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Abstract

One application of plastics that grew during the COVID-19 pandemic is for social distancing plastic shields, or protective barriers,
made from polymethyl methacrylate (PMMA) such as transparent face guards. Although available for other applications, end-of-
life impacts for barriers are currently lacking in the literature, and there is a need to fill in this gap to guide decisions. This study
evaluated the end-of-life environmental impacts of PMMA barriers in the United States by using life cycle assessment. We evaluated
five strategies including landfilling, waste-to-energy, mechanical recycling, chemical recycling and reuse. Data were sourced from
literature and various life cycle inventory databases. The Tool for Reduction and Assessment of Chemicals and Other Environmental
Impacts (TRACI) was used as the life cycle impact assessment method. Landfilling exhibited the highest impact in all indicators and
reuse demonstrated optimal results for global warming potential. A scenario analysis was conducted to explore a combination of
strategies, revealing that the most promising approach involved a mix of 40% reuse, 20% mechanical recycling and 40% chemical

recycling. Circular economy recommendations are proposed for managing these sources of plastic waste in the United States.
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Introduction

The global projection indicates an approximate 8% annual
growth in the volume of plastics utilized in commerce (Gibb,
2019). The life-cycle stages of plastics, that is, production, use
and end-of-life (EOL), lead to environmental and human health
impacts from climate change to toxicity (Lau et al., 2020).
Currently, plastic waste management is becoming one of the big-
gest challenges globally, since it is estimated that 79% of all plas-
tics ever produced were discarded in landfills or the natural
environment, 12% were incinerated and only 9% were recycled
(OECD, 2022).

Assessments of waste management systems are needed to
evaluate alternative scenarios and select the best solutions
(Tunesi et al., 2016). In this sense, numerous studies have focused
on quantifying the EOL plastics’ environmental impacts either
with life cycle assessment (LCA) or similar methods, detailed in
Supplemental Table S1. Many studies were based in Europe, for
example, Accorsi et al. (2015) compared landfilling, mechanical
recycling and incineration of polyethylene terephthalate (PET) in
Italy, whereas Jeswani et al. (2021) compared mechanical recy-
cling, chemical recycling and waste-to-energy (WtE) of mixed

plastic waste in Germany. Civancik-Uslu et al. (2021) compared
the same EOL strategies for different plastics in Belgium and
Salemdeeb et al. (2022) compared landfilling, incineration and
mechanical recycling of PET, low-density polyethylene (LDPE),
high-density polyethylene (HDPE) and polypropylene (PP) in
Scotland. Aryan et al. (2021) and Schwarz et al. (2021) compared
EOL environmental impacts in several countries within Europe,
for polylactic acid (PLA) and 25 polymers, respectively.

Outside of Europe, Cosate de Andrade et al. (2016) compared
chemical recycling, mechanical recycling and composting of
PLA in Brazil, Neo et al. (2021) compared mechanical recycling,
co-processing in cement kilns, WtE, landfill, open dumps and
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Figure 1. Social distancing PMMA shields in hotel, office, school and reception.

Source: Adobe Stock Images (standard license).
The widely used face masks are not made of PMMA.

open burning of HDPE, LDPE, PP and PET in India and
Indonesia, and Hossain et al. (2021) compared mechanical recy-
cling, incineration, industrial incineration, construction and land-
fill of mixed plastics waste in Hong Kong. Most LCA studies
based in the United States focused on the packaging sectors,
especially polymers such as PET, LDPE, HDPE, PP (Chaudhari
et al., 2021); HDPE (Gandhi et al., 2021; Zhao and You, 2021);
PET, LDPE and PLA (Hottle et al., 2017). Depending on the con-
text and the impact category, linear or circular EOL strategies
might be recommended by researchers. For instance, Chaudhari
et al. (2021) and Hottle et al. (2017) recommended that recycling
strategies are better for plastics in the United States, whereas
Hossain et al. (2021) find that industrial incineration is preferable
to mechanical recycling of plastics in Hong Kong.

