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Background: The outbreak of the COVID-19 pandemic has led to an unprecedented amount of face mask con-
sumption around the world. The increase in face mask consumption has brought focus to their environmental
impact. To keep up with the increased demand for face masks, different variations of reusable face masks such as
the embedded filtration layer (EFL) reusable face mask have emerged in the market. This study quantifies the
environmental impact of the EFL reusable face mask and the single-use surgical face mask.

Methods: The life cycle assessment (LCA) study of the entire value chain from cradle-to-grave is applied to each
face mask. Both face masks are evaluated over 1 functional unit (FU) of 31 12-h days for a single person. The
ReCiPe method with the Hierachist perspective was applied. A total of nine impact categories as well as the
generated waste of each face mask are evaluated.

Results: The results show that for 1 functional unit, the use of single-use surgical face mask and EFL reusable face
mask will contribute 0.580 kg CO2-eq and 0.338 kg CO»-eq to climate change and generate 0.004 kg and 0.0004
kg of waste respectively.

Conclusion: Comparing both face masks, the EFL reusable face mask will have a lower emission of at least 30% in
terms of the generated waste and the impact categories considered, except for water depletion, freshwater
eutrophication, marine eutrophication, and human toxicity.

1. Introduction

Face masks have been worn to curb the spread of infectious diseases,
with the first recorded use of face masks dating back to the late 19th
century (Maclntyre, 2013). They are typically worn by health care
professionals as well as infected individuals to reduce the risk of infec-
tious droplet transfer. In an experiment conducted using a high-speed
camera, it was shown that the transmission of droplets and aerosols
ejected by coughing is significantly lower from subjects wearing a face
mask as compared to those not wearing a face mask (A*STAR, 2020). A
detailed description of how face masks work can be found in (Chua et al.,
2020).

Since the start of the COVID-19 pandemic, there has been an increase

in face mask consumption as the general population is encouraged to
wear a face mask beyond their domestic space. The use of a face mask is
considered by many as an important secondary non-pharmacological
intervention strategy to reduce and prevent community transmission,
with some countries (e.g. Singapore) going as far as issuing a mask
mandate to curb community transmission.

While there is no denying in the importance of face mask usage
during the pandemic, there are concerns on the amount of plastic waste
that will be generated from single-use surgical face mask usage (Klemes
et al., 2020). It was estimated that UK would generate approximately
128,000 t of unrecyclable plastic waste if every single person in the UK
wore a new single-use surgical face mask per day for an entire year
(Allison et al., 2020). In addition, the consumption of face masks also

This study provides a comparison of the environmental impact between single-use surgical face mask and EFL reusable face mask from local production. The study
can be used to provide a more realistic estimation of the environmental impact of face mask usage. For policy makers, these results could be used when deciding on
the choice of face mask for the wider population.This work also fills a gap in existing knowledge regarding the environmental impact of reusable face masks.
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threatens to overload waste treatment facilities. At the peak of the
pandemic, more than 20 cities across China were overloaded with
medical waste, with Wuhan alone producing more than 240 t of medical
waste in one month (Zuo, 2020). To make matters worse, there have
been reports of face masks being found on seabeds and being washed up
on beaches (Edmond, 2020; OceansAsia, 2020). Improper disposal of
face masks into water bodies also threatens to worsen ocean pollution
and marine life (Kassam, 2020).

Despite the potential environmental repercussions, the consumption
of face masks is unlikely to recede in the new norm until a working
vaccine for COVID-19 is formulated and distributed. Therefore, the
general population can explore alternative face mask options that have a
lower environmental impact to help alleviate the environmental burden
of face mask usage. One such option would be the embedded filtration
layer (EFL) reusable face mask (Forever Family, 2020b). This face mask
was developed in Singapore at the start of the pandemic as an alternative
face mask option for the general population to address the shortage of
single-use surgical face masks. The EFL reusable face mask was shown to
have a bacterial filtration efficiency of 95% after 30 washes through a
series of tests conducted by the German testing company TUV Siid in
accordance with ASTM F2101 and EN14683 (Forever Family, 2020b;
Lim, 2020). The certification of EN14683 meant that the EFL reusable
face mask have a performance characteristic comparable with a
single-use surgical face mask as defined by WHO definition for surgical
face mask (World Health Organization, 2020). These EFL reusable face
masks are widely used in Singapore with multiple nationwide distribu-
tions from the Singapore government (Ang, 2020a, 2020b).

