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Abstract: The collection of the organic fraction in Italy recorded significant growth in the decade
2010–2019 (+74%) due to both the increase in the spread of separate waste collection as well as the
increase in the biological treatment plants of municipal waste. However, within the organic fraction
there remains a share of non-compostable material (NCM) (plastic, glass, aluminum, etc.), equal to
~5% of the total, which affects the efficiency of composting practices as well as decreasing both the
yield and the quality of the final compost, causing a portion of organic material to be subtracted
from composting and ending up in landfills. Therefore, the purpose of this work is to evaluate
how the sustainability of the organic fraction collection and the amount of compost obtained in the
composting plants could improve, following the use of biodegradable and compostable bioplastic
bags (shoppers), in replacement for conventional plastic ones. The Life Cycle Assessment (LCA) and
Carbon Footprint (CF) methodology was used for the assessment, comparing two different scenarios
based on data relating to the collection of the organic fraction in Italy in 2019. Scenario 1 relates
to the composting of organic material that also contains plastics, bioplastics, and non-compostable
materials, while in scenario 2 the share of plastic material in the first scenario has been entirely
replaced by bioplastics. The results show that scenario 2 assumes the lowest values for 15 impact
categories out of the 18 analyzed, and, among these, in three categories it assumes negative values:
ozone formation-terrestrial ecosystems (−1.64 × 10−2 kg NOX eq), ozone formation-human health
(−8.50 × 10−3 kg NOX eq), and fossil resource scarcity (−4.91 × 102 kg oil eq). Furthermore, scenario
2 has a negative carbon footprint (−3.80 kg CO2 eq) compared to scenario 1 (79.71 kg CO2 eq), and in
general it is the most sustainable scenario as a direct consequence of the greater amount of compost
obtained (307.4 kg vs. 269.2 kg).

Keywords: bioplastics; composting; life cycle assessment; carbon footprint

1. Introduction

Since the 1950s, plastic has become a pillar of the modern economy, thanks to its prop-
erties such as mechanical strength, lightness and flexibility, durability, and low cost. For this
reason, it is used in many applications (packaging, agriculture, construction, automotive in-
dustry, household appliances, etc.) so that its global production went from 1.5 million tons
in 1950 to 360 million tons in 2019 [1]. The production of conventional plastics, however,
has two disadvantages: (i) it starts from fossil fuels; (ii) if not properly managed, collection
and disposal accumulate in the environment as non-biodegradable material, polluting
ecosystems and affecting biodiversity. To date, plastic waste management is not flawless:
globally, annually, between 5 and 13 million tons of plastic end up in the oceans, slowly
degrading into microplastics and causing devastating damage to ecosystems and human
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health [2,3]. Ocean plastics account for 80–85% of marine waste [4], and, of this percentage,
disposable plastic accounts for 50% of the total. At European level, 70% of plastic waste
ends up in landfill or is incinerated [5]. In this context, European legislation provides
some regulatory responses to the problem of plastic waste. In particular, the EU Directive
2015/720 [6], acknowledged in Italy with Law 123/2017 [7], requires member states to
ensure that the annual level of use of plastic shopping bags does not exceed 90 bags per
capita by 31 December 2019 and 40 plastic bags per capita by 31 December 2025. As a result,
alternatives to fossil plastics have been found, with their replacement in favor of bioplastics.
It is a family of biological based polymers, whose carbon (C) usually comes from biological
resources such as biomass (cellulose, starch, lignin, etc.) [8]. If the plastic precursor is a
biological source, it can be considered bioplastic based biological (biobased), which can be
biodegradable or non-biodegradable. In fact, the term “bio” before plastic gave rise to the
misleading idea that all bioplastics were 100% biodegradable (capable of being degraded
into simpler substances by the activity of microorganisms) or compostable (capable of
being recycled organically together with wet materials, and transformed into hummus).
However, the term refers to its source of C, and not necessarily to its biodegradability or
compostability. In this regard, Figure 1 shows the three types of bioplastics.
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Figure 1. Types of plastics and bioplastics [1].

1. Polymers derived partly or entirely from renewable biomass (corn starch, sugar
cane pulp, vegetable oil) which are non-biodegradable. They have the same chem-
ical structure as fossil plastics, but the precursor is a biomass. Examples include
biobased polyethylene (bio-PE), biobased polypropylene (bio-PP), biobased polyethy-
lene terephthalate (bio-PET), bio polyamide (bio-PA), polytrimethylene terephthalate
(bio-PTT), and polyethylene furanoate (bio-PEF).

2. Polymers derived partly or wholly from renewable biomass and based on EN 13432 are
biodegradable and compostable, for example polylactic acid (PLA), polyhydroxyalka-
noates (PHA), poly-β-hydroxybutyrate (PHB), and starch blends.

3. Polymers derived entirely from non-renewable raw materials which are biodegradable
and compostable, for example polybutylene adipate terephthalate (PBAT), polycapro-
lactone (PCL), and polybutylene succinate (PBS).
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Bioplastics have some advantages over fossil plastics, such as reducing CO2 emis-
sions [9], lower carbon footprint [10], and ability to be recycled among organic waste for
compost production [11].