According to Heller et al. (2020), North America has the high-
est plastic consumption rate compared to other regions at 139kg
per capita per year. Specifically, the United States is both the
greatest plastics producer (19% of global production) and con-
sumer (21% of global consumption) (United Nations Environment
Programme, 2018). Concerning the US plastic EOL manage-
ment, 77% was landfilled, 14% was incinerated with energy
recovery and 6% was collected as recyclable in 2015 (Di et al.,
2021). The recycling system in the United States currently faces
challenges such as ‘confusion about what materials can be recy-
cled, recycling infrastructure that has not kept pace with today’s
diverse and changing waste stream, reduced markets for recycled

materials, and varying methodologies to measure recycling sys-
tem performance’ (US EPA, 2021). In late 2021, the US govern-
ment set a new goal to increase recycling by 50% by 2030,
creating the 2021 National Recycling Strategy to pursue that goal
(US EPA, 2021). Circular economy strategies and business mod-
els have been proposed to enhance the circularity of plastics
across spatial scales (Bocken et al., 2016). Discussing the EOL
management of all types of plastics can be overwhelming in a
country such as the United States (Di et al., 2021; Heller et al.,
2020); therefore, selecting a specific case can be beneficial to
understanding specific circular economy strategies.

The COVID-19 (Coronavirus disease 2019, the disease caused
by a virus named SARS-CoV-2) pandemic caused an increase in
plastic consumption globally (Patricio Silva et al., 2021; World
Health Organization, 2022). Even though several types of plas-
tics are used in various personal protective equipment, one appli-
cation that has seen significant growth during the pandemic to
reduce exposure to the virus is the use of ‘protective shields made
from polymethyl methacrylate (PMMA)’, also called ‘acrylic
panels’, ‘plexiglass’ or ‘plastic glass’ (Figure 1) (Grosso, 2022).
Therefore, PMMA was chosen as the focus of this study. PMMA
has better mechanical properties than common plastics such as
abrasion resistance, hardness and stiffness; furthermore, it is one
of the best plastics with optical clarity (Cao et al., 2020).

The global market for PMMA was estimated at 2.6 million
tonnes in 2019 (ICIS, 2020), representing 0.4% of all plastics.
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The United States was chosen for the case study because it rep-
resents one of the biggest PMMA markets in the world with a
15% share (Global Industry Analysis, 2022), and market reve-
nue of approximately US$ 400,000,000.00 in 2015 (Statista,
2021). Signs and displays, automotive and construction indus-
tries represent together more than 60% of PMMA applications in
the United States, but the healthcare equipment category pre-
sents a growing trend in the region (Grand View Research,
2022). While in general, plastics have a potential market growth
rate of 4.5% (Grand View Research, 2021), PMMA presents a
5.3% potential market growth rate (Grand View Research,
2022), showing the importance of this type of resin in markets
that use plastics. Little is known about the volume of PMMA
protective barriers in use since COVID-19 and that may have
been or be discarded in the future.

The World Health Organization only recommended the use
of plastic shields for healthcare and airport contexts (World
Health Organization, 2020); although, the efficacy of using
these shields in preventing COVID-19 exposure has been ques-
tioned in the literature (Lessler et al., 2021; Li et al., 2022).
However, plastic barriers were adopted by many establishments,
such as schools, supermarkets, offices, stores, restaurants, etc.
potentially creating a future waste problem. An estimation for
the production quantity in tonnes of PMMA shields was per-
formed based on the largest producer of PMMA barriers in the
United States (see Supplemental Table S2 for calculation
details), yielding a total of approximately 33,582 tonnes year !,
which are assumed to become waste after the pandemic. While
this quantity represents only 0.1% of all plastics generated in the
municipal solid waste (MSW) stream in the United States,
according to the US EPA (2020b), it is assumed this percentage
will grow given the removal of the COVID-19 barriers.

Only two studies have evaluated the environmental impacts of
PMMA resin (Kikuchi et al., 2014; Mahmud and Farjana, 2021).
Mahmud and Farjana (2021) compared the environmental pro-
files of PET and PMMA but did not include EOL impacts.
Kikuchi et al. (2014) performed an LCA using a Japanese data-
base and life cycle impact assessment (LCIA) method, exploring
different EOL scenarios using two case studies. They concluded
that chemical recycling (i.e. methyl methacrylate (MMA) mono-
mer recycling through pyrolysis) is a promising technology to
manage EOL PMMA waste from not only automotive but also
construction and packaging sectors, given the high efficiency of
the process (70% mass-based recovery with 99.8% purity) and
the high electricity demand for virgin MMA production.