Intuitively the use of a reusable device would be naturally thought of
as the greener alternative to the single-use version of the device. How-
ever, this is not always true. Previous studies on reusable and disposable
medical devices have shown that there is no definitive version of a de-
vice that will have a lower environmental impact. The evaluation of
laryngoscopes (Sherman et al., 2018) and laryngeal mask airways
(Eckelman et al., 2012) showed that reusable versions of the same device
have a significantly lower environment impact compared to their
disposable counterparts. Conversely, a study on the surgery instrument
set for spinal fusion surgeries (Leiden et al., 2020) showed that the
disposable surgery instrument set would lead to a lower environmental
impact compared to its reusable counterparts. In the evaluation of the
environmental impact of face mask usage, a University College London
(UCL) study (Allison et al., 2020) showed that depending on the type of
reusable face mask the result can go either way. This study compared the
emissions of single-use face masks with reusable cloth face masks with
and without single-use filters. Among the face masks considered, the
reusable cloth face mask without filters was the most environmentally
friendly option while the reusable cloth face mask with filters was the
least environmentally friendly option. Therefore, it is important for
different types of reusable face masks to be evaluated individually
instead of applying a blanket assumption that all reusable face masks are
environmentally superior over single-use surgical face masks.

With that in mind, this study will assess the emissions and waste
generated from locally produced EFL reusable face masks and single-use
surgical face masks. The study will help establish the environmental
impact of the EFL reusable face masks which to the author’s knowledge
has yet to be published. This study will hence conduct life cycle as-
sessments (LCA) of both face masks from cradle to grave in Singapore to
report the environmental impact of the manufacturing, usage, and
disposal of both face masks. Even though the results are being inter-
preted from the perspective of Singapore, the results are indicative of
what can be done in other parts of the world.

2. Methodology
This paper assesses multiple midpoint environmental impacts as well

as the waste generated from fabrication to disposal of used face masks in
Singapore.
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2.1. Description of face mask

2.1.1. Single-use surgical face mask

The 3-layer single-use surgical face mask is considered in this study.
These single-use surgical face mask are recommended by the authorities
and are widely used in Singapore (Health Sciences Authority, 2020). In
fact, these face mask were distributed to each household at the start of
the pandemic prior to the distribution of the EFL reusable face mask
(Ang, 2020b). The construct of each face mask consists of an aluminum
nose piece, polyurethane earloop, and a composite of melt-blown
polypropylene (PP) sandwiched between a layer of spunbond PP with
a grammage of 25 gsm and 20 gsm respectively.

The single-use surgical face mask is fabricated in a cleanroom class
1000 environment. The production line begins with material feeding
followed by pleat-formation, nose piece insertion, layer bonding, and
lastly earloop welding. Approximately 5% of the face mask is disposed at
the production line for defects. The face mask is then packed manually
into a paper box consisting of 50 face masks. 40 paper boxes are then
packed into a cardboard box.

2.1.2. EFL reusable face mask

The EFL reusable face mask considered in this study has an
embedded filter layer. The face mask consists of a polyurethane earloop
and 3 distinct layers comprising a layer of polyester fabric with a hy-
drophobic coating, a layer of melt-blown PP and polyester fabric with
hydrophobic coating composite, and a layer of polyester fabric.

The fabrication of the EFL reusable face mask comprises cutting,
stacking, die cut, sewing, disinfection, and packing. Each face mask is
packed individually in a paperboard packaging material lined with
aplastic film, with a weight ratio of 5:1. 800 individually packed face
masks would then be packaged into a cardboard box. The EFL reusable
face mask has a lifetime of 30 washes, as recommended by the manu-
facturer (Forever Family, 2020a).

2.2. Goal and scope definition

The goal of the LCA study is to inform policymakers of the envi-
ronmental impact of the use of single-use surgical and EFL reusable face
masks. The reported result could be used to aid policymakers to factor in
sustainability considerations when drafting contingency plans for a
future pandemic. It can also help to guide public messaging.