In addition, they are applied in various fields, including food packaging (52% of total
production), but also textiles (10%), consumer goods (10%), automotive (7%), agriculture
(7%), adhesives (7%), construction (4%), and other sectors (3%) (Figure 2) [12].
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However, bioplastics still represent a negligible percentage of total plastic production.
In fact, in 2020 global bioplastic production was about 2.1 million tons (less than 1% of
global plastic production) [1]. Their competitiveness is limited by several factors, including
higher cost of production [13], which further hampers the replacement of fossil plastics
by bioplastics. There are many challenges to be faced in the future, including lower pro-
duction costs, similar mechanical properties to traditional ones, and adequate end-of-life
management systems. In this regard, Italy is pioneering in terms of the management of
biodegradable and compostable bioplastics, to the point that in 2021 the seventh branch of
the “Consorzio Nazionale Imballaggi (CONAI)” was established (a private consortium that
deals with the development of separate collection in Italy) [14], called “BioRepack” [15],
the first created at the European level, which aims to ensure that bioplastics are properly
managed in their disposal phase, separately from fossil plastics. Moreover, from 2012 to
2019 there has been an increment of the national production of bioplastics of +157% passing
from 39,000 tons (2012) to 101,000 tons (2019) (Figure 3A), with a consequent increase of
the resolute employers that are almost doubled, from 1280 units in 2012 to 2645 in 2019
(Figure 3B), making it a sector capable of creating both value and employment [16]. The
market segment that recorded the largest increase was that of ultralight, which includes
both food packaging, both consumer products, including take-away bags, which in 2019
amounted to 54,000 tons (more than half of biodegradable and compostable bioplastics pro-
duced in Italy). The introduction of these biodegradable and compostable bags has meant
that the collection of the organic and wet fraction, which in 2019 was equal to 7.3 million
tons, increased by +1.3 million tons compared to 2015 [17]. The use of biodegradable and
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compostable bioplastics has contributed to this increase because their end-of-life follows
the same processes as the organic fraction, being addressed either in composting plants or
in integrated anaerobic-composting digestion. Therefore, the replacement of fossil-based
plastics with biodegradable bioplastics is beneficial to the collection of organic materials,
since returning to be compost, they become again the basis to produce the raw material
from which the bioplastic itself is obtained, closing the cycle of the circular economy.

Sustainability 2021, 13, x FOR PEER REVIEW 4 of 19 
 

 

to produce the raw material from which the bioplastic itself is obtained, closing the cycle 
of the circular economy. 

 
Figure 3. Evolution of production (A) and number of employers (B) in bioplastics in Italy. In Figure (B) data for 2016 are 
not available [16]. 

For some applications related to organic fraction management, bioplastics can offer 
alternatives to fossil-based plastic artefacts. It is critical to provide clear and comprehen-
sive answers to the sustainability comparison between the two, whereas currently in Italy 
biodegradable and compostable bags amount to 54,000 t of 101,000 t of bioplastics pro-
duced. Therefore, the objective of this study was to assess how the sustainability of the 
collection of organic fractions and the amount of compost that is obtained in composting 
plants could improve because of the use of bags (shopper) in biodegradable and com-
postable bioplastics, replacing those in conventional plastic. Based on the data collected 
in Italy in 2019, two scenarios were therefore identified: scenario 1, or the composting of 
1 ton of organic material, with plastics, bioplastics, non-compostable material, and organic 
waste. Scenario 2, which has the same inputs as scenario 1, involves plastics which have 
been replaced by the same proportion of bioplastics. To assess the impacts of both scenar-
ios and, therefore, determine the most advantageous scenario, two tools were chosen: Life 
Cycle Assessment (LCA) and Carbon Footprint (CF). The first refers to two International 
Standard Organization (ISO), while the second refers to the guidelines of the International 
Panel on Climate Change which shows in kg CO2 eq the total greenhouses gas emissions 
directly or indirectly associated with the service. SimaPro 8.5 software was chosen for the 
evaluation. 

2. Literature Background 
The bioplastics business has been established in the United States, Europe, and Japan 

since the early 1990s to address the problem of plastic waste in soil and marine ecosystems 
[18]. Given the biobased polymer nature of bioplastics, on Scopus the keywords “Poly-
mers” and “Biopolymers” were used, and the relative percentage of articles is shown in 
Figure 4. It can be seen that since 2015 there has been an exponential growth in articles 
about this topic, underlining the remarkable interest of the research community. Cur-
rently the most common bioplastics are PLA, PBAT, bio-PA, bio-PE, and bio-PET (Table 
1). Out of a total production of 2.1 million tonnes (2020) [1], the majority is produced in 
Asia (45%), followed by Europe (25%), North America (18%), and finally South America 
(12%) [1,12]. The global production of bioplastics also reflects the distribution of research 
articles. The articles are in fact distributed among about 90 countries, but among these 
mainly dominate Asian, European, and American Countries: USA (13% of the total), Italy 
(6%), Indonesia (6%), Spain (6%), India (6%), Germany (5%), Japan (5%), and China (5%). 
In general, the first bioplastic studies date back to the early 1990s and focus mainly on 

Figure 3. Evolution of production (A) and number of employers (B) in bioplastics in Italy. In Figure (B) data for 2016 are
not available [16].

For some applications related to organic fraction management, bioplastics can offer
alternatives to fossil-based plastic artefacts. It is critical to provide clear and comprehensive
answers to the sustainability comparison between the two, whereas currently in Italy
biodegradable and compostable bags amount to 54,000 t of 101,000 t of bioplastics produced.
Therefore, the objective of this study was to assess how the sustainability of the collection
of organic fractions and the amount of compost that is obtained in composting plants
could improve because of the use of bags (shopper) in biodegradable and compostable
bioplastics, replacing those in conventional plastic. Based on the data collected in Italy
in 2019, two scenarios were therefore identified: scenario 1, or the composting of 1 ton of
organic material, with plastics, bioplastics, non-compostable material, and organic waste.
Scenario 2, which has the same inputs as scenario 1, involves plastics which have been
replaced by the same proportion of bioplastics. To assess the impacts of both scenarios
and, therefore, determine the most advantageous scenario, two tools were chosen: Life
Cycle Assessment (LCA) and Carbon Footprint (CF). The first refers to two International
Standard Organization (ISO), while the second refers to the guidelines of the International
Panel on Climate Change which shows in kg CO2 eq the total greenhouses gas emissions
directly or indirectly associated with the service. SimaPro 8.5 software was chosen for
the evaluation.

