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Abstract: Material flow analysis of plastics has attracted considerable attention for achieving sustain-
able production and consumption. However, the direct weights of each plastic have been analyzed
alone, not considering the amount of natural resources as inputs for plastic production. Therefore,
we analyzed the cradle-to-gate resource intensity of 21 types of plastics in terms of mining activity,
using the total material requirement under the life cycle concept. It was found that the resource
use for plastic production differs by up to approximately 10 times depending on the plastic type.
By applying these findings to the material flow analysis of some countries and regions, we found
that the quantity of natural resources was more than 20 times the original weight attributed to
plastic production. By comparing resource use with greenhouse gas emissions, plastics with higher
greenhouse gas emissions were found to have higher resource use, indicating a positive correlation,
whereas the opposite trend was also found for some plastics. Considering plastic alternatives, we
found that the quantity of natural resources in plastic-based shopping bags is nearly equivalent to
that in paper-based bags, whereas that in plastic-based straws is greater than that in paper-based
bags. Focusing only on the direct weight of plastic may mislead the decision-making process.

Keywords: plastic; material flow analysis; sustainable production and consumption; natural resource
use; total material requirements; plastic alternative

1. Introduction

Industries have contributed to society by producing and supplying high-quality
products that meet human demands [1]. However, current production patterns are not
environmentally sustainable [2]. Production focusing only on profit has caused many
environmental issues, such as the depletion of fossil fuels; anthropogenic environmental
deterioration, including water, soil, and air pollution; climate change; and non-degradable
solid waste [3]. Material management has received considerable attention in recent years [4].

Plastics are essential materials in modern society owing to their high durability, ease
of molding, high corrosion resistance, low cost, light weight, and high machinability [5,6].
Plastics are used in a variety of industries such as packaging, construction, textiles, con-
sumer and institutional products, transportation, electrical and electronics, and industrial
machinery. The demand for plastics has increased annually by 4% [7]. Plastic production
reached 0.36 billion tons in 2018 and is expected to exceed 0.50 billion tons by 2025 [8],
which is 250 times greater than the 20,000 tons of plastic produced in 1950 [9].

The increasing global demand for plastics causes environmental issues, such as the gen-
eration of significant amounts of plastic waste and greenhouse gas (GHG) emissions [5,10].
Global plastic waste amounted to 275 million tons in 2010 and is expected to grow [9].
Plastic waste dispersed as garbage eventually flows into the ocean because of unsound
waste management practices [11]. Jambeck et al. estimated that 4.8-12.7 Mt of plastic
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waste entered oceans globally in 2010 [12]. Marine plastic pollution can cause species
entanglement, leading to starvation, suffocation, laceration, infection, reduced reproductive
success, and mortality [13]. In addition, the petrochemical sector, a producer of plastics,
currently accounts for 17% of global industrial GHG emissions [10]. It is the third-largest
CO,-emitting industry after steel and cement production [14].

Various policies and actions have been implemented worldwide to mitigate these
environmental problems. For example, natural and culturally protected areas in Peru plan
to ban single-use plastics, and the European Union Parliament has approved reductions in
single-use plastics [15]. The Honolulu Strategy in Canada, the U.S., and other countries has
implemented policies, regulations, and legislation to reduce marine plastic pollution [16].

The sustainable production and consumption of plastics is a particularly promising
approach to address these environmental problems. Although a new research trend in
terms of plastic use in the context of a circular economy [17] (e.g., bioplastics [18], recy-
cling [19], social behavior [20], and design [21]) is in its infancy, the current production
and consumption of plastics has remained unsustainable owing to over-production and
over-consumption [22,23].

To achieve sustainable production, consumption, and efficient resource consumption,
it is necessary to understand the flow of plastics using an economy-wide approach [24].
Material flow analysis (MFA) of plastics has been conducted to analyze a detailed picture of
the flow of general plastics in various countries, such as Austria [24], the Netherlands [25],
India [26], Serbia [27], Thailand [28], South Africa [29], and Bangladesh [30]. These studies
analyzed the flow of plastics from production and consumption to waste management,
including recycling, in each country and revealed the percentage of plastic consumption by
sector and landfill volume.

