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Abstract

Due to the increasing and hazardous level of plastic pollution in our planet, many researchers and experts from the public and private
sector have been working in order to promote and implement solutions overcoming this global issue.

The present project joins the scientific community in this discussion by focusing on polyvinyl chloride (PVC), which is considered
one of the most used polymers in engineering infrastructures. The goal of the paper is to quantitatively assess environmental impacts
of the PVC production with the aim of proposing cleaner industrial solutions and more environmentally sound products.

To this end, a Life Cycle Assessment analysis was used to evaluate the environmental performance of the PVC manufacturing
process. The functional unit considered was 1 kg of PVC granules. The modelling was facilitated by the Gabi software developed
with three different characterization methods: CML 2001, EDIP 2003 and ReCipe 1.08. Fossil fuels depletion, climate change and
human toxicity resulted to be the most significant impact categories due, respectively, to the huge quantity of crude oil extracted,
the big amount of emission released into the atmosphere and the intensive toxic substances involved during the whole process.

In the last section, a number of recycling and raw material alternatives were suggested to reduce the environmental impact obtained
from the analysis.
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1. Introduction some additives, it is one of the most versatile

thermoplastic polymers (Pita et al., 2002).

Plastic is a family of different materials. It is
divided between thermoplastic that can be melted and
hardened depending if it is heated or cooled and
thermoset plastic that changes chemically while
heated and it cannot return to its original form once
melted (Plastics Europe, 2019). Polyvinyl Chloride
(PVC) is a thermoplastic and it represents the third
most used polymer after polyethylene and
polypropylene (Elashmawi et al., 2017; Prieto et al.,
2016; Rangaswamy et al., 2018). Combined with

In 2018 the plastic production reached 359
million tons worldwide (Peng et al.,, 2020;
PlasticEurope, 2019). This number is expected to
double in the next two decades and almost quadruple
by 2050 (EMAF, 2016; Samani and Meer, 2019;
Venkatachalam, 2018). Out of this total amount, 61.8
million tons are produced in Europe alone, which
counts for 17% of the global production
(PlasticEurope, 2019). The European plastic
converters demand in 2018 was 51.2 million tons, of
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which packaging and building & construction
represent the main sectors. In particular, PVC
constitutes 10% of the total European amount mainly
for building and construction activities (Plastics
Europe, 2019) and its global production also increases
by 3.2% every year (CR, 2014; Peng et al., 2020).

The PVC industry is surely a significant sector
since it is involved in several applications: health and
safety (it is broadly used in the medical sectors); pipes
construction in order to supply clean water; packaging
applications; survival equipment (such as life jackets);
food packaging; children’s toys; bottles; cables
(ECVM et al., 2000; Liu et al., 2020). It is also an
important socio-economic sector since it creates
multiple jobs and opportunities with remarkable
incomes (ECVM et al., 2000). In Europe it comprises
over 21.000 companies, creating more than 530.000
new jobs with a final turnover higher than 72 billion
euros (CEC, 2000).

More specifically, in commercial terms, PVC
is a widely used polymer and it is applied in both
forms: rigid and flexible (Fig. 1). The first is mainly
used for pipes constructions, profile applications
(windows and doors), packaging, cards, while the
latter is obtained by means of plasticizers and mostly
used in plumbing and rubber substitution (Khaleghi et
al., 2017; McKeen, 2012; Peng et al., 2020).
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Fig. 1 PVC applications in Europe
(Adapted upon ECVM, 2017)

The huge amount of PVC use leads to a large
waste generation that needs to be monitored and
analyzed in detail to improve end-of-life solutions
(Mohammed, 2019). The challenge, hence, is to
extend and turn the PVC industry into a sustainable
sector. The European PVC industry keeps researching
sustainability and circular economy-related projects
by working on two parallel goals: to assess and
improve the present situation and to develop
sustainable commitments for future scenarios (ECVM
etal., 2000). Moreover, the scientific communities and
the private sectors are also developing overcoming
solutions to reduce the polluting character of the PVC
process industry (Falcke et al., 2017).
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Among many, this section explores the work
performed by VinylPlus, which is the 10 years
Voluntary Commitment of European PVC industry
towards a sustainable development (Vinyl Plus, 2017).
The initiative is addressed to different scopes:
reducing and/or minimizing the environmental impact
during the production, promoting correct and fair use
of additives, supporting waste collection and recycling
alternatives, and encouraging discussion and dialogue
among the PVC industry’s stakeholders and decision-
makers.