2. Literature Background

The bioplastics business has been established in the United States, Europe, and Japan
since the early 1990s to address the problem of plastic waste in soil and marine ecosys-
tems [18]. Given the biobased polymer nature of bioplastics, on Scopus the keywords
“Polymers” and “Biopolymers” were used, and the relative percentage of articles is shown
in Figure 4. It can be seen that since 2015 there has been an exponential growth in articles
about this topic, underlining the remarkable interest of the research community. Currently
the most common bioplastics are PLA, PBAT, bio-PA, bio-PE, and bio-PET (Table 1). Out of
a total production of 2.1 million tonnes (2020) [1], the majority is produced in Asia (45%),
followed by Europe (25%), North America (18%), and finally South America (12%) [1,12].
The global production of bioplastics also reflects the distribution of research articles. The
articles are in fact distributed among about 90 countries, but among these mainly dominate
Asian, European, and American Countries: USA (13% of the total), Italy (6%), Indonesia
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(6%), Spain (6%), India (6%), Germany (5%), Japan (5%), and China (5%). In general,
the first bioplastic studies date back to the early 1990s and focus mainly on progress in
the use of materials such as poly-β-hydroxybutyric acid (PHB) [19,20], or thermoplastic
starch [21], as promising candidates for the development of environmentally friendly and
fully biodegradable plastics.
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Table 1. Global bioplastic market share, 2020 [1].

Not biodegradable

Biobased non biodegradable plastics 40.8%

40.8%

bio-PE 10.5%
bio-PP 1.4%

bio-PET 7.8%
bio-PA 11.9%

bio-PTT 9.2%
bio-PEF n.a.

Biodegradable

Fossil based biodegradable plastics 17.5%

59.2%

PBAT 13.4%
PCL n.a.
PBS 4.1%

Biobased biodegradable plastics 41.7%

PLA 18.7%
PHA 1.7%
PHB n.a.

Starch blends 18.7%
Others (PHB, PCL, bio-PEF, etc.) 2.6%

TOTAL 100%

Until the end of 2000, research on bioplastics was rather poor (50 articles), because
it was still in its early stages and because technological advances in the plastics sector
have led to greater reliability and cost-effectiveness compared to bioplastics, for which
production processes were still inexpensive.

However, since the early 2000s, awareness of environmental issues related to plastics
has led to research and development of new technologies to produce bioplastics. Therefore,
bioplastic studies have increased accordingly.

At present, most bioplastic documents are in materials and environmental sciences
(about 50% of the total) as well as chemical engineering, partly reflecting efforts to advance
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and improve existing technologies, trying to reconcile them with economic forerunners.
For example, Krishnamurthy and Amritkumar (2019) [22] developed bioplastic films from
jackfruit flour and sago as a cheap starch source, resulting in a product with good properties
to be potentially applied in food packaging. Additionally, Arumugam et al. (2020) [23] used
cashew apple juice (CAJ) as a carbon source to produce PHA to reduce its production costs.
The results show good performance of the product obtained. In general, however, much
bioplastic research is focused on the use of starchy-rich and renewable plant materials such
as maize [24], potatoes [25], wheat [26], manioc, and vegetable oils [27,28]. However, the
production of bioplastics from food precursors, in addition to the fact that it can often be
costly, poses a further problem: obtaining bioplastics from food crops means taking away
land and water from food production, which should be used for human consumption.
In other words, the production of bioplastics from raw food materials could enter into
direct competition with food production, potentially aggravating food insecurity in some
poor areas, although this production represents a small percentage of land use and food
production (about 0.015%—7 million hectares—of all arable land worldwide) [1]. However,
research has nevertheless focused on the production of bioplastics from other raw materials,
not intended for food use such as microalgae [29,30] or organic waste. For example, Moo-
Huchin et al. (2020) [31] studied the use of huaya seed, considered as fruit waste as a
precursor to produce bioplastics. The results of their study show that starch isolated from
fruit seed flour can be a remarkably interesting alternative to the use of starches from
unconventional sources, by application of food packaging. Bhatia et al. (2020) [32] reported
recent progress in the production of PHA from various bio-waste such as municipal
waste, dairy waste, slaughter waste, spent cooking oils, and waste from the biodiesel
and oil industry. Since bioplastics were developed as potential substitutes for fossil-
based plastics, an accurate comparison of their environmental and socio-economic impacts
is essential to provide clear and comprehensive answers on comparative sustainability
between bioplastics and fossil-based plastics. For this reason, many studies have focused on
Life Cycle Assessment. One of the first LCA studies (from cradle to grave) was conducted
by Razza et al. (2009) [33], which showed that significant environmental improvements
can be achieved using non-biodegradable and non-compostable cutlery (polystyrene) and
disposing of total waste by incineration and landfill (scenario 1) to an alternative scenario
based on biodegradable and compostable (starch-based) cutlery with recovery of final
organic and consequent composting (scenario 2). Based on their study, it emerges that with
scenario 2 the consumption of non-renewable energy goes from 1490 to 128 MJ generating
an energy saving of +10 times greater and a saving of +3 times greater on greenhouse gases.
The same study was then repeated and expanded about ten years later, confirming that
the use of biodegradable and compostable cutlery combined with organic recycling is the
preferred option for catering, events, and fast food as it significantly reduces carbon, water,
and resource footprint [34,35]. In 2011, however, Piemonte [36] analyzed what could be the
best final disposal of bioplastic waste to maximize energy savings. Therefore, PLA and the
starch-based bioplastic with PET and PE have been compared through LCA (from cradle
to gate and from cradle to grave), demonstrating that in terms of global warming potential
(100 years’ time horizon) the PLA is less impactful than −60% and −35% compared to PET
and PE, while the starch-based bioplastic leads to a reduction in GHG emissions of about
−45% and −20% compared to PET and PE. Finally, Kim et al. (2020) [37] compared the
environmental impacts of the production of 2.5-furandicarboxylic acid (FDCA), a bio-based
material produced from biomass, with those of the production of terephthalic acid (TPA),
produced from petroleum by LCA. In the case of the FDCA, its production results in a lower
depletion of fossil resources than that of TPA production, although the carbon emissions of
the former is greater (+29%) than that of the latter. It follows that FDCA production can be
sustainable by changing sources for electricity generation.