The MFA of each plastic type has gained attention as a more detailed flow of general
plastics. Plastics can be divided into the following seven major categories: polyethylene
terephthalate (PET), high-density polyethylene (HDPE), polyvinyl chloride (PVC), low-
density polyethylene (LDPE), polypropylene (PP), polystyrene (PS), and others [31]. Each
type of plastic has unique characteristics and uses [32]. MFA has been applied to understand
the flow of each type of plastic in various countries and regions, such as the United
Kingdom [10], the United States [33], the EU [34], Germany [35], and China [36]. These
studies showed that the type of plastic input tends to vary among countries, with many
countries having high inputs of PP, PE (including LDPE and HDPE), and PVC, whereas
China has the highest input of PET.

However, these studies focused only on the direct weight of each plastic in the pro-
duction stage, without considering the amount of natural resources required to produce
each type of plastic. Because various plastics are made from natural resources, such as
crude oil, in different amounts for different types of plastics [33], significant amounts of
natural resources have been used as inputs for the production of plastics [37]. Each type
of plastic has a different scale of environmental impact, owing to its different production
processes [32,38]. Similar to the assessment of environmental impacts, each type of plas-
tic production is expected to require different amounts of natural resources. The lack of
consideration of natural resources hidden behind plastic production may not lead to truly
sustainable production, consumption, and efficient resource consumption. To identify the
difference between each type of plastic’s intensity when considering the resources of plastic
production, the amount of natural resources as input for each type of plastic production
was considered in this study.

To evaluate the cradle-to-gate natural resources used as inputs for plastic production,
the scale of mining activities was measured as an indicator of natural resource use. Because
natural resources can be obtained through the exploitation process originating from mining
activities, the quantification of the scale of mining activities may reflect the true extent
of natural mineral resource extraction [39]. In addition, mining activities involved in the
development of natural resources exert significant environmental and ecological pressures
through the generation of mine waste, which is defined as unused mining [40,41]. Mining



Sustainability 2024, 16, 2715

30f13

Crude oil

Naphtha

Molecule

/ Hidden flows

+ Indirect flows

Direct flows

activities are a type of anthropogenic land use [42] that have been widely assessed in terms
of land occupation [43,44] and land conversion areas [45,46]. However, this approach does
not consider the depth of the mine [39]. The measurement of land area (m?) alone cannot
fully quantify the total natural resource exploitation caused by mining activities [40]. The
scale of mining activities, expressed in the form of weight, has been used as an indicator to
measure the natural resource use caused by mining activities [47].

This is consistent with the concept of total material requirements (TMRs) [40], which
is an indicator used to assess resource use. TMR considers not only direct material inputs,
but also indirect material inputs and hidden flows, such as mine waste from mining
activities [48-51] and can quantify the amount of mining activities [39]. The inclusion of
indirect resources used as inputs and hidden flows generated by the process is based on the
concept of life cycle thinking [41]. Although various indicators have been used to measure
resource use [52], TMR is considered the most comprehensive because of the wide range of
boundaries used for the amount of resources involved [48,53]. Therefore, in this study, TMR
was employed to quantify the amount of natural resources required for plastic production.

The objective of this study is to clarify the differences in the amount of natural resources
as input for each type of plastic production by analyzing the cradle-to-gate resource
intensity of various plastics in terms of mining activity under the life cycle thinking (LCT).
This study identified the true burden of natural resource use attributed to plastic production,
which assists in developing sustainable patterns of plastic production and consumption.

2. Methodology
2.1. Total Material Requirement

This study is a starting point for a cradle-to-gate LCA of plastics from the perspective
of TMR. An overview of the concept of TMR for plastic production is presented in Figure 1.
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Figure 1. Overview of TMR concept for plastic production.

The TMR of plastics is represented as a functional unit of mass, measured in kilograms.
Here, resource intensity refers to the total amount of all resources that need to be input
to produce 1 kg of plastic, hereafter referred to as the specific TMR (kg-TMR/kg). The
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TMR is expressed using the following equation based on the specific TMR and the direct
amount of material (kg):

TMR = specific TMR x direct quantity
The specific TMR of a given product is then obtained in the following equation.

SyxW
5, - oot
where the specific TMR and weight of the input materials are S, and Wy, respectively, and
the specific TMR and weight of the output materials are S, and Wy, respectively. This
equation implies that the specific TMR is always greater than 1 kg-TMR/kg because the
TMR includes the weight of the output material itself.

The data on the specific TMR for the raw materials were obtained from previous
studies. The specific TMR for fossil fuels such as oil and natural gas, their combustion
energy, and electric power were obtained from a study by Nakajima et al. [54]. Specific
TMR data for the metal ores were obtained from Halada et al. [55].