Currently, there are no studies on quantifying the environmen-
tal impacts of different EOL strategies of PMMA protective bar-
riers in the US region. In addition to the increase in the waste, if
left untreated, the potential environmental threats of PMMA
sheets are that with exposure to sunlight radiation, they can be
photodegraded generating CO, emissions (Abouelezz, 1978; Li
et al., 2020). Therefore, this study investigated the following
research question: “What PMMA end-of-life scenario would be
less environmentally impactful in the U.S.?” We aimed to

evaluate the environmental impacts of EOL strategies for PMMA
barriers used during the COVID pandemic using the LCA
approach. Five EOL strategies for PMMA were modelled and
compared, including (i) reuse, (ii) landfilling, (iii) WtE, (iv)
chemical and (v) mechanical recycling. Trade-offs between dif-
ferent impact categories were discussed, and a scenario analysis
was conducted to compare the business-as-usual waste manage-
ment scenario in the United States and other possibilities com-
bining different EOL strategies. The results of this study will aid
decision-makers such as manufacturers, government and waste
managers and other relevant stakeholders such as commercial
establishments and schools on how to treat their PMMA barriers
when they become waste.

Methods

LCA approach, functional unit and system
boundaries

LCA is a technique to assess potential environmental impacts
related to a product’s life cycle, from raw material extraction
through processing, manufacturing, distribution, use and EOL.
LCA’s procedures are outlined in international standards ISO
14040:2006 and ISO 14044:2006 (International Organization for
Standardization, 2006a, 2006b) and include (1) goal and scope
definition — the finality of the study, approach, functional unit
and system boundaries should be defined; (2) inventory analysis
—a collection of data concerning material and energy flows (input
and outputs) of the system; (3) impact assessment — inventory
data is translated into quantified impact assessment, usually with
several impact categories, including climate change and human
health related categories for example and (4) interpretation — a
critical review of results, data uncertainty and sensitivity. LCAs
can also include various boundaries including cradle-to-gate,
cradle-to-grave, gate-to-grave and cradle-to-cradle.

An anticipatory consequential LCA including one recycling
cycle was adopted in this study. Anticipatory LCA does not treat
uncertainty as a model reliability indicator, instead, it uses uncer-
tainty to identify the possible futures in order to prepare for
potential outcomes (Wender et al., 2014). Consequential LCA
means that changes in the technology mix, production level and
production method are going to be used to understand the change
in environmental impact (Bamber et al., 2020; Neo et al., 2021).

The chosen functional unit was 1 MT of PMMA waste, fol-
lowing similar studies (Aryan et al., 2021; Chaudhari et al.,
2021). We assumed a use-to-grave system boundary, including
production (upstream) processes modelled in pertinent EOL
strategies detailed in Supplemental Table S3 and Section ‘Life
cycle inventory: Assumptions and data sources’. Nevertheless,
the upstream processes themselves as well as the use stage and
the collection and sorting of PMMA waste are not included in
this study.

Figure 2 shows the overall system and considerations for EOL
of PMMA barriers with detailed descriptions of each strategy in
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Figure 2. Overall process flow diagram of PMMA barriers.

PMMA: polymethyl methacrylate; MMA: methyl methacrylate; S: strategy; S1: landfill; S2: waste-to-energy; S3: mechanical recycling; S4:

chemical recycling; S5: reuse.

Supplemental Figures S1-S5. The use phase was excluded since
the data for the use of PMMA barriers in the whole United States
is currently unavailable, and we assumed the use phase does not
affect the LCA results of PMMA waste management with differ-
ent EOL alternatives. Similarly, collection and sorting phases of
PMMA waste were also excluded due to the unavailability of
information on PMMA waste in the United States, and it would
not affect LCA results in comparative analysis of different EOL
alternatives, as it is assumed that the same fate will be incurred in
all alternatives.