To date, LCA studies concerning bioplastics, and in particular the comparison between
fossil plastics and bioplastic, are still limited. In fact, entering in Scopus the keywords
“Bioplastics AND LCA” and “Bioplastics AND Plastics AND LCA” produced respectively



Sustainability 2021, 13, 6385 7 of 19

65 documents and 52 documents, indicating that it is a research area still little explored.
Therefore, an analysis of the end of life of bioplastics would allow us to highlight any
environmental benefits and also to sensitize users to perform a proper collection of the
organic fraction. Consequently, a comparison between the end-of-life of bioplastics and
that of fossil-based plastics, both of which are used to collect the organic fraction, is worthy
of interest in view of the effects they may have on the environment.

3. Materials and Methods

To conduct the analysis of the comparison between the use of biodegradable and
compostable plastics and bioplastics for the collection of the organic fraction, the LCA
methodology has been used, in accordance with the following standards:

• ISO 14040:2006—Environmental management—Life Cycle Assessment—Principles
and framework

• ISO 14044:2006—Environmental management—Life Cycle Assessment—Requirements
and guidelines.

The LCA is a valuable tool for comparing two or more options in terms of potential
environmental, social, and economic impacts. It consists of four phases: (1) Goal and
scope definition; (2) Life Cycle Inventory (LCI); (3) Life Cycle Impact Assessment (LCIA)
4) Interpretation. Simapro 8.5 software was used for the evaluation. The data used in
this study were partly processed based on those collected by the “Istituto superior per la
ricerca e la protezione ambientale (ISPRA)” (2019) [17] and from the monitoring program
of “Consorzio Italiano Compostatori—Consorzio Recupero Plastiche (CIC—Corepla) 2019–
2020” [38], partly based on previous studies [39]. The analyses conducted showed that
4.6 million tonnes of wet waste were collected in Italy in 2019. Of this quantity, the
proportion of non-compostable material (plastic, aluminum, glass, diapers, coffee pods,
etc.) was 5.2%, of which 3.1% (145,000 tons/year) was fossil plastic. The number of
compostable bioplastics amounted to 3.7% of the wet harvest (171,500 tons/year).

3.1. Goal and Scope Definition

The objective of this study was to assess the environmental impact of the use of
biodegradable and compostable bioplastics compared to traditional plastics in the collection
of the wet fraction. Two scenarios were considered for the comparison between plastic
and bioplastic:

1. Scenario 1: Study of the current situation in Italy, where the organic fraction is composted
together with both a share of bioplastics and a share of non-biodegradable plastics.

2. Scenario 2: Alternative scenario, where the share of fossil plastics is replaced with the
same share of bioplastics and the organic fraction is composted together with them.

3.1.1. Functional Unit

The functional unit of this study is the treatment (composting) of 1 ton of wet fraction,
consisting of:

1. Scenario 1: 911 kg of wet waste, 31 kg of plastic, 37 kg of compostable and biodegrad-
able bioplastic (Polyester-complexed starch biopolymer), and 21 kg of non-
compostable material.

2. Scenario 2: 911 kg of wet waste, 68 kg of compostable and biodegradable bioplastic
(Polyester-complexed starch biopolymer), and 21 kg of non-compostable material.

Data on the two scenarios, taken from those present in the ISPRA database [17] and
integrated with those of the monitoring program of Consorzio Italiano Compostatori—
Consorzio Recupero Plastiche (CIC—Corepla) 2019–2020 [38] describe in a timely manner
the number of fossil-based plastics and other non-compostable material present in the
fraction of the wet collection in Italy.
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3.1.2. System Boundaries

The Life Cycle Assessment was conducted considering the treatment of organic waste
in a composting plant (from gate to grave) (Figure 5), to assess the difference in terms of
environmental impacts, between the use of biodegradable and compostable bags for wet
harvesting (scenario 2) and the combined use of the latter with fossil-based plastic bags
(scenario 1).
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In the composting plant the humid fraction enters as an input, after which it undergoes
aerobic digestion and, finally, through the post-treatment (screening), a certain amount of
non-compostable material is eliminated (on average 5.2%, including glass, etc.), obtaining
the compost. This study did not consider both the transport of waste to treatment facilities
and the production process of bioplastics and plastics, while both the application of
compost to soil and the end-of-life landfill of non-compostable material (including fossil-
based plastics) together with organic waste losses have been considered.

3.2. Life Cycle Inventory (LCI)

Table 2 shows the input and output data of scenario 1 and scenario 2.
Electricity consumption data were obtained from Al-Rumaihi et al. (2020) [39]. Re-

garding organic waste losses, both scenario 1 and scenario 2 considered the “dragging
effect” exerted by the non-compostable material (including especially fossil plastics) within
the organic fraction. This is a phenomenon whereby, during the screening process, parts
of the organic fraction remain attached to the non-compostable material and end up in
landfill/incinerator rather than in composting. This effect is estimated to result in a loss of
2.7 kg of organic fraction per kg of NCM [38]. Therefore, in scenario 1 there is an organic
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waste loss of 140.4 kg, while in scenario 2 it amounts to 56.7 kg and this difference is be-
cause the proportion of plastics that was in scenario 1 was entirely replaced by bioplastics.
It follows that the compostable material is higher in scenario 2 (307.4 kg) than scenario
1 (269.2 kg) (the final yield of the compost is about 1/3 of the wet fraction) with an increase
of +14% due to the use of bioplastics.

Table 2. Life Cycle Inventory (LCI) of data for scenario 1 and scenario 2.