To compare the differences between each plastic in terms of resource intensity and
material properties, the specific TMR per tensile strength was calculated. This has attracted
attention in the evaluation of environmental impacts on material functions under the life
cycle concept [56]. Xia et al. evaluated the environmental impact of plastics from the
perspective of tensile strength as a material property [57]. Data on the tensile strength of
each plastic were obtained from a previous study [58]. Data on the tensile strength of each
plastic were obtained from a previous report [58].

2.2. Inventory Data

In this study, the inventory data used to produce plastics were obtained from Multiple
Interface Life Cycle Assessment software (MiLCA) 2.3 (Sustainable), an LCA support
software, and the Inventory Database for Environmental Analysis (IDEA) 2.3, which
provides an inventory database applied to MiLCA 2.3 as the standard equipment. The
IDEA has more than 3800 process data sets based on the Japan Standard Commodity
Classification (AIST, 2020), with data on the Japanese average.

Plastics are primarily manufactured from naphtha, which is produced by refining
crude oil. The naphtha is then heat-treated in a process called “cracking,” where it is
converted primarily into ethylene and propylene [59]. These materials can be combined to
form a variety of polymers. For example, polypropylene (PP), one of the main plastics, is
produced by polymerizing propylene with a small amount of ethylene in contact with a
catalyst with polymerization activity [60]. The polypropylene powder produced during
the polymerization was pelletized.

The IDEA models these manufacturing processes using a chemical process simu-
lator and calculates the input amounts of raw materials and energy for plastics. Thus,
the use of MiLCA 2.3 and IDEA 2.3 enables us to trace back to the primary source of
plastic production.

2.3. Target for Evaluation

In this study, the following 21 types of plastics were evaluated: polypropylene (PP),
polyvinyl chloride (PVC), low-density polyethylene (LDPE), polystyrene (PS), high-density
polyethylene (HDPE), PET, polycarbonate (PC), phenol resin (PF), polyamide resin (PA),
polyvinyl alcohol (PVA), polyurethane (PU), acrylic resin (PMMA), unsaturated polyester
resin (UP), epoxy resin (EP), polybutylene terephthalate (PBT), polyacetal (POM), melamine
resin (MF), alkyd resin (ALD), urea resin (UF), polyphenylene sulfide (PPS), and fluorine
resin (FR).
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3. Results

The specific TMR per unit weight for the 21 types of plastics is shown in Figure 2.
The specific TMR differed by up to approximately 10 times depending on the type of
plastic, such as PA (72.3 kg-TMR/kg) and UF (7.73 kg-TMR /kg). The specific TMRs of
PA, PC, and FR were remarkably larger than those of the other plastics. PA production
involves large inputs of basic petrochemicals consisting of ethylene, propylene, and aro-
matics [61], which have a large specific TMR and account for more than 70% of the total.
PC production involves large inputs of bisphenol A [62], which has a large specific TMR,
accounting for more than 30% of the total. The production of FR involves large inputs of
various combustion energies, such as steam coal, petroleum hydrocarbon gas, and fuel
oil. The details of the calculation process for the 21 types of plastics are presented in the
Supplementary Materials.
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Figure 2. Specific TMR of producing 21 types of plastic.

Based on the breakdown, crude oil accounts for the largest share of the specific
TMR of most plastics, with an average share of over 40%, as plastics are classified as
petrochemicals [63]. FR had the largest percentage of steam coal, whereas MF and UF had
the largest percentages of natural gas. Natural gas is used to produce urea, a raw material
used for UF [64]. EP, ALD, PU, and UP had the largest percentages of limestone compared
to the other plastics. Limestone was used to produce epichlorohydrin as a raw material
for EP and propylene oxide as a raw material for PU. The other minerals included fluorite.
The amount of these natural resources as inputs is not large, whereas FR, for which fluorite
is the raw material, has an input volume approximately 20,000 times greater than that of
other plastics.

A comparison of the specific TMR per tensile strength with the specific TMR of the
19 types of plastics is shown in Figure 3. Since we thought that it was important to obtain
data from the same report, we excluded ALD and PVA from this analysis. A different trend
of the specific TMR per tensile strength was observed compared to that of the specific TMR
per weight. For instance, the specific TMR per weight of PA is the highest among all plastics,
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whereas the specific TMR per tensile strength of PA is relatively low. The PA (PA 6 and PA
6.6) exhibited excellent physical and mechanical properties, including tensile strength [65].
Owing to these characteristics, PA is a major engineering thermoplastic produced primarily
for the mass consumption of fibers [66]. Considering the tensile strength, the resources used
for the production of PA should be acceptable. PVC, LDPE, and HDPE, which are often
consumed, are more intensive in terms of resource use when tensile strength is considered.
The specific TMR per tensile strength differs by up to about 15 times depending on the
types of plastic, such as FR (1.28 kg-TMR/kg/MPa) and UF (0.0869 kg-TMR/kg/MPa).
The specific TMR per unit tensile strength of FR, which has a greater specific TMR and
a relatively small tensile strength, is the highest, and that of UF, which has the smallest
specific TMR, is the lowest.
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Figure 3. Comparison of specific TMR per tensile strength of plastic.