Given the peculiar nature of PVC, VinylPlus
thereby suggests that we should dive deeper into
innovative recycling alternatives for this specific type
of plastic. Studies have also proven that depending on
its applications, PVC can be recycled several times as,
during the recycling process, the molecular chain
length does not decrease (Vinyl Plus, 2017). This
characteristic enables the recycled PVC to perform as
well as virgin PVC.

Currently, two main methods are used for PVC
recycling: mechanical recycling and feedstock
recycling. Mechanical recycling is the process through
which no polymer chains are broken down into
smaller particles but rather, the components are
mechanically separated and sorted into smaller
fractions. It is divided into two categories:
conventional and non-conventional technologies. The
conventional technologies consist of sorting,
shredding, and separating particles to obtain in the end
a pulverized/granulated recycled PVC; on the other
hand, non-conventional technologies make use of
solvent-based processes and it generally suits better
more complicated waste streams. The other option is
feedstock recycling. The feedstock recycling process
consists of the thermal treatment of the PVC waste and
in most cases the hydrogen chloride is recovered and
it can be sent back to the PVC production or it can be
used in other applications (Vinyl Plus, 2020).

In 2019 VinylPlus reached 771,313 tonnes of
PVC waste recycled, 4.3 % more compared to 2018,
saving 1.5 million tonnes of CO; (VinylPlus Report,
2020). Within the EU Circular Plastic Alliance (CPA),
VinylPlus committed to boosting its recycling rate up
to 900,000 tonnes of PVC by 2025 and to at least one
million tonnes by 2030 (VinylPlus Report, 2020).

Many research projects demonstrated the
excellent performance of PVC recycling and the
related environmental benefits. For instance, previous
LCA-based studies have proved the importance of
replacing raw materials to reduce potential PVC
environmental impacts (Comanita et al., 2015;
PlasticEurope, 2008). More specifically, according to
Alsabri et al. (2020), in the piping industry, a switch
to recycled polyvinyl chloride can reduce the climate
impact from 36.21% to 15.53% for the production of
1 ton of polyvinyl chloride. Whereas, by analyzing the
life cycle of PVC windows frame on both post-
industrial and post-consumer waste, it was
demonstrated that replacing virgin PVC with PVC
from post — consumer waste saves around 2 tons of
CO2 eq./t while replacing virgin PVC from post-
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industrial waste saves around 1.8 tonnes of CO, eq./t
(Stichnothe and Azapagic, 2012).

This study joins the scientific community by
analyzing, specifically, the full life cycle of the PVC
industrial life. The paper is divided into different
sections: it starts with an extended overview of the
PVC characterization and industry together with an
LCA approach model in the materials and methods
sections. The results of the assessment are then
discussed. Finally, a review of current and more
sustainable alternatives is reported.

2. Material and methods
2.1. PVC characterization

PVC is a chlorinated hydrocarbon polymer.
The carbon atoms in the main chains are alternatively
linked to hydrogen atoms and chlorine atoms. PVC is
the result of the chemical polymerization of the vinyl
chloride during which the double bond molecule is
broken down to form a longer chain polymer (Fig. 2,
Boustead, 2005). The production of PVC involves
three main stages: the upstream of the PVC industry,
the PVC industry, and the downstream of the PVC
industry (Fig. 3).

The raw materials for the production of PVC

are ethylene and chlorine, which are supplied
upstream by the petrochemical industry (for ethylene)
and the soda industry (for chlorine) (Pascault et al.,
2012). The petrochemical industry produces ethylene
through thermal cracking of naphtha, while the soda
industry generates caustic soda, chlorine, and
hydrogen thanks to electrolysis. Using ethylene and
chlorine the PVC industry is able to manufacture an
intermediate material called EDC which will
thermally be cracked into VCM that eventually is
polymerized to obtain PVC. In the downstream
industry, PVC is mixed with several additives,
stabilizers, and plasticizers (VEC, 2008).