Inputs/Outputs Unit Scenario 1 Scenario 2

Inputs

Organic waste kg 911 911
Bioplastics kg 37 68

Plastics kg 31 -
NCM kg 21 21

Energy for
composting kWh 9.52 9.52

Energy for air
blowing kWh 19.25 19.25

Outputs

Compost kg 269.2 307.4
NCM kg 52 21

Organic waste losses kg 140.4 56.4
Emissions

CO2 kg 76.8 −3.84
CH4 kg 17.6 10.1

Hydrocarbons g 1.2 0.00502

3.3. Life Cycle Impact Assessment (LCIA)

The Life Cycle Impact Assessment phase provides information for the interpretation
and comparison of the environmental performance of the two scenarios under consider-
ation. The ReCiPe 2016 Midpoint (E) V1.01 method was used, which takes into account
the following impact categories: global warming; stratospheric ozone depletion; ionizing
radiation; ozone formation, human health; fine particulate matter formation; ozone for-
mation, terrestrial ecosystems; terrestrial acidification; freshwater eutrophication; marine
eutrophication; terrestrial ecotoxicity; freshwater ecotoxicity; marine ecotoxicity; human
carcinogenic toxicity; human non-carcinogenic toxicity; land use; mineral resource scarcity;
fossil resource scarcity; and water consumption. Then, in order to quantify the energy
removed from nature by the two scenarios, the cumulative energy demand (CED) was
calculated, a widely applied tool to study the energy used by a good or service during
its life cycle. This is not intended to replace an assessment using comprehensive impact
assessment methods, such as ReCiPe 2016 or ILCD 2011, but is meaningful as an integrated
approach to confirm data from the analysis conducted using other methods.

3.4. Carbon Footprint

The carbon footprint (CF) of the scenarios under consideration was then calculated
based on the LCI and LCIA. CF is a measure expressing the GHG emissions caused by
a product, service, organization, event, etc. It is expressed in kilograms of CO2 equiva-
lent (kg of CO2 eq), and in agreement with the Kyoto protocol, the following gases are
considered: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrocarbons,
hydrofluorocarbons (HFCs), sulfur hexafluoride (SF6), and perfluorocarbons (PFCs) [40].
Each GHG has a different greenhouse effect, so the CF has been calculated according to
Forster et al. (2007) [41] as follows:

Carbon footprint = ∑G.G.i × ki
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where G.G.i is the amount of greenhouse gas produced and ki is the CO2 equivalent
coefficient for that gas.

4. Results and Discussion
4.1. ReCiPe 2016 Midpoint Method

The application of the LCA has allowed the study and comparison between scenario 1
and scenario 2 described above, to assess the different environmental impact evaluation
between the current Italian context and the scenario in which the amount of fossil plastics
is completely replaced by biodegradable and compostable bags for the collection of the
organic fraction. The method analyses 18 impact categories expressed in different units of
measurement, whose results for the two different scenarios are shown in Table 3. The impact
categories have been divided into three macro-areas: environmental (global warming;
ozone formation, terrestrial ecosystems; terrestrial acidification; freshwater eutrophication;
marine eutrophication; terrestrial ecotoxicity; freshwater ecotoxicity; marine ecotoxicity;
land use; water consumption), social (stratospheric ozone depletion; ionizing radiation;
ozone formation, human health; fine particulate matter formation; human carcinogenic
toxicity; human non-carcinogenic toxicity), and economic (mineral resource scarcity; fossil
resource scarcity). The negative values observed in the results reflect the environmental
benefits of each impact category.

Table 3. Impact category values of the two scenarios.

Impact Categories Unit Scenario 1 Scenario 2

Environment

Global warming kg CO2 eq 1.76 × 102 57.0
Ozone formation, Terrestrial

ecosystems kg NOX eq 2.22 × 10−1 −1.64 × 10−2

Terrestrial acidification kg SO2 eq 36.9 38.1
Freshwater eutrophication kg P eq 1.34 × 10−2 2.06 × 10−3

Marine eutrophication kg N eq 1.16 × 10−3 1.79 × 10−4

Terrestrial ecotoxicity kg 1,4-DCB 1.01 × 102 27.9
Freshwater ecotoxicity kg 1,4-DCB 1.15 6.25 × 10−1

Marine ecotoxicity kg 1,4-DCB 8.98 × 103 2.63 × 103

Land use m2a crop eq 2.59 6.0310−1

Water consumption m3 1.42 7.96 × 10−2

Social

Stratospheric ozone depletion kg CFC11 eq 2.58 × 10−3 2.71 × 10−3

Ionizing radiation kBq Co-60 eq 10.3 3.12
Ozone formation, Human health kg NOX eq 2.11 × 10−1 −8.50 × 10−3

Fine particulate matter formation kg PM2.5 eq 4.61 4.68
Human carcinogenic toxicity kg 1,4-DCB 2.23 × 102 1.53 × 10−1

Human non-carcinogenic toxicity kg 1,4-DCB 7.19 × 103 2.07 × 103

Economic

Mineral resource scarcity kg Cu eq 1.27 × 10−1 2.95 × 10−2

Fossil resource scarcity kg oil eq −4.06 × 102 −4.91 × 102

4.1.1. Environment Impacts

In 8 out of 10 categories, scenario 2 shows lower values than scenario 1. In the case of
global warming, it shows a significant reduction (−67% kg CO2 eq) compared to scenario
1. Scenario 2 has negative values in respect to scenario 1 in the impact category “ozone
formation, terrestrial ecosystems” (−3.93 × 10−2 kg NOx eq). In general, a decrease in
values can be observed in scenario 2 compared to scenario 1, except for the category
‘terrestrial acidification’ where the value is 3.3% higher for scenario 2 than for scenario 1.
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4.1.2. Social Impacts

Scenario 2 is more advantageous than scenario 1 for four out of six categories, with
the exception of ‘stratospheric ozone depletion’ and ‘fine particulate matter formation’,
where the values increase slightly in the ideal scenario compared to the real one, by 5%
and 1.5%, respectively.

4.1.3. Economic Impacts

Considering the impact categories related to the economic area (mineral resource
scarcity and fossil resource scarcity), it is possible to calculate the cost savings due to the
presence of only bioplastics instead of fossil plastics in scenario 2 [42]. Considering that
1 barrel of oil (158.99 L) costs approximately €52.15 ($61.33) (April 2021), 1 L costs €0.3280.
Therefore, since 1.2 L of oil = 1 kg of oil, the price of 1 kg of oil is €0.3936. Regarding copper
(Cu), its price is about 7.628 × 102 €/ton, so the price for 1 kg is €7.626.