4. Discussion

It was found that natural resource use as an input for production differs depending on
the type of plastic, with, at most, a 10-fold difference. This result was further examined in
terms of economy-wide material flow, greenhouse gas emissions, and plastic alternatives.

4.1. Application of TMR to Material Flow Analysis

In most existing studies, the direct weight was used as an indicator of the MFA of
plastics, and the production quantity of different plastics was summed without weighting,
whereas the natural resource use as input for plastic production was different. To identify
the differences by country in the relationship between direct plastic weight and the amount
of natural resources as inputs behind plastic production at the national level, this study
conducted a comparative analysis of the direct weight and TMR of plastic. We investigated
the direct weight of each type of plastic in China in 2020 [36], Japan in 2021 [67], South
Africa in 2017 [29], the EU in 2021 [68], and the world in 2021 [68] and calculated the TMR
per direct weight on a national scale, as shown in Figure 4a. Owing to data limitations
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in the production amount of all types of plastics in various countries, PP, PVC, LDPE, PS,
HDPE, and PET, which are the main plastic types, were targeted here.
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Figure 4. (a) TMR per direct weight of plastic production by country. (b) Direct weight by plastic
type in China and world average.

The economy-wide TMR per direct weight is approximately 20 kg-TMR/kg, which
means that the quantity of natural resources that is nearly 20 times as heavy as the original
weight can be attributed to plastic production. Because PA, PC, and FR, which are not
included in this assessment owing to limitations of accessible data, have greater specific
TMR, as shown in Figure 2, it is expected that many more natural resources will be used as
input. This means that focusing only on the direct weight of each plastic product may not
lead to truly sustainable production and consumption.

Notably, among the assessed countries, China has a relatively large burden of natural
resources as inputs for plastic production. The TMR per direct weight in China is 10%
higher than that worldwide. This is because, as shown in Figure 4b, compared with the
world average, China has a large direct weight of PVC, PS, and PET, which have a relatively
high specific TMR; that is, the proportion of PVC, PS, and PET in China is 66.6%, whereas
globally, it is 34.6%. This means that a simple summation of the direct weight of various
types of production in MFA would be a shortsighted analysis of the environmental impact
of plastic production by country because of the differences in the trend of plastic production
by country.

4.2. Relationship between Specific TMR and GWP with Different Plastic Types

To identify the relationship between the environmental impact of mining activities and
global warming in plastic production, this study conducted a comparative analysis of the
amount of natural resources used as inputs and the amount of greenhouse gas emissions
used as outputs. The global warming potential (GWP) of 21 plastics was evaluated, and
the relationships between specific TMR and GWP are presented in Figure 5.
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Figure 5. Relationship between specific TMR and GWP of 21 types of plastic.

Plastics with higher GWPs also had higher specific TMRs, indicating a slightly stronger
positive correlation (correlation coefficient: r; = 0.763). For plastics with a high specific
TMR, a significant amount of energy is required during the production phase, resulting in
a high GWP.

However, focusing on the GWP without considering the amount of natural resources
as input alone may lead to a shortsighted analysis of the environmental impact of plastic
production. Plastics do not exhibit a strong relationship between GWP and specific TMR.
For instance, PF and MF have similar GWPs, but more than two-fold differences in their
specific TMR. POM and PPS have similar GWPs, but more than two-fold differences in
their specific TMR.

Figure 5 presents an approximate line between the specific TMR and GWP in plas-
tic production. The region above the straight line indicates a relatively greater burden
of natural resources as an input, whereas the region below the straight line indicates a
relatively greater burden of greenhouse gas emissions as an output. For instance, PA has
a much greater burden of natural resources as an input than greenhouse gas emissions
as an output, whereas PC has a much greater burden of greenhouse gas emissions as an
output than natural resources as an input. In particular, high-production-volume plastics
(PP, PVC, LDPE, PS, HDPE, PET, and PU) are located above the straight line, highlighting
the importance of considering the burden of natural resources as inputs.

