (ii) climate change—land use and land use change and (iii) land use. TEUP
assesses all the phenomena that lead to an increase of nutrients in soil as a consequence
of agricultural practices and is expressed in mol N eq. [45]. Climate change—LU and LU
change reflects all carbon emissions and uptakes from carbon stock changes caused by land
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use change and land use. The category takes into account the effects from direct LU change
(i.e., the transformation from one land use type into another in a unique land cover) and
indirect LU change (i.e., a certain change in land use or in the use of the feedstock grown
on a given piece of land can cause changes in land use outside the system boundary [44]).
As stated above, EF 3.0 also includes impacts related to the land use category that describes
the use (occupation) and conversion (transformation) of land area by activities such as
agriculture, forestry, roads, housing, mining, etc. Land occupation considers the effects
of the LU, the area of land involved and the duration of its occupation (changes in soil
quality multiplied by area and duration). Land transformation considers the extent of
changes in land properties and the areas affected (changes in soil quality multiplied by the
area). The impact category indicator is referred to as the soil quality index, a dimensionless
KPI measured in point (Pt) based on Land Use Indicator Value Calculation in Life Cycle
Assessment (LANCA®) model and its characterization factor version 2.5 [46–48]. LANCA®

model is essentially the result of the aggregation of five different indicators. The first one is
erosion potential, which describes the mechanism of soil removal and transportation due
to physical phenomena such as rainfall. Then mechanical and physicochemical filtration
are indices related to soil permeability. While mechanical filtration describes the quantity
of water that can infiltrate a specific soil, physicochemical filtration models the amount of
adsorbable cationic pollutants by addressing its capacity to fix and exchange cations. The
LANCA® model also considers groundwater regeneration, which assesses the soil’s ability
to generate groundwater as a consequence of its structure, the surface vegetation and the
climatic zone. Finally, biotic production is also considered by the method. It represents the
soil’s capacity for creating spare biomass.

A further example of analysis method specialized in the assessment of impacts on soil
compartment and biogenic products is the True pricing method for agri-food products,
developed by True Price and Wageningen Economic Research within the PPS True and
Fair Price for Sustainable Products [49,50]. It describes aspects of measuring and valu-
ing the impacts of agri-food products and value chains for categories of land use and
change. The method also contains additional information on how effects on biodiversity
and ecosystem services (i.e., direct and indirect contributions of ecosystems to human [51])
are accounted for by the true price. The concept of true price is well explained by Gal-
gani et al. [50] as “the sum of the market price (the price at which a product is offered)
and the true price gap (the social and environmental costs caused by its production and
consumption)”. It reflects the negative effects of LU and LU change. For example, the
transformation of a natural ecosystem into agricultural land implies the direct degradation
of ecosystems, leading to loss of habitats, biodiversity and ecosystem services. In addition,
LU for agricultural activities leads to biodiversity loss and has an opportunity cost in terms
of ecosystem services. However, the true price index has the capability to measure some
benefits over time, translated into a reduction of the social and environmental costs of a
product. Therefore, it can be considered a useful sustainability indicator (since it includes
economic, societal and environmental aspects) that can assist organizations in identifying
improvement opportunities.

Table 1. Comparison between the EF 3.0 [43], the IMPACT World+ [39] and the ReCiPe 2016 [23,24]
methods. Land-related categories are highlighted in orange.

EF 3.0 Method ReCiPe 2016 IMPACT World+

midpoint 4 midpoint 4 midpoint 4
endpoint endpoint 4 endpoint 4

geography European level geography Global level geography Global level

Impact category at
midpoint level Unit Impact category at

midpoint level Unit Impact category at
midpoint level Unit

Climate change kg CO2 eq. Global warming kg CO2 eq. Climate change,
short term kg CO2 eq.
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Table 1. Cont.

EF 3.0 Method ReCiPe 2016 IMPACT World+

Ozone depletion kg CFC11 eq. Stratospheric ozone
depletion kg CFC11 eq. Climate change, long

term kg CO2 eq.

Ionising radiation kBq U-235 eq. Ionizing radiation kBq Co-60 eq. Fossil and nuclear
energy use MJ deprived

Photochemical ozone
formation kg NMVOC eq. Ozone formation,

Human health kg NOx eq. Mineral resources use kg deprived

Particulate matter disease inc. Fine particulate
matter formation kg PM2.5 eq. Photochemical

oxidant formation kg NMVOC eq.

Human toxicity,
non-cancer CTUh

Ozone formation,
Terrestrial
ecosystems

kg NOx eq. Ozone layer
depletion kg CFC-11 eq.

Human toxicity, cancer CTUh Terrestrial
acidification kg SO2 eq. Freshwater

ecotoxicity CTUe

Acidification mol H+ eq. Freshwater
eutrophication kg P eq. Human toxicity

cancer CTUh

Eutrophication,
freshwater kg P eq. Marine

eutrophication kg N eq. Human toxicity
non-cancer CTUh

Eutrophication, marine kg N eq. Terrestrial ecotoxicity kg 1,4-DCB Freshwater
acidification kg SO2 eq.