Additives are necessary to guarantee specific
properties to the final PVC product and they vary
according to the intended application. Stabilisers are
the ones that need to be assessed more carefully due to
their hazardous features and, thus, their potential
dangerousness for human health. They are added to
help the PVC polymer not to degrade (Guangbao,
2020). The most used ones are lead stabilizers and
cadmium stabilizers (CEC, 2000). On the other hand,
plasticisers are added in order to obtain flexibility and
workability in PVC products (Pereira et al., 2019).
Also, in this case, the quantities of the plasticisers
change according to the desired properties and the
final use (CEC, 2000).
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Fig. 2. Schematic representation of the polymerization of vinyl chloride (Boustead, 2005)
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Fig. 3. Linkage of PVC related industries (Adapted upon VEC, 2008)
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2.2. Methodology

The methodology adopted in this study is Life
Cycle Assessment (LCA), which is an iterative tool
able to identify possible environmental impacts
associated with products and/or services (ISO 14040,
2006). According to the ISO 14040/44 four iterative
stages are necessary in order to perform a valid LCA
(1SO 14040, 2006; 1SO 14044, 2006; Megange et al.,

2020), as shown in Fig. 4.
P
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1

1

=a—

Interpretation

/
Fig. 4. Framework of LCA modified from the 1ISO 14040
standard (Hauschild et al., 2018)

2.3. Goal and scope definition

LCA has been performed in order to develop a
quantitative analysis of the environmental impacts
generated during the life cycle of a PVC product. The
functional unit is 1 kg of Polyvinyl Chloride granules
(raw material which eventually will be processed into
final products). Data included in the study were
gathered from literature and adapted to 1 kg of PVC

considered (Boustead, 2005; Comanita et al., 2015;
Ghinea, 2015; PlasticsEurope 2018). Additionally,
missing data have been found in the Gabi database
according to the purpose of the study.

The analysis focuses on the boundaries cradle
to gate including all the stages from the raw materials
extraction up to the end of the manufacturing industry.
All the phases concerning the distribution, the use and
the end of life have not been taken into consideration
as they are not particularly relevant for the scope of
the analysis. The methodologies chosen to run the
LCIA are: ReCipe 1.08, EDIP 2003 and CML 2001.
The results obtained are presented in normalized
values-EU 25+3.

2.4. Life Cycle Inventory (LCI)

The inventory model is a crucial step in the
LCA analysis as it links all unit processes involved in
the study until the final product (Hauschild et al.,
2018). This phase aims to collect all necessary
guantities to develop product/waste flows and
elementary flows dividing them between inputs and
outputs within the system boundaries selected (Fig. 5).
The inputs consist of the materials, energy and
resources that enter into the unit process, whereas the
outputs are represented by the products, waste and
emissions resulting from the process (Hauschild et al.,
2018). The inventory model of the analyzed PVC
production has been developed dividing the system in
three main stages of the life cycle process. Table 1
represents the LCI referred to 1 kg of polyvinyl
chloride from suspension polymerization (S-PVC).

Particularly, a foreground system (consisting
of the dataset strictly related to the study analyzed) are
literature data adapted to the study purposes
(Boustead, 2005; Comanita et al., 2016b;
PlasticsEurope, 2019). Whereas, the background
dataset consists of secondary data gathered in the Gabi
software.

Table. 1. Life Cycle Inventory

| STEP: Ethane (C2H4) and Chlorine (CI2) Production

Input [ka]
Petroleum 53.7
Salt (NaCl) 0.0015

Output [kg]
Dioxins 0.0044
Particulates < 10pm 0.0035
Chlorides suspension 0.0003
NMVOC 0.0022
NaOH 0.0025
Cl, (chlorine) 0.0088
C,H, (ethane) 0.9538