From the results shown in Table 4, it emerges that Scenario 2 generates a total saving
of €33.89 per ton of organic waste treated compared to Scenario 1 and is therefore the most
financially sustainable scenario.

Table 4. Life Cycle Costing of the two scenarios.

Impact Category Scenario 1 Scenario 2 Price for 1 kg Cost of
Scenario 1

Cost of
Scenario 2 Difference

Mineral resource
scarcity

1.27 × 10−1 kg
Cu eq.

2.95 × 10−2 kg
Cu eq.

7.63 €/kg Cu 0.9688 € 0.23 € −0.74 €

Fossil resource
scarcity

−4.06 × 102 kg
oil eq.

−4.91 × 102 kg
oil eq.

0.39 €/kg oil −158.34 € −191.49 € −33.15 €

Total −157.37 € −191.26 € −33.89 €

Thus, on the total amount of organic waste collected in Italy in 2019 (4.6 million ton),
the potential savings that could be made by applying scenario 2 is 153,894 €.

The results were then characterized and expressed as a relative impact (Figure 6),
where the scenario with the highest value in the impact category is set as the reference
value (100%) and the others percentual values are calculated consequently.
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For example, for the global warming category, the value of scenario 1 is 1.76 × 102 kg
CO2 eq while for scenario 2 is 5.70 × 101 kg CO2 eq. Through the characterization, the
value of 1.76 × 102 kg CO2 eq is set as 100%, and the value of scenario 2 is calculated
consequently and so set to 32.2%. The result is a bar graph where on the x-axis are the
impact categories, and on the y-axis are the relative impacts in %.

This type of visualization allows the Life Cycle Impact Assessment results to be
more comprehensible, especially when using calculation methods, such as the ReCiPe
2016 Midpont, which considers 18 impact categories with different units of measurement.
Hence, it is possible to analyze categories on the same scale and highlight specific trends
in them. Through the characterization shown in Figure 6, it can be noted that scenario 2
has lower values in 15 out of 18 impact categories compared to scenario 1, of which 3 cate-
gories have negative values (ozone formation, human health; ozone formation, terrestrial
ecosystems; and fossil resource scarcity). This indicates how the use of biodegradable and
compostable bags for the collection of the organic fraction allows an effective improve-
ment of the analyzed environmental parameters compared to scenario 1, especially for the
impact categories global warming; ozone formation, human health and ozone formation,
terrestrial ecosystems. The reduction in the global warming impact category is due to the
decrease in organic waste losses, because of the substitution of the number of fossil-based
plastics currently present in the organic waste collected in Italy, with biodegradable and
compostable bioplastics. In scenario 2, this substitution reduces organic waste losses due
to the dragging effect and, consequently, increases the amount of final compost obtained,
which can be considered a long-term carbon store. On the other hand, the reduction of
values in scenario 2 compared to scenario 1 for the impact categories ozone formation,
human health, and ozone formation, terrestrial ecosystems, is due to a decrease in kg of
NOX eq released into the environment.

NOX, or nitrous oxide, is a group of molecules that once released into the atmosphere
react photochemically with the volatile organic compounds (VOCs) causing the formation
of tropospheric ozone (O3). In this way the level of ground level ozone (GLO) increases
and causes damage both to the environment and human health. For the category ozone
formation, human health, O3 (a powerful oxidizing molecule) causes inflammation of the
respiratory tract and lung tissues, with effects like increased incidence of lung cancer and
asthma [43]. The unit of measurement of the ozone formation, human health category, is
NOX eq chosen to simultaneously evaluate the impact of all the nitric oxide molecules that
can be released into the atmosphere and refer them to a single unit of measurement. The
benefits of compost are also noticeable for the fossil resource scarcity for both scenarios,
as the use of compost allows for the recovery of nitrogen from organic waste, without
the use of synthetic fertilizers, which require a lot of energy to be produced; from this
perspective, compost provides a further reduction in global warming. Although scenario 2
is less impactful than scenario 1 in 15 out of 18 categories, it is nevertheless necessary to
analyze these three categories where the ideal scenario appears to be more impactful for a
complete and correct analysis of the obtained results. The stratospheric ozone depletion
values in Table 3 show that, although there is a 5% increase between the two scenarios,
the values obtained are 2.58 × 10−3 kg CFC11 eq for scenario 1 and 2.71 × 10−3 kg
CFC11 eq for scenario 2 and are therefore negligible. Regarding fine particulate matter
formation and terrestrial acidification, the values obtained are quite similar in the two
scenarios with a slight increase in scenario 2 of 1.5% and 3.2% respectively, due to the
composting process of organic waste. However, it must be considered that the PM2.5 and
SO2 produced in the aerobic digestion phase, together with the other gases generated in
this phase (CO2, CH4, hydrocarbons), are not dispersed into the surrounding environment.
In fact, the most advanced compost plants in Italy are biocells with a vacuum system,
i.e., with the plant system characterized by an internal pressure lower than the external
pressure. This technical aspect, together with the presence of suitable piping, means that
the gases present, together with the water vapor, are conveyed to biofilters which have
the function of retaining all the emissions from the aerobic composting phases. Therefore,
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in accordance with the previous description and for a correct interpretation of the results
obtained, the data for the impact categories fine particulate matter formation and terrestrial
acidification are to be considered negligible, as PM2.5 and SO2 are not actually released
into the atmosphere.

4.2. Cumulative Energy Demand (CED)

The CED indicator has been divided into two main categories (renewable and non-
renewable) and eight sub-categories (fossil, nuclear, biomass, wind, solar, geothermal,
and water). In this case, the values of the wind, solar, and geothermal subcategories
have been aggregated. CED indicators are calculated based on the intrinsic value of
energy, determined by the amount of energy subtracted from nature (expressed in MJ-
equivalents). In detail, as shown in Table 5, scenario 2 leads to a reduction in the share of
fossil resources (−2.274 × 104 MJ eq vs. −1.88 × 104 MJ eq), due to the presence of more
compostable material, determined by the presence of bioplastics, as well as a saving of
resources derived from nuclear energy (3.95 × 101 MJ eq vs. 3.58 × 102 MJ eq) and biomass
renewable (1.43 × 101 MJ eq vs. 5.40 × 101 MJ eq) and non-renewable (5.95 × 10−3 MJ eq
vs. 3.23 × 10−2 MJ eq). The characterized results of the analysis (Figure 7) show a more
sustainable situation for scenario 2 than for scenario 1 in all categories.