In this LCA study, the entire value chain from material acquisition to
the end of life (EoL) is considered as shown in Fig. 1. Adhering to the
recommendation, single-use surgical face masks are considered to be
contaminated once worn and should not be reused or recycled
(Confederation of Paper Industries, 2020; Health Sciences Authority,
2020). Despite the availability of face mask recycling facilities such as
those reported in (FRANCE 24, 2020), there are no known facilities in
Singapore that process used face masks. Thus, recycling of face mask will
not be considered in this study. A disposed face mask will be treated as
municipal waste and thus will be incinerated in a waste-to-energy plant
before ending up in the landfill (National Environment Agency, 2020).

For the EFL reusable face mask, the study assumes that the face mask
is washed daily after considering an amalgamation of variables
including recommendations from the manufacturer and health profes-
sional in context of the hot and humid climate of Singapore. With
reference to the manufacturer’s recommendation, this assessment con-
siders that the EFL reusable face mask is washed daily by hand with
room temperature water (Forever Family, 2020c). From Ariel’s guide on
hand washing and the UCL study, approximately 6.24 g of liquid
detergent and approximately 6 1 of water is required in each manual
washing session (Allison et al., 2020; Ariel, 2020). Using a similar
manual washing scenario as the UCL study, it was assumed that the EFL
reusable face mask of an entire household will be washed together
(Allison et al., 2020). Thus, the average washing consumables required
for each EFL reusable face mask will be calculated by normalizing the
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Fig. 1. Process map of a) Single-use surgical face mask b) EFL Reusable face mask.

consumables required per manual washing session by the average size of
the household. With a reported average household size of 3.16 in
Singapore, the washing consumables required for each EFL reusable face
mask is approximately 1.975 g of liquid detergent and 1.899 1 of water
per wash (Singapore Department of Statistics, 2020).

The functional unit (FU) for this study would be the consumption of
face mask by a person in a month (31 days). The duration of face mask
usage per day was assumed to be less than 12 h. For the single-use
surgical face mask, 1 FU would be equivalent to the usage of 31 face
masks. Whereas for the EFL reusable face mask, 1 FU comprises of 1 face
mask and washing consumables sufficient for 30 washes. EoL of the
waste generated in the raw material acquisition stage will not be
included in this study.

2.3. Inventory analysis

The Ecoinvent 3.6 database was used to determine the emission
factors (EF) and waste generated for the LCA study. Published data for
water and electricity emission in Singapore was used with supplemen-
tary data of a comparable system from the Ecoinvent database. Table 1

summarizes the references for each emission source used in the study.

The life cycle inventory data for the fabrication of each face mask is
provided by researchers from the Singapore Institute of Manufacturing
Technology (SIMTech). The consumables and electricity consumption
from the fabrication of the single-use and reusable face masks as well as
the assumptions made regarding the life cycle impact assessment of raw
materials are summarized in appendix A.

2.4. Impact assessment

The goal of the study is to understand the long-term environmental
impact, impact on water bodies, and resource use from face mask con-
sumption. The selected impact categories reflect the environmental is-
sues that were observed from face mask usage discussed in the
introduction. Categories relating to resource use are selected based on
materials required in face mask fabrication and usage. Nine relevant
midpoint impact categories were considered: climate change (CC), fossil
fuel depletion (FD), metal depletion (MD), water depletion (WD),
freshwater ecotoxicity (FET), freshwater eutrophication (FE), marine
ecotoxicity (MET), marine eutrophication (ME), and human toxicity
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Table 1
Source for emissions factors.

Emission Source Emission Factor Reference

Production of polyester fabric fiber: ecoinvent (symeonidis, 2018)
weaving: (symeonidis, 2019)

PP Granulate: Ecoinvent, (Froehlich, 2016)
Electricity, Japan: Ecoinvent (Treyer, 2012)
PP Granulate: Ecoinvent (Froehlich, 2016)
Spun Bond: Ecoinvent (Datta, 2018)
Ecoinvent (Steiner, 2007)

Production of melt-blown PP
Production of spunbond PP

Production of aluminum nose
piece

Production of earloop Spandex foam: Ecoinvent (Hischier, 2007b)

Electricity, China: (Ecoinvent, 2015)