Life cycle inventory: Assumptions and
data sources

For Strategy 1: Landfill (S1), we used the process for Landfill the
Ecoinvent database for modelling Strategy 1 (landfilling) (see
Supplemental Figure S1). For Strategy 2: Waste-to-Energy (S2),
we modelled WtE based on the European reference Life Cycle
Database (ELCD) database (see Supplemental Figure S2).
Typical WtE plants for the thermal treatment of MSW include an
incineration line with a grate and steam generator. The steam that
is produced is utilized as process-steam and the balance generates
electricity and heat. The electricity generated in the WtE process
could avoid electricity generation from other sources, so we
included the avoided impact using the US electricity mix from
the US Life Cycle Inventory (USLCI) database. The heat gener-
ated was also included (from the Ecoinvent database). Based on

Mukherjee et al. (2020), the United States has 86 WtE facilities,
mainly in New York and Florida states.

Since there is no unit process available in databases that cor-
responds to the mechanical recycling of PMMA resin, we
assumed it to be similar to the mechanical recycling of polysty-
rene based on Kikuchi et al. (2014) for Strategy 3: Mechanical
recycling (S3). In this strategy, the plastic waste is shredded and
then washed, leading to water usage; the plastics are assumed to
be melted and pelletized. For every 1 tonne of PMMA waste,
611kg of recycled plastic pellets are produced while 389kg of
non-recyclable waste is generated (Kikuchi et al., 2014). We
assumed that the recycled pellets displaced the virgin PMMA
pellets to be used to produce PMMA barriers at a substitution
ratio of 1:1 because no blending would be necessary to achieve
similar quality compared to virgin PMMA, which means that if
1tonne of recycled PMMA pellets is used in the production of
PMMA barriers, 1 tonne of virgin PMMA pellets will not be used.
Thus, introducing recycled PMMA pellets into the production of
PMMA barriers resulted in reductions in environmental impacts
for S3 (see Supplemental Figure S3 for details of this process).

For Strategy 4: Chemical recycling (S4), we focused on chemi-
cal recycling which could include several different technologies
depending on the polymer type, for example, depolymerization,
hydrolysis, pyrolysis, etc. (Thiounn and Smith, 2020). We assumed
that the technology for PMMA chemical recycling would be pyrol-
ysis as described by Kikuchi et al. (2014). The pyrolysis process
includes depolymerization, liquid recovery (treatment process for
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Table 1. Scenarios combining EOL strategies (%).

Scenario S1: Landfill S2: WtE S4: Chemical recycling S3: Mechanical recycling S5: Reuse

1 - Current US 75 16 - 9 -

2 100 - - - -

3 - 100 - - -

4 50 50 - - -

5 25 25 - 50 -

6 25 25 25 25 -

7 20 20 20 40 -

8 20 20 40 20 -

9 20 20 20 20 20
10 10 20 30 20 20
11 10 20 20 30 20
12 - 10 30 30 30
13 - - 40 20 40
14 - - 25 50 25
15 - - - - 100

effluent gas from the reactor), purification of the MMA monomer
and heat recovery from the waste (Kikuchi et al., 2014). PMMA is
decomposed by heat into MMA monomer and other secondary
substances. The effluent gas, also called cracking gas, is separated
from the liquid in the liquid recovery system with a temperature
ranging from 350°C to 500°C. The crude MMA monomer is
cooled and condensed before purification. In the purification, the
first distillation column removes chemicals, and the second puri-
fies the MMA monomer. All waste from both liquid recovery and
purification is used as fuel in a heat recovery system (Kikuchi
et al., 2014). The recycled MMA produced avoids the production
of virgin MMA needed for PMMA production. The recovered
monomer has a purity of more than 99% with a recovery ratio of
70% (the mass of the lost input is 30% and is recovered on-site and
used as waste oil for heat utilization). To estimate how much heat
is recovered, we used the energy content of PMMA (26.2MJkg ™)
(De Tommaso and Dubois, 2021). With the 70% recovery ratio and
original input of 1 tonne PMMA, 300kg of PMMA was lost input
from pyrolysis, yielding 7860 M1J of heat. According to Hossain
et al. (2016), the thermal conversion efficiency for coal is 90%
output heat, for PMMA we assumed 90% as well. Therefore, heat
recovered from pyrolysis of 1 tonne of PMMA was estimated to be
7074 M. Here, we modelled two options, heat from natural gas
and from coal as avoided products. Supplemental Figure S4 pre-
sents the chemical recycling process model.