11 STEP: VCM production process

Input [ka]
C,H, (ethane) 0.9538
Cl, 0.0088
H2 0.0783
CuCl, 0.0044
0, 0.0074
EDC impure 0.0845
EDC pure 0.3978
HCI 0.0349
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Bentonite 0.0492
Distillation water 1.0280
Organic peroxides 0.0197
VCM impure 0.0857
VCM pure 0.0893
Output Materials [ka]
Chlorinated hydrocarbons 0.0024
co 0.0025
CO, 0.0146
Waste water 0.631
NMVOC 0.001
NOx 0.0001
Energy released in the exothermal process - Output [kJ]
Energy 0.027
111 STEP: PVC production process
Input Materials [ka]
VCM pure 0.0893
Phenol 0.0013
Ca stabilizer 0.0023
Hydroxide 0.0002
Methylamine 0.0298
1,4-Butanediol 0.0023
2-methyl-2-butene 0.0027
Water 2.2390
Energy - Input [kJ]
Energy 0.1509
Output Materials [ka]
NMVOC 0.0016
Waste water 1.8328
PAH 0.0239
COD 0.0024
TOC 0.0073
Particulates < 10 ppm 0.003
PVC susp. from polymerization 1.0359
PVC from omogenization 1.9380
PVC from centrifugation 1.8370
PVC from washing 2.8390
Pure PVC from drying 1.0000

2.5. Life Cycle Impact Assessment (LCIA)

The third phase of the LCA is the Life Cycle
Impact Assessment, during which the elementary flow
resulting from the LCI are translated into
environmental impacts (Hauschild et al., 2018).
According to the 1ISO 14040, (2006) and ISO 14044
(2006) three steps are mandatory in a LCA analysis:
the selection of a characterization model, the
classification step and the characterization. As far as
the first step is concerned, different characterization
methods exist and they generally consist of two
approaches: the problem-oriented approach called mid
— point and the damage-oriented approach called end-
point.

This  study considers three  different
methodologies in order to propose a comparison
between the results obtained. The characterization
models chosen are: ReCiPe 1.08 (end-point), EDIP
2003 (mid-point) and CML 2001 (mid-point).

The indicators considered from the ReCiPe
1.08 model are: agricultural land occupation (ALO),
climate change ecosystem (CCE), climate change
human health (CCHH), fossil depletion (FD),
freshwater ecotoxicity (FEC), freshwater
eutrophication (Feu), human toxicity (HT), marine
ecotoxicity (ME), metal depletion (MD), natural land
transformation (NLT), ozone depletion (OD),
particulate matter formation (PMF), photochemical

oxidant formation (POF), terrestrial acidification
(TA), terrestrial ecotoxicity (TE), urban land
occupation (ULO).

The second impact assessment methodology
applied is EDIP 2003, which covers the following
indicators: acidification potential (AP), global
warming (GW), photochemical ozone formation
(POF) with impacts both on human health and
vegetation, terrestrial eutrophication (TE) and
aquatic eutrophication (AE)

The last characterization model chosen is
CML 2001, which focuses on the following impact
categories: Abiotic Depletion (ADP), Abiotic
Depletion (ADP fossil), Acidification Potential (AP),
Eutrophication Potential (EP), Freshwater Aquatic
Ecotoxicity Pot. (FAETP), Global Warming Potential
(GWP), Human Toxicity Potential (HTP), Marine
Aquatic Ecotoxicity Pot. (MAETP), Ozone Layer
Depletion Potential (ODP), Photochemical Ozone
Creation Potential (POCP), Terrestrial Ecotoxicity
Potential (TETP).

3. Results and discussion

This section will, firstly, describe the results
obtained through the three different methodologies
and, then, it will give a little discussion over the PVC
industry by suggesting potential solutions for its
polluting nature.
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Fig. 5. Life cycle inventory (adapted upon Comanita et al., 2016a)

3.1. Environmental impact assessment with ReCiPe
1.08 methodology

The main environmental impacts resulting
from the ReCiPe 1.08 methodology are shown in
Fig.6, which are expressed in equivalent per person.
The four categories are represented by a positive
value, which means that they generate negative
impacts on the environment.