Eutrophication, terrestrial mol N eq. Freshwater
ecotoxicity kg 1,4-DCB Terrestrial

acidification kg SO2 eq.

Ecotoxicity, freshwater CTUe Marine ecotoxicity kg 1,4-DCB Freshwater
eutrophication kg PO4 eq.

Land use Pt Human carcinogenic
toxicity kg 1,4-DCB Marine

eutrophication kg N eq.

Water use m3 depriv.
Human

non-carcinogenic
toxicity

kg 1,4-DCB Particulate matter
formation kg PM2.5 eq.

Resource use, fossils MJ Land use m2 annual crop eq. Ionizing radiation Bq C-14 eq.
Resource use, minerals

and metals kg Sb eq. Mineral resource
scarcity kg Cu eq. Land transformation,

biodiversity m2 yr arable

Climate change—Fossil kg CO2 eq. Fossil resource
scarcity kg oil eq. Land occupation,

biodiversity m2 yr arable

Climate
change—Biogenic kg CO2 eq. Water consumption m3 Water scarcity m3 world eq.

Climate change—Land
use and LU change kg CO2 eq.

Human toxicity,
non-cancer—organics CTUh

Human toxicity,
non-cancer—inorganics CTUh

Human toxicity,
non-cancer—metals CTUh

Human toxicity,
cancer—organics CTUh

Human toxicity,
cancer—inorganics CTUh

Human toxicity,
cancer—metals CTUh

Ecotoxicity,
freshwater—organics CTUe

Ecotoxicity,
freshwater—inorganics CTUe

Ecotoxicity,
freshwater—metals CTUe

3. Results and Discussion

As shown in this short article, there is no unique methodology to address the impact
of bio-based chemicals on land when a life cycle perspective is considered. Here some
examples were presented, each of them with its peculiarity. The results of the comparison
are collected in Table 2.
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Table 2. Comparison among land-oriented method and multi-impact approach. Max (FFF) and
min (F) score.

Land-Oriented Method
(e.g., LANCA® Model, True

Pricing Method for Agri-Food
Products, etc.)

Multi-Impact Approach (e.g.,
ReCiPe 2016, IMPACT World+,

EF 3.0, etc.)

Assessing different system boundaries (cradle to gate or
cradle to grave) FFF FFF

Avoid burden-shifting phenomena (e.g., impacts on
pre-treatment) F FFF

Support non-financial disclosure FF FFF
Support environmental impact assessment on land issues FFF F
Support eco-design (product, supply chain) F FFF
Informative respect to land impacts FFF FF
Easy communication (unit of measures) FFF F
Barriers for integration with other metrics F F

The necessity of extending the evaluation to a wider spectrum of impact categories
is generally recommended by literature [29], which confirms the difficulty in making a
holistic and comprehensive assessment by considering just one indicator. This is the case
with global warming potential, one of the most-used indicators that reflects great variability
across different bio-chemicals. A multi-issue approach has several advantages. Among
those is the reduction of the likelihood of greenwashing. Expressing results in different
impact categories allows the user to expand their knowledge about environmental hotspots.
This avoids the burden-shifting phenomenon which can occur when few indicators are used
or in case the analysis does not include all the life cycle stages involved. This is particularly
useful when a comparison study is performed to identify if a bio-based chemical is more
sustainable from an environmental point of view relative to its fossil fuel-based counterpart.
This approach is particularly recommended when a dedicated biomass is used, since it
helps the reader to understand all the potential impacts related to all direct exploitation
of resources for the cultivation phase (e.g., fertilizers), as well as the indirect burdens
associated with infrastructure (e.g., bio-refinery plant) and for all the auxiliary sources
included (e.g., production of energy vectors used in transportation, such as bio-diesel).
However, the multiple-impact approach is also recommended when waste biomass is used
as raw material. It is useful to identify if all the recovery and purification steps needed to
transform the waste stream into a valuable starting substrate make the exploitation of the
waste stream still competitive if compared with dedicated biomasses or fossil fuel-based
counterparts. Plenty of examples exist in literature that advise following this multi-criteria
analysis [52–55].

This kind of approach may be also used for rethinking the supply chain of a com-
pany. According to the European directive [56], some enterprises need to disclose all the
non-financial information that reflect how the organization operates inside and out its
boundaries in terms of environmental, social and ethical commitment. When the bio-
based sector is under investigation, the company may ask the tier 1 and 2 suppliers to
provide data useful for meeting the description in term of soil quality, occupation and
transformation. These KPIs, together with other indices (e.g., carbon [22] and water foot-
print [57]), are adopted to juxtapose several vendors and select those which disclose the
lowest contribution. In this context all the methods here presented are useful. However, in
case the enterprise has to provide information on other impacts rather just those on land
compartment, the multi-impact approaches (e.g., ReCiPe 2016, IMPACT World+ and EF 3.0)
can be more suitable for integrating the analysis.