Finally, we also modelled, Strategy 5: Reuse (S5). According to
Muranko et al. (2021), ‘as a circular economy strategy, reuse has
the potential to reduce environmental impacts, such as waste accu-
mulation and pollution to air, water and soil, which is caused by the
intensive mining, manufacture, distribution, consumption, and dis-
posal of materials’. Reuse as an EOL scenario has been included in
LCA studies for beverage cups, diapers, menstrual products, plas-
tic and glass bottles (Muranko et al., 2021). In this strategy, we
assumed the PMMA sheets would be collected at a central location
and then reused. For example, Construction Junction in Pittsburgh
acts as a material bank as they receive and collect used building
materials and repurpose them (Construction Junction, 2022). The

distance between waste generation points and material banks was
assumed to be within a 20-mi radius (for 1tonne of PMMA). We
assumed the cleaning process was similar to washing plastic bot-
tles (Helmes et al., 2022). The reuse efficiency was assumed to be
90% and with 10% landfilled since there might be some cutting/
reconfiguring to adapt to the next cycle. Avoided products included
the PMMA sheets production in a substitution ratio of 1:1. See
Supplemental Figure S5 for more details.

LCIA, uncertainty analysis and EOL
scenario analysis

TRACI 2.1 (Tool for the Reduction and Assessment of Chemical
and Other Environmental Impacts) was used to perform the
LCIA (Bare, 2011), as it is widely used in LCA studies in the
North American context (Adhikari et al., 2023; Li et al., 2020).
The considered impact categories are global warming potential
(GWP), eutrophication, ecotoxicity, acidification, ozone deple-
tion, smog formation, carcinogens, non-carcinogens, respira-
tory effects and fossil fuel depletion.

Uncertainty in background LCI data was analysed via Monte
Carlo simulations (Lloyd and Ries, 2007) by randomly sampling
(1000 trials) from the underlying probability distributions
obtained from the Ecoinvent background database. Results are
shown with error bars representing 95% confidence intervals.
Uncertainty concerning foreground data was not included.

Finally, an EOL scenario analysis was conducted, aiming to
facilitate decision-making. Table 1 presents the scenarios used in
this analysis. Scenario 1, the current US scenario comes from the
EOL management of plastics in MSW from the US EPA (2020a,
2020b). The other 14 scenarios combine the five EOL strategies
in incremental percentages, and the circularity of PMMA would
increase as scenario numbers increase as well. Circularity here
follows the definition from ‘The New Plastics Economy’ (Ellen
MacArthur Foundation, 2016), where reusing is the most circular
option, followed by mechanical recycling which keeps polymers
intact, and chemical recycling which breaks down polymers.
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Figure 3. EOL strategies LCIA results for 1tonne of PMMA waste. Chemical recycling is presented with natural gas or coal
substitution for the heat production of the waste residue from the monomer pyrolysis process. Error bars represent 95%
confidence intervals from the Monte Carlo simulations from Ecoinvent database.

Results and discussion

Environmental profile of PMMA EOL
strategies

Figure 3 presents the LCIA of each EOL strategy for 1 tonne of
PMMA waste, including the 95% confidence interval from the
Monte Carlo simulations. For GWP, Reuse was the most prom-
ising, with impact savings of =7614kg CO,eq. Reuse demon-
strated the greatest decreases in GWP, largely due to the
assumption that no processing is needed, only transport to
reuse material banks. The second most promising was chemi-
cal recycling with coal replacement, showing impact savings
of =5123 kg CO,eq. Landfilling was the only strategy with an
increase in GWP at 88 kg CO,eq. After landfilling, WtE pre-
sented the least savings compared to other strategies, at —615kg
of CO,eq, followed by mechanical recycling, at —4760kg of
CO,eq.