According to the obtained results, Fossil
Depletion (FD) shows the highest environmental
impact, which is likely due to the large amount of
crude oil extracted for the production of 1 kg of PVC;
the second relevant impact category Human Toxicity
(HT) is caused by the significant amount of hazardous
and toxic substances used during the PVC processing
production. The third biggest contribution is given by
Climate Change. ReCiPe, in particular, considers
human health damage (CCH) and loss of species
(CCE): the characterization factor of human health
damage is expressed in DALY, while the loss of
species is calculated in Potential Disappeared Fraction
of species (PDF) (ILCD Handbook, 2010a).
Regarding the impacts generated by the consumption
of chemicals, it was found that NO, and NO emissions
are generated as a result of the use of catalysts for
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obtaining ethene. This leads to negative impacts
associated with climate change, damaging both the
ecosystem and human health.
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Fig. 6. ReCiPe 1.08 methodology - environmental impacts
of PVC production

3.2. Environmental impact assessment with EDIP
2003 methodology

Fig. 7 represents the main impact categories
obtained by applying the EDIP 2003 methodology. In
this case, the Global Warming Potential has the
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highest value followed by the Photochemical Ozone
Formation applied on two subcategories. The first is
Photochemical Ozone Formation human health,
which is modelled in line with the number of people
extra exposed according to the WHO guide (WHO,
1989) for chronic effects time duration, expressed in
pers-ppm-hours; the second is Photochemical Ozone
Formation vegetation, which is identified as a specific
ecosystem area overexposed for chronic effects time
duration compared to the threshold given by WHO
expressed in m2-ppm-hours (ILCD Handbook, 2010b;
2011). Minor impacts are given by acidification
potential, aquatic eutrophication, and terrestrial
eutrophication. The presence of catalysts used for
obtaining vinyl monomer has a significant
contribution to the Global Warming Potential.
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Fig. 7. EDIP 2003 methodology environmental impacts of
PVC production

3.3. Environmental impact assessment with CML
2001 methodology

In this case, even if all impact categories
shown in Fig. 8 have a positive value, they are quite
small. Smaller contributions are given by: Abiotic
Depletion (ADP), Freshwater Aquatic Ecotoxicity
(FAE), Marine Aquatic Ecotoxicity (MAE), and
Terrestrial Ecotoxicity Potential (TETP). The high
values of FAE and MAE are given by the high content
of nitrogen and phosphorus resulting from additives
added in the polymerization process.

The outcoming scenario shows that the PVC
life cycle analyzed (from the extraction of the raw
materials until the end of the production) is
environmentally harmful due to many polluting actors
involved throughout the whole process. Figure 8
shows, for instance, a comparison of the impact
assessment on human health between the ReCiPe and
CML models. Chemicals (phthalates, ethylene,
stabilizers, pigments) used in the production of PVC
release emissions into the environment that have a
negative impact on human health. Also, the process of
obtaining PVC induces negative effects in the
environment associated with the impact category of
human health (Fig. 9). The generation of this type of

impact is the consequence of chlorine emissions from
the electrolysis stage of sodium chloride.
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Fig. 8. CML 2001 methodology - environmental impacts of
PVC production
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Fig. 9. Comparative evaluation of the impact on human
health - ReCiPe vs CML

3.4. Suggestions for virgin PVC replacement

The results confirmed the big issue represented
by the use of harmful feedstock in the plastic industry.
Raw materials were a crucial topic ever since the very
beginning of plastic; it was proved that more than 95%
of the plastic present worldwide is fossil-based plastic
(Plastics Europe, 2018).

In spite of this, innovation and research have
started to undertake a very clear direction by boosting
sustainability at its maximum rate and creating more
environmentally sound solutions for today’s global
issues (Fortuna et al., 2012). Within the current
circular economy perspective, also plastic has found a
new way to reshape itself. One of the possible
alternatives to fossil-based plastic is bioplastics.
Bioplastics are that plastic that are either bio-based,
biodegradable, or both (Europe Bioplastics, 2018).

Bio-based refers to the origin of the material,
meaning that the raw material comes fully or partially
from biomass, whereas biodegradable refers to the end
of life of the plastic product. Biodegradable plastic is
one able to chemically degrade itself thanks to
microorganisms that turn the materials into water,
carbon oxide, or compost (Europe Bioplastics, 2018).
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Not all bioplastics are biodegradable and vice-
versa. More specifically, according to Europe
Bioplastics, bioplastics are divided in three categories:
the first are those fully or partially bio-based but not
biodegradable such as bio-based PE, PP, or PET, PA,
PTT (mainly called drop-ins); the second type are both
bio-based and biodegradable PHA, PLA and PBS; and
finally, biodegradable fossil-based plastic such as
PBAT (Europe Bioplastics, 2018).