4.3. Plastic Alternative

Public concern about environmental pollution caused by plastic use has grown with an
increase in the use of plastic-free products [69]. These plastic-free initiatives have induced a
transition to plastic alternatives. The environmental impact of alternative single-use plastic
products was analyzed [70].

The transition from plastic to paper, which is an alternative candidate to plastic, has
been seen in various industries. Many supermarkets started trading paper bags, while some
fast-food chains replaced plastic cups with paper cups [71]. However, it remains unclear
whether these transitions are truly more environmentally friendly from the perspectives of
cradle-to-gate resource input and greenhouse gas emissions.
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Studies have compared plastics based on various indicators, including GWP, under
the life cycle notion, especially for shopping bags and straws [72,73]. In these studies,
it was found that the GWP for plastic-based shopping bag production was smaller than
that for paper-based shopping bag production and that for paper-based straw production
was smaller than that for plastic-based straw production. What trends can be observed in
natural resource use?

Thus, in this section, natural resource use and greenhouse gas emissions for the
production of paper- and plastic-based shopping bags and straws are analyzed. It is
assumed that, regarding the shopping bag, the types of plastic and paper are HDPE (11 g),
kraft pulp, and KP (38.42 g) [74], and the types of plastic and paper are PP (0.52 g) and KP
(1.15g) [73].

The TMR and greenhouse gas emissions for plastic- and paper-based shopping bags
and straws are shown in Figure 6. The GWP of paper-based shopping bags was greater than
that of plastic-based bags, which is a similar trend to an existing study, whereas the TMR
of paper-based shopping bags was slightly smaller than that of plastic-based shopping
bags. The GWP of plastic-based straws was slightly greater than that of paper-based
straws, which is also a similar trend to an existing study, whereas the TMR of plastic-based
straws was much greater than that of paper-based straws. In these results, the focus on
GWP without considering the amount of natural resources as an input alone may lead
to a shortsighted analysis when comparing plastics and paper. The relationship between
natural resources as inputs and greenhouse gas emissions as outputs varies by product and
can be applied to plastic alternatives. This implies that not all single-use plastic products
should be replaced by plastic-free products.

Shopping bags 40 200
= =
S 30 - (a) = 150 A (b)
=2 o
oo s
= 220 - = 100 -
e 2
Q 10 1 o 50 -
2 =
0 - 0
Plastic Paper Plastic Paper
Straws 1.2 100
= =
09 | (C) § 7.5 - (d)
o T =
= 206 | = 50 -
o) 2
Qo3 | X 25 -
2 =
0.0 - 0.0
Plastic Paper Plastic Paper

Figure 6. (a) GWP and (b) TMR for plastic- and paper-based shopping bag production, (¢) GWP and
(d) TMR for plastic- and paper-based straws.

4.4. Limitations

Because the system boundary of this study was cradle-to-gate, the focus was only
on virgin plastics, and no attention was paid to recycled plastics. In OECD countries,
which generate almost half of all plastic waste globally, only 9% of plastic waste is actually
recycled. However, the amount of recycled plastic has increased in recent years [75], and
the ease of recycling may vary depending on the type of plastic. The amount of natural
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resources as input for each type of plastic production using secondary materials is the
scope for future work.

Because it was important to use the same inventory data, the division of plastic
types in this study may differ from that of some previous studies. LDPE and LLDPE are
distinguished in some studies [33,76,77], whereas this study does not distinguish both
because of the limitation of the inventory data of IDEA 2.3 applied in this study.

4.5. Summary

Considering the material flow analysis of some countries and regions, we determined
that the quantity of natural resources attributed to plastic production was more than
20 times the original weight. Through the comparison of resource use with greenhouse
gas emissions among 21 types of plastics, plastics with higher GWPs have higher specific
TMRs, which indicates a slightly stronger positive correlation between resource use and
greenhouse gas emissions, whereas the opposite trend was found for some plastics. For
instance, phenol and melamine resins have similar greenhouse gas emissions but more
than two-fold differences in resource intensity. Considering plastic alternatives, we found
that the quantity of natural resources in plastic-based shopping bags was nearly equivalent
to that in paper-based bags, whereas that of plastic-based straws was greater by 1.6 times
that of paper-based.

Focusing only on the direct weight of plastic, without considering the amount of
natural resources as inputs for production, may mislead the decision-making process
regarding plastics. These findings indicate the true burden of natural resource use attributed
to plastic production, which assists in identifying hidden factors that were overlooked in the
current approach and in developing sustainable patterns of production and consumption
of plastics.
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