Table 5. Results (MJ eq) of Cumulative Energy Demand.

Impact Categories Scenario 1 Scenario 2

Non-renewable, fossil −1.88 × 104 MJ eq −2.27 × 104 MJ eq
Non-renewable, nuclear 3.58 × 102 MJ eq 39.5 MJ eq
Non-renewable, biomass 3.23 × 10−2 MJ eq 5.95 × 10−3 MJ eq

Renewable, biomass 54 MJ eq 14.3 MJ eq
Renewable, wind, solar, geothermal 13.4 MJ eq 26.1 MJ eq

Renewable, water 70.3 MJ eq 15.4 MJ eq
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The presence of bioplastics leads to a significant increase in the use of renewable
sources, as shown by the category “renewable, wind, solar, geothermal” that is higher for
scenario 2, of which the largest share comes from wind energy (13.3 MJ eq), solar energy
(12.8 MJ eq), and finally geothermal energy (1.39 × 10−2 MJ eq) for a total of 26.1 MJ eq. We
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refer to this transition from the use of fossil resources to renewable ones as “bioeconomy”
which requires a systematic change of the entire energy and chemical industry. The main
challenges of this economic model are energy security and climate change. In this context,
the use of bioplastics can promote both the demand for energy from renewable sources
and develop the economy towards a greater use of sustainable energies.

The results deriving from the Recipe method, which show that scenario 2 is more
sustainable than scenario 1, are corroborated by the CED.

4.3. Carbon Footprint (CF)

The carbon footprint is an objective assessment of the greenhouse gases (GHGs)
generated by a product, process, or service, expressed in kg of CO2 eq. From the LCA
results, it had been possible to highlight the air emissions of the two scenarios to have a
list of all chemical species released. However, in accordance with the Kyoto Protocol, the
following greenhouse gases were considered: CO2, CH4, N2O, hydrocarbons, HFCs, SF6,
and PFCs. The results are expressed in Figure 8.
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Interpretation of the results indicates that scenario 2 has a negative carbon footprint
of −3.80 kg CO2 eq, while scenario 1 has a carbon footprint of 79.71 kg of CO2 eq. As
already highlighted by the results of the LCA characterization phase, the advantage of the
second scenario over the first could be because using biodegradable and compostable bags
decreases the share of non-compostable material in the organic fraction, thus increasing
the final compost yield. The latter decreases CO2 emissions because it acts as a long-term
carbon sink as well as a fertilizer for fields, replacing chemical fertilizers. Indeed, this sub-
stitution would avoid the use of resources and energy to produce industrial fertilizers, and
therefore, the substitution of nitrogen recovered from waste could potentially contribute to
climate change mitigation. Therefore, the carbon footprint also confirms the LCA results.

4.4. LCA from Cradle to Grave

Our study considered only the end-of-life of bioplastics, through a “from gate to grave”
analysis, from which it emerged that scenario 2, i.e., the one with only bioplastics, is more
sustainable than scenario 1 where within the organic fraction there is also a certain amount
of fossil plastics. Therefore, the whole life cycle has not been considered. However, it is
necessary to ask a fundamental question in view of the results obtained: would scenario
2 represent a better solution even if the production of both fossil plastics and bioplastics
was considered? In order to answer this question, a “from cradle to grave” analysis was
conducted, with the aim of assessing the environmental impacts of the production processes
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and subsequent disposal of 1 tonne of bioplastic and 1 tonne of fossil plastic, of which the
former is disposed of in composting plants and the latter in landfills. The results of this
additional analysis are shown in Table 6.

Table 6. Results of LCA from cradle to grave.

Impact Categories Unit Scenario 1 Scenario 2

Environment

Global warming kg CO2 eq 2.53 × 103 1.29 × 103

Ozone formation, Terrestrial
ecosystems kg NOX eq 7.02 4.12

Terrestrial acidification kg SO2 eq 9.32 19.0
Freshwater eutrophication kg P eq 3.37 × 10−1 7.05 × 10−1

Marine eutrophication kg N eq 2.86 × 10−2 1.26
Terrestrial ecotoxicity kg 1,4-DCB 1.82 × 103 6.07 × 103

Freshwater ecotoxicity kg 1,4-DCB 21.9 64.2
Marine ecotoxicity kg 1,4-DCB 2.00 × 105 6.04 × 105

Land use m2a crop eq 73.5 7.26 × 102

Water consumption m3 41.1 28.7

Social

Stratospheric ozone depletion kg CFC11 eq 4.97 × 10−4 9.26 × 10−3

Ionizing radiation kBq Co-60 eq 1.93 × 102 4.23 × 102

Ozone formation, Human health kg NOX eq 6.44 3.96
Fine particulate matter formation kg PM2.5 eq 3.53 4.20

Human carcinogenic toxicity kg 1,4-DCB 6.43 × 103 4.70 × 103

Human non-carcinogenic
toxicity kg 1,4-DCB 1.59 × 105 4.99 × 105

Economic

Mineral resource scarcity kg Cu eq 1.97 5.84
Fossil resource scarcity kg oil eq 1.77 × 103 5.62