Although Reuse offers the most benefits concerning GWP and
other impact categories such as acidification, smog and fossil
fuel depletion, it is not the best option in terms of carcinogenics,
non-carcinogenics, ecotoxicity, eutrophication, ozone depletion
and respiratory effects. Chemical recycling (with coal substitu-
tion for heat production) presented the best results for these six
categories mentioned.

Kikuchi et al. (2014) also found this for the Japanese case
and explained that PMMA monomer recycling is highly effec-
tive because it recovers only one monomer (MMA) while other
polymers (such as PET) might have more monomers in their
compositions, making it a less energy-intensive process com-
pared to these other polymers. Even so, uncertainty was also the
highest for this strategy in all impact categories, probably
because it involved more processes (electricity, heat, heat from
waste), and these processes presented uncertainty in the back-
ground databases. This might point to the need for more spe-
cific decision-making concerning the location of the facilities
and local context.

Landfilling showed the highest impacts across all categories,
with an increase in impacts. Mechanical recycling also presented
increased impacts in a few categories: ecotoxicity, non-carcino-
genics and eutrophication. WtE had the second-highest impacts
after landfill for some categories, including GWP, acidification,
carcinogenics, respiratory effects, smog, ozone depletion and
fossil fuel depletion.

Comparative analysis for GWP

The climate change-related impact category was chosen to be
further investigated because it is the biggest threat to human
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health (US EPA, 2022). Of all the categories, GWP is the most
studied, and most research has been done in most sectors
(Quevedo-Cascante et al., 2023). Even though the comparison of
LCA studies is not advised since different considerations, system
boundaries, plastic types, geographical locations and LCIA meth-
ods are used, we discuss how the GWP for each EOL strategy
found in literature compares to the results found in this study. A
comparative analysis of GWP as an example with other studies is
shown in Table 2.

For landfilling, the GWP results for plastics other than PMMA
were similar. For WtE, Schwarz et al. (2021) employed a rela-
tively low-efficiency process, resulting in a much higher induced
impact compared to PMMA in our study. In India (Neo et al.,
2021), the results for mixed plastics are more similar to our
results; however, the electricity and heat outputs of those mixed
plastics are much higher (electricity and heat in the order of
5-10MJ kg 1) than what was considered for PMMA in our study
(electricity and heat in the order of 1-3 MJ kg™1).

Also, concerning GWP, the savings are considerably higher
for mechanical recycling due to the consideration of avoided
products produced in the mechanical recycling process (about
—4760kg CO,-eq). Compared to other plastics, such as polyeth-
ylene and PET (Hottle et al., 2017), the production of PMMA
sheets is associated with higher energy consumption and green-
house gas emissions (GHG) emissions than others (Mahmud
and Farjana, 2021). In Schwarz et al. (2021), sorting is not
included but energy recovery of 20% of the material is consid-
ered. Civancik-Uslu et al. (2021) included sorting for the
Belgium case presenting around three times fewer savings for
PP (-1000kg CO,-eq) than in our case study for PMMA
(—4760kg CO,-eq). Including transport or sorting might explain
why savings are less in these cases when compared to our study,
which did not include those processes. The savings were sub-
stantially low for the mixed plastic wastes (e.g. Hossain et al.,
2021; Neo et al., 2021), possibly due to the consideration of
waste transportation, higher energy consumption for sorting,
low energy content and contaminations for mixed ones.

Finally, the process modelling for chemical recycling varies
significantly among studies. In our study, neither sorting nor
transport was included, and all chemical recycling was assumed
to be done in the same location. We assumed the production of
MMA monomer as an avoided product at a ratio of 70% (Kikuchi
et al., 2014). In addition, we included the heat produced from
waste in the pyrolysis to either substitute coal or natural gas. The
results show savings compared to other studies, —5123 (for coal
substitution) and —4370 (for natural gas substitution) kg CO,-eq.
Jeswani et al. (2021) found 700kg CO,-eq of GWP impact con-
sidering pyrolysis for mixed plastics in Germany, including two
by-products: char to substitute lignite in cement kilns and heavy
vacuum residue that replaces fossil-based heavy vacuum residue.
The study also included the transportation to a purification plant,
which might explain the higher induced impact. Aryan et al.
(2021) focused on PLA hydrolysis or alcoholysis by including
transportation, washing agents and energy in the processes. The

results are consistent with our study even though there is still a
great difference in considerations. Civancik-Uslu et al. (2021)
presented an impact of 100kg CO,-eq for the thermochemical
recycling of PP, but they include sorting as well. For Schwarz
et al. (2021), it is not clear whether they included the avoided
product for all monomers produced.