On the other hand, when the impacts on land have been identified as prominent, the
adoption of the LANCA® model or the true pricing index is recommended. This could
be the case when, according to the materiality analysis, the organization has identified
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soil stewardship as one of the most prominent material themes to be addressed after a
stakeholder engagement. Another example in which LCA results can assist in the final
decision is environmental impact assessment (EIA) [58]. EIA is a predictive tool, necessary
to identify environmental hotspots of a project before its formal acceptance. In the case of
EIA, the life cycle assessment is not compulsory, but can be used to support authorization
activities on projects related to agriculture and forestry, as well as the construction of a new
biorefinery production plant (in particular when they are close to protected habitat). In this
situation, the two land-oriented models can improve communication by producing data on
technical fields connected to soil quality (erosion potential, mechanical and physicochemical
filtration, groundwater regeneration and biotic production), biodiversity and ecosystem
services. These results can be shared with officers and local stakeholders during open
consultation activities to allow for a better understanding of the environmental issues and
favor project acceptance.

As explained at the beginning, the aim of this work is just informing the readers about
the existence of some alternatives and, when applicable, guiding them in the selection of
the most appropriate methods to assess the bio-based sector. A single right choice does
not exist, since it will be influenced by the goal and scope of the study that may differ case
by case.

However, each approach has its own drawbacks. If from one side the adoption of
several impact indicators assists the decision maker in displaying a detailed environmental
profile of product under study, the final results are more suitable for a business to business
(B2B) communication. Understanding a product/system eco-profile needs technical skills
and familiarity with the LCA methodology not always common to consumers (B2C) or
to office workers of the purchasing business unit. On the other hand, to avoid burden-
shifting and support the eco-design of products and supply chains, a multi-criteria analysis
is always recommended.

4. Conclusions

In conclusion, when bio-chemicals are under early design study, the application of a life
cycle perspective is possible and recommended for identifying hotspots and potentialities
with respect to their counterparts. LCA may be adopted as a scientific methodology to
address potential environmental impacts, such as the repercussions on land compartment.
These are strictly suggested when dedicated cultivation is used as raw materials, due to
the extensive usage of fertilizers and resources (e.g., water during irrigation and diesel for
harvesting). Several stand-alone LCIA methods were presented: some more oriented to the
land issue (LANCA® and the true pricing index models); other classified as multi-impact
approaches (ReCiPe 2016, IMPACT World+ and EF 3.0).

The adoption of a multi-impact approach is recommended in order to obtain results
regarding several ecosystem compartments, as well as resources and human health. How-
ever, its adoption to communicate results is challenging: greater uncertainty (in particular
for some toxicological categories and for the endpoint level), major difficulties in figure
interpretation (not easily understandable units of measure) and troubles in weighting to
identify the most relevant category. On the other hand, models like LANCA® return a
well-detailed technical insight on soil without any other information on the rest.

Therefore, no strict procedure exists to guide practitioners in their selection. As a
general rule of thumb, a combined application of multiple methods allows for a wider
overview of the main problems, with the possibility of combining the results for further
confirmation. However, the adoption of further methodologies is more time- and cost-
consuming, in particular during the interpretation stage.

An ulterior limitation of the LCA approach is the possibility of obtaining results before
the products are marketed. This represents a barrier, due to corporate knowhow and the
most predominant usage of the LCA methodology for ex-post evaluations. Hopefully, a
broad, widespread understanding of the environmental footprint methodology [44] will
enable companies within the EU and their association categories to work together in the
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process of reviewing and populating public databases with high-quality data. On the other
hand, there is the necessity to move toward an ex ante LCA analysis [59] able to predict the
burdens of bio-chemicals even if with some uncertainties.
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Abbreviations

B2B Business to Business
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CML Centrum Milieukunde Leiden
EDIP Environmental Design of Industrial Products
EIA Environmental Impact Assessment
EoL End of Life
ISO International Organization for Standardization
LANCA Land Use Indicator Value Calculation in Life Cycle Assessment
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
LU Land use
LUCAS (LCIA method Used for a Canadian-Specific context
OECD The Organisation for Economic Co-operation and Development
OFTE Ozone formation, terrestrial ecosystems
PA Polyamide(s)
PBAT Polybutylene adipate terephthalate
PBS Polybutylene succinate
PE Polyethylene
PET Polyethylene terephthalate
PHA Polyhydroxyalkanoate(s)
PLA Polylactic acid
PP Polypropylene
PTT Polytrimethylene terephthalate
RIVM National Institute of Public Health and Environ-mental Protection
TAP Terrestrial acidification potential
TETP Terrestrial ecotoxicity potential
TEUP Terrestrial eutrophication potential
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