Production of paperboard Ecoinvent (Hischier, 2007¢)

packaging
Production of cardboard Ecoinvent (Brunner, 2015)
packaging
Production of plastic film Ecoinvent (Hischier, 2007a)
packaging
Production of grid electricity Grid Emission Factor (Energy Market Authority
(Singapore) of Singapore, 2019)

Supplementary data from Ecoinvent (Treyer,
2007)

Emissions for tap water: (Hsien et al., 2019)
Supplementary data from Ecoinvent (Dussault,
2013)

Ecoinvent: (FitzGerald, 2007)

Ecoinvent: (Simons, 2010)

Ecoinvent: (Notten, 2018)

Ecoinvent: (Doka, 2013f)

Ecoinvent: (Doka, 2013c)

Ecoinvent: (Doka, 2013d)

Production of water (Singapore)

Production of laundry detergent

Transport of inputs by land

Transport of inputs by sea

Incineration of polyester

Incineration of polypropylene

Incineration of spandex/
polyurethane

Incineration of aluminum

Incineration of paperboard and
cardboard

Incineration of plastic film

Ecoinvent: (Doka, 2013a)
Ecoinvent: (Doka, 2013b)

Ecoinvent: (Doka, 2013e)

(HT). The ReCiPe method with the Hierachist perspective was used as it
consists of the relevant impact categories relevant to the study (Goed-
koop et al., 2009). Besides the nine impact categories listed, waste
generated (W1) will also be computed.

3. Results and discussion
3.1. Emission impact analysis

Table 2 summarizes the emission factor for each impact category, the
waste generated as well as the breakeven point of both face masks. The
breakeven point was calculated by finding the number of days it takes
for the cumulative emission of single-use surgical face masks to surpass
the emission of an EFL reusable face mask over 1 FU. Comparing each
emission factor over 1 FU, the EFL reusable face mask has a lower value
for most of the impact categories except for WD, FE, ME, and HT. When
discussing the breakeven point, the use of the EFL reusable face mask
will not break even for the same 4 categories over 1 FU. EFL reusable
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face mask will never break even when compared with the FE of a single-
use surgical face mask. For WD, ME, and HT, an EFL reusable face mask
will only break even if the same EFL reusable face mask is used for more
than 595, 221, and 86 days respectively exceeding the recommended
lifetime of the EFL reusable face mask.

Based on the emission factor generated from the LCA study, the EFL
reusable face mask is clearly the more environmentally friendly option
compared to the single-use surgical face mask with an emission reduc-
tion of at least 30% for CC, FD, MD, FET, MET, and W1. This reduction is
especially significant when scaled by the face mask consumption of
Singapore’s population.

Fig. 2 provides a breakdown of emissions for each impact category at
each LCA stage for both face masks. Among the impact categories
considered, except for WD and FE, the impact contribution associated
with raw material acquisition has the lion’s share of the cumulative
emission compared to the contribution of other LCA stages, for both face
masks. In the breakdown for WD, raw material acquisition remains as
the main contributor to the overall emission factor of the single-use
surgical face mask. A deviation in this trend was observed for the EFL
reusable face mask where the contribution from its usage and raw ma-
terial acquisition is comparable as shown in Fig. 2d. The high contri-
bution observed in the usage category is expected, as water is discharged
from the washing process as shown in the EFL reusable face mask pro-
cess map.

When discussing the breakdown of FE, the incineration of either face
mask will produce a negative emission value that offsets the cumulative
emissions from the other LCA stages. For the single-use surgical face
mask, the offsets from the incineration happens to be much higher than
the combine emissions from the other stages that it resulted in a net
positive effect on the environmental. The emission value of FE is
calculated by consolidating the amount of phosphate, phosphorus, and
phosphoric acid that is emitted (Bourgault, 2020). The negative emis-
sion value for FE in the EoL could be attributed to the absence of these
substances in most of the material that was incinerated as indicated in
the Ecoinvent database, as well as the presence of substances that aid in
their removal (ecoinvent, 2020).