Environmental impacts of PMMA EOL
scenarios

This section describes the environmental benefits of PMMA EOL
scenarios to implement circularities strategies. Therefore, a 15
set of potential alternative scenarios for PMMA management was
developed and compared with the existing scenario. Figure 4
shows the results of the PMMA EOL scenario analysis (refer to
Table 1 for details on each scenario). Upon analysing the results,
two groups of impacts can be observed. Firstly, the six impact
categories (acidification, carcinogenic, fossil fuel depletion,
global warming, respiratory effects and smog formation) showed
increasing benefits as the scenarios become more ‘circular’.
Secondly, four categories (ecotoxicity, eutrophication, non-carci-
nogenic and ozone depletion) showed different patterns, includ-
ing having fewer benefits with the 100% reuse scenario (e.g.
ozone depletion in Scenario 15).

The current U.S. scenario (Scenario 1 — 75% landfill, 16%
WLE and 9% mechanical recycling) showed benefits in the first
group of categories while having an impact in the second group.
It is only better than Scenario 2, which is landfilling all PMMA
waste. However, Scenario 13 (40% reuse, 40% chemical recy-
cling and 20% mechanical recycling) outperforms reusing all
PMMA (Scenario 15), showing the highest impact savings across
all categories. These results are consistent with the previous stud-
ies that apply LCA to plastics EOL, where recycling (chemical or
mechanical) is a preferable EOL solution for reaching a circular
economy because it avoids the impacts of producing new PMMA
barriers from virgin resources (Chaudhari et al., 2021; Hottle
et al., 2017; Kikuchi et al., 2014).

Implementing circular economy into the
plastic sectors in the United States

The current plastics EOL practices should be improved to pro-
mote plastic circular economy strategies in the United States, and
thus systemic changes are needed to reach an ideal scenario.
Based on Figure 3, the least preferable options are Scenarios 1
through 5 (Scenario 1: 75% Landfill, 16% WtE, 9% Mechanical
recycling; Scenario 2: 100% Landfill; Scenario 3: 100% WtE;
Scenario 4: 50% Landfill, 50% W1E; Scenario 5: 25% Landfill,
25% WTE, 50% Mechanical recycling). The most preferable
Scenarios are 13, 12, 14, 15 and 10 (Scenario 13: 40% Chemical
recycling, 20% Mechanical recycling, 40% Reuse; Scenario 12:
10% WHE, 30% Chemical recycling, 30% Mechanical recycling,
30% Reuse; Scenario 14: 25% Chemical recycling, 50%
Mechanical recycling, 25% Reuse; Scenario 15: 100% Reuse;
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Figure 4. Environmental impacts of PMMA EOL scenarios.
See Table 1 for a description of the scenarios.
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Scenario 10: 10% Landfill, 20% WtE, 30% Chemical recycling
and 20% Mechanical recycling, 20% Reuse).

So far, practical directions for implementing circular economy
in the plastic sector have been recommended by several studies
(Di et al., 2021; Geyer et al., 2017; Raoul et al., 2021; Tsiamis
et al., 2018; Wagner and Schlummer, 2020) and organizations
(Ellen MacArthur Foundation, 2016; United Nations Environment
Programme, 2014), including the Draft National Strategy to
Prevent Plastic Pollution (US EPA, 2023). Thus, we have sum-
marized and prioritized some specific directions for the plastic
sector in the United States for the most preferable five scenarios
of PMMA waste management which are shown in Table 3. The
intensity of the measures for adopting circular economy strate-
gies was based on expert opinions and a group discussion to
achieve the aim of particular circular economy strategies towards
sustainable management. The current scenario (Scenario 1) is
shown as a reference.