If the entire production process is considered, scenario 2 is more impactful in 14 out
of 18 categories than scenario 1. However, observing the results expressed in Table 6, it
can be seen that the stratospheric ozone depletion category can be considered negligible
as its values are very low. Regarding the categories terrestrial acidification and fine
particulate matter formation, it must be considered that the share of SO2 eq and PM2.5
eq generated during the composting process are not released into the atmosphere thanks
to the presence of biofilters in the current composting plants in the Italian territory. The
marine eutrophication category is higher for scenario 2 (1.26 kg N eq) than for scenario
1 (2.86 × 10−2 kg N eq), due to the use of chemical fertilizers for the cultivation of raw
materials. However, since the end-of-life of bioplastics is the production of compost, the
latter can be used as a natural fertilizer in fields, decreasing the future need for chemical
fertilizer use. Regarding the categories terrestrial ecotoxicity, freshwater ecotoxicity, marine
ecotoxicity, human carcinogenic toxicity, and human non-carcinogenic toxicity, the values
obtained are always higher for scenario 2, due to the use of pesticides in agriculture. Finally,
with regard to the land use category, despite the fact that scenario 2 has superior values
compared to scenario 1 (7.26 × 102 m3 crop eq vs. 7.35 × 101 m3 crop eq), it must be
considered that, in 2020, at global level, the land used for the cultivation of raw material
for the production of bioplastics was equal to 0.7 million ha, (0.015% of the entire world
agricultural area). Therefore, the land allocated to the production of bioplastics is much
lower than the share of land allocated to pasture (3.3 billion ha), food, and feed (1.24 billion
ha) and that allocated to biofuels (53 million ha) [1].

Hence, although on the one hand the data obtained from the LCA should be contex-
tualized and analyzed appropriately, on the other hand it emerges that the production
processes of bioplastics are an innovation that allows for a link between industry and agri-
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culture and therefore its aspects should be explored in depth from both an environmental
and economic point of view. Finally, in order to improve the production of bioplastics
in this way, research is finding new opportunities in the development of bioconversion
processes, i.e., the use of agro-food waste to obtain biopolymers and biomaterials with
added value, making the production process feasible also on an industrial scale.

In fact, pushing the production of bioplastics from agro-food waste would reduce the
use of virgin raw materials, while improving food waste management.

5. Conclusions and Future Recommendations

Using the Life Cycle Assessment and Carbon Footprint methodology, the study has
assessed the environmental impacts and benefits of the two scenarios considered based on
organic waste collection in Italy in 2019. The first scenario consists of composting 1 ton of
organic material, which also contains plastic, bioplastic, and non-compostable material,
while the second scenario sees the plastic portion replaced by the same portion of bioplastic.
The Life Cycle Assessment was conducted using two methods: ReCiPe 2016 MidPoint and
Cumulative Energy Demand. The first method considers eighteen categories of impact
while the second considers energy removed from nature. The results show that scenario 2
is more sustainable in fifteen out of eighteen impact categories than scenario 1. Scenario 2
also presents negative values in three categories: ozone formation-terrestrial ecosystems
(−1.64 × 10−2 kg NOX eq), ozone formation-human health (−8.5 × 10−3 kg NOX eq), and
fossil resource scarcity (−4.91 × 102 kg oil eq). Conversely, it shows slightly higher values
than in scenario 1 in the categories stratospheric ozone depletion (2.58 × 10−3 kg CFC11 eq);
fine particulate matter formation (4.68 kg PM2.5 eq); and terrestrial acidification (38.1 kg
SO2 eq). However, some considerations are necessary: the values of the stratospheric ozone
depletion category can be considered negligible in the calculation of the environmental
impact, while fine particulate matter formation and terrestrial acidification are causally
related to the composting process, as they are generated by the aerobic digestion phase.
Despite their production, these substances are not released into the atmosphere or the soil
because the composting plants currently present in Italy are equipped with biofilters that
serve to retain the emissions generated during the treatment of organic waste. Therefore,
the values of these impact categories can be considered negligible. Using the Cumulative
Energy Demand methodology, the results obtained with the ReCiPe method are confirmed
as scenario 2 leads to a reduction in the amount of fossil resources, due to the presence
of more compostable material by using bioplastics, as well as a greater increase in the
consumption of renewable sources, thus contributing to reducing emissions and national
energy dependence on fossil fuels. Finally, an objective assessment of the greenhouse
gases (GHGs) generated by both scenarios, expressed in kg of CO2 eq, was conducted
through the Carbon Footprint method, showing that scenario 2 generates a negative carbon
footprint (−3.80 kg of CO2 eq) compared to scenario 1 (79.71 kg CO2 eq). Hence, the
second scenario is generally more sustainable than the first one, as the use of biodegradable
and compostable bioplastic bags for the collection of the organic fraction contributes to
improving waste management (reduction of the dragging effect), but above all closing
the carbon cycle, regenerating the soil, and decarbonizing the atmosphere. The organic
fraction often contains residues of non-compostable materials. These materials must be
removed to avoid depreciation of the final product, the compost, compromising its final
quality. This activity is expensive, not always effective and causes the loss of large amounts
of compostable fractions. The use of bioplastics would reduce the percentage of NCM,
leading to the recovery of a significant quantity of organic fraction that would otherwise
be lost, and would also create a virtuous system, as expensive/inefficient systems for the
selection of impurities would be avoided in the organic fraction treatment plants. As a
result, a waste of resources due to landfilling could be avoided and at the same time the
collection of humid waste could be increased, as the biodegradable and compostable bag
naturally enters the collection of humid waste and follows the same disposal procedure
(composting) avoiding screening process.
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Considering the analyses conducted and the results obtained, in future development
of the research it is necessary to further investigate the issue of the correct disposal of the
organic fraction in combination with bioplastics, both by expanding the economic effects
(Life Cycle Costing) and by assessing the benefits also on a social level (Social Life Cycle
Assessment) to analyze the three pillars of sustainability.

Italy, in fact, is the first Country in the European Union to develop the collection
of the organic fraction and, consequently, complete and exhaustive studies in relation to
this issue could lead, in the future, to the expansion and growth of the composting sector,
which would have, as a direct consequence, an increase in jobs and rural development,
as well as greater opportunities for the industries which manufacture biodegradable and
compostable bioplastics.

Finally, to achieve continuous improvement and sustainable growth, it is also neces-
sary to undertake and promote awareness campaigns on the practices to be adopted for
the correct collection of the organic fraction to reduce the percentage of non-compostable
material in it and, consequently, make composting more effective and efficient.
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