Bioplastics do not even represent one percent
of the total plastic on the market today albeit their
production is getting wider (Jeremic et al., 2020). In
particular, almost half of bioplastics present in the
market are bio-based non-biodegradable (Fig. 10).

Biodegradable
55.5%

Other bio -
based14%
Bio-PTT
9%
Total:
2.110,000
Bio- PET

tonnes

10%

Biobased/non-
biodegradable 44.5%

Fig. 10. Global production capacities of bio- plastics in
2019 (adapted upon Jeremic et al., 2020)

PCV can also derive from renewable feedstock
and bio-PVC is expected soon to be produced
boundlessly. When it comes to plastic manufacturing,
plasticizers are definitely a critical issue. Particularly,
in PVC production, 75% of the plasticizers used are
phthalate plasticizers which are fossil-based
substances (Feng et al., 2018). To overcome this, new
studies and researches started to focus on developing
bio-based plasticizers, which, generally, come from
agricultural waste and by-products (Feng et al., 2018).
The research is still open and keen to upscale bio-
plasticizers to perform as well as petroleum-based
plasticizers.

Obviously, bioplastics  have  several
advantages. They contribute to resource-saving in
input and to reduce GHG emissions and the overall
carbon footprint of products in output (European
Bioplastics, 2018). However, bioplastics are not the
solution in absolute terms, and they need to be
properly managed. They may become an issue in the
end-of-life management; thus, it is of paramount
importance to address clean and correct waste
management in order to lower any potential
environmental and human-related damage that they
might cause. Bioplastics are able to biodegrade only in
specific controlled conditions, and, consequently, they
represent a serious problem if discharged erroneously
(Ghinea et al., 2016; RameshKumar et al., 2020). The
recycling option is considered to be the preferred
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solution for bioplastic. Recycling can be performed
mechanically, chemically, or organically according to
the most favorable condition and the composition of
the specific plastic product (RameshKumar et al.,
2020).

The life cycle assessment methodology, once
again, represents a great tool, since it is able to analyze
and assess the impacts related to bioplastic-based
products throughout their entire life cycle. The paper
thereupon invites to perform additional LCA-based
analyses aimed at comparing the environmental
performances between bio-PVC products and virgin
PVC products.

5. Conclusions

This paper focuses on a specific kind of plastic
which is Polyvinyl Chloride (PVC). The PVC
production involves several steps and processes: raw
material extraction, different sub-steps to produce
EDC, and VCM and, lastly, the PVC manufacturing to
obtain the final product.

In order to evaluate the environmental impacts
related to the PVC industry, a Cradle-to-Gate analysis
has been performed with the support of the GaBi
software and the use of three characterization methods
(ReCiPe 1.0, EDIP 2003, and CML 2001).

According to ReCipPe 1.08, fossil depletion is
the most significant indicator, due to the fact that a
huge amount of crude oil is involved in the extraction
process. EDIP 2003 shows that climate change is the
biggest contributor and it is related to a large humber
of emissions released into the environment during the
production and the extraction phases. Lastly, as far as
CML 2001 is concerned, in accordance with ReCiPe
1.08, human toxicity is an endangered impact category
because of several toxic substances involved in the
whole process.

The final part describes one of the most valid
alternatives able to partially fix the environmental
issue related to the PVC industry: the substitution of
the raw material. Bioplastic solution is a strong option
to take into consideration; past studies provided
quantitative information about its efficiency and
advantages. However, researching for new innovative
alternatives and improving the already existing ones is
an energy-demanding and time-consuming procedure.
Nevertheless, there is considerable room for
improvement. Therefore, this project encourages the
public and the private sector to work deeper in order
to change direction and reverse the current damaging
trend.

This study helps to understand the major
impacts that just a kilogram of PVC might have.
Consequently, the study highlights the urgent need to
shift direction and invest in more environmentally
sound solutions in PVVC production.
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