There is a need to improve asset management and data for
PMMA barriers and other plastics. Secondly, the existing infra-
structure for the collection and sorting of PMMA barriers for
reuse and recycling strategies should be improved at the national
level including with the participation of the general population,
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commercial establishments that make use of PMMA barriers and
recyclers. In this sense, the Japanese case presents a successful
case because of their programme for collecting PMMA from the
country’s automotive, electronics and construction industries
(Kikuchi et al., 2014). Concomitantly, the end markets for reused
and recycled products should be expanded in the country, as
pointed out by Heller et al. (2020). Finally, public policies have a
major role to play in improving plastics EOL and for instance,
taxing the production of virgin plastics feedstocks so that it
becomes more expensive than circular strategies and/or tax
exemptions to circular solutions such as innovative recycling
technologies. Since December 2020, with the Save Our Seas 2.0
Act, the US EPA started coordinating solutions for plastic waste
in the United States and in November 2021, with the Infrastructure
Investment and Jobs Act, funding for the Circular Economy
Strategy Series was secured, including a Plastics National strate-
gic plan to be developed in the next few years (US EPA, 2022).
According to Heiges and O’Neill (2022), there are an additional
19 bills concerning the circular economy for plastics to be evalu-
ated by the US Congress, including, for example, the ‘Zero Waste
Act’, ‘Recycling Infrastructure and Accessibility Act’ and ‘Break
Free From Plastic Pollution Act’.
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Limitations

As LCA is a data-driven method, this study has several limita-
tions. Firstly, due to the lack of plastics EOL data in the United
States, including the use, collection and sorting phases of
PMMA waste was shown to be complicated, and requires fur-
ther investigation in future studies. In addition, foreground sys-
tems were modelled based on secondary data found in literature
globally and do not always portray the reality of technologies
used in the United States. Primary data concerning US-based
companies and technologies for processing EOL plastics could
be collected for future LCAs of PMMA barriers with a focus on
the United States.

Secondly, uncertainty analysis included only background pro-
cesses. Foreground systems used secondary data and sources did
not report any variability or uncertainty in the data. Michiels and
Geeraerd (2020) found that this is the case for most LCA studies
that include uncertainty analysis and pointed out that future stud-
ies would consider each uncertain input parameter and its prob-
ability distributions during the inventory phase.

In addition, impurities in PMMA waste (e.g. nails made from
metals, adhesives, paints, etc.) were not considered in this study.
However, impurities in waste streams play a very important role
in EOL processes. The more impurities there are, the less effi-
cient circular strategies (reuse and recycling) will be, in terms of
how much PMMA can be recovered. Future work should assess
PMMA barriers impurities to investigate their effects on circular
economy strategies. In theory, since their function is to protect
against viruses, they should be disinfected (e.g. autoclaved)
before sending to EOL streams. For this reason, PMMA barriers
waste could be considered part of the healthcare sector waste
stream. Therefore, sorting and cleaning along with transportation
related to PMMA waste collection and recovered materials to
reuse/reprocessing sites should be considered in the future LCA
for completeness and comprehensiveness.

Conclusions

This LCA study was conducted to explore different circularity
strategies for plastic shields used during the COVID-19 pan-
demic in the United States. The environmental impacts of five
different EOL strategies of PMMA barriers were evaluated,
including landfill, WtE, mechanical recycling, chemical recy-
cling (i.e. monomer pyrolysis) and reuse through LCA and a
sensitivity analysis via scenario analysis showed how adopting
diverse combinations of the EOL strategies can change the
LCA impact assessment. We conclude that landfilling is the
least preferred EOL strategy for PMMA barriers, not only
because it was the only EOL strategy that presented induced
impacts, but mostly because there is no avoidance of new
resource production in this linear paradigm. For GWP, Reuse
was the most promising. When considering a/l impact catego-
ries, chemical recycling presented the highest savings when
compared to the other four EOL strategies (landfill, WtE,
mechanical recycling and reuse). The current plastics EOL
practices should be improved to promote plastic circular

economy strategies in the United States. To the best of our
knowledge, this is the first LCA study that considers this set of
EOL strategies focusing on PMMA in the United States. The
limitations and future research directions highlighted in this
study should be considered for a sustainable and circular fate
for plastics in the future.
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