Fig. 3 describes the contribution of the waste generated from the
production to the usage stage of the LCA as well as the waste generated
at EoL. The waste generated at EoL was not added into the cumulative
waste generated as the incineration process reduces the weight and
volume of the waste generated from production to usage, instead of
producing additional waste (Bridgwater, 1980). Therefore, the waste
generated at EoL is segregated from the waste generated by other life
cycle stages by a red line. The generated waste at EoL can be thought of
as the updated value for the cumulative waste after the incineration
process. Unlike the emission factor described in Fig. 2, the main
contributor to W1, as shown in Fig. 3, is from the usage of the face mask.
The quantity of waste generated in the usage category correlates with
the quantity of material used in the construct and packaging of the face
mask.

The information shown in Figs. 2 and 3 provide a clear breakdown of

Table 2

Emission factor of single-use surgical and EFL reusable face mask over 1 with the number of days for a reusable face mask to breakeven with the single-use face mask.
Impact Category Abbr Units Single-use surgical face mask EFL reusable face mask Breakeven
Climate change CcC kg CO2-eq 0.580 0.338 17 days
Fossil fuel depletion FD kg oil-eq 0.308 0.083 8 days
Metal depletion MD kg Fe-eq 0.045 0.019 13 days
Water depletion WD m® Water eq 0.006 0.116 595 days
Freshwater ecotoxicity FET kg 1,4-DCB-eq 0.033 0.022 20 days
Freshwater eutrophication FE kg P-eq —0.00012 0.00013 2N.A
Marine ecotoxicity MET kg 1,4-DB-eq 0.029 0.014 15 days
Marine eutrophication ME kg N-eq 0.0001 0.0009 221 days
Human toxicity HT kg 1,4-DCB-eq 0.034 0.098 86 days
1Waste Generated w1 kg 0.004 0.0004 3 days

Notes: 1: Waste generated excludes the waste generated from raw material production. 2: Compared with negative value EFL reusable face mask will never breakeven.
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the emissions contribution at each stage of the face mask life cycle.
However, it would be difficult to provide any meaningful suggestion
regarding improving the environmental impact of each face mask based
on this information alone, especially regarding which elements of the
face mask whose improvement will have the greatest overall impact.
This motivates a more detailed analysis to determine environmental
hotspots in the life cycle of each face mask. The breakdown for CC and

W1 could be particularly useful in the context of Singapore, which has a
standing commitment to the Paris agreement and is rapidly running out
of landfill space on its offshore landfill on Semakau island (Low, 2019).
The next section describes the sensitivity analysis on CC and W1.
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Fig. 3. Waste generated from raw material extraction to the end of life. Waste generated at EoL was not added into the cumulative waste generated. Therefore, the
waste generated at EoL is segregated from the other categories by a red line, indicating the updated value for the waste generated after the incineration process.
Disposal of waste generated from the raw material acquisition is not considered for this study and is therefore not included in the figure.

3.2. Sensitivity analysis

The Pareto principle states that 80% of the effect is caused by 20% of
the population. Therefore, elements from the top contributing LCA stage
for CC and W1 will be investigated. There are seven and eight identified
elements in the raw material acquisition stage for the single-use surgical
and EFL reusable face mask respectively, and six elements for the usage
stage for each face mask. Following the Pareto principle, the top two
elements from CC and W1 of each face mask with the highest contri-
bution as shown in Fig. 4 will be investigated.

Fig. 4a shows the breakdown of the contributing elements in the raw
material acquisition stage for CC. For a single-use surgical face mask, the
top two elements were observed to come from the production of

material relating to the construction of the face mask such as spunbond
PP and spandex earloop. For the EFL reusable face mask, the main
contributor to CC was observed to come from the production of deter-
gent and polyester. Fig. 4b provides a detailed breakdown of the
contribution of each element to W1 in the usage stage, this figure can
also be interpreted as the mass composition of each material used in the
fabrication and packaging of each face mask. The main contributor to
W1 for single-use surgical face masks came from the quantity of spun-
bond PP and paperboard used. For the EFL reusable face mask, the main
contributor to W1 came from the quantity of polyester and paperboard
used.

In addition to the four elements identified for each face mask, ele-
ments with comparable contributions as the identified elements will also

a) Breakdown of climate change impact (CC) in raw material acquisation
category by elements
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Fig. 4. Breakdown of the elemental contribution of a) Raw material acquisition category b) Waste generated in the usage category.
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be included in the sensitivity analysis. Therefore, the quantity of card-
board and melt-blown PP used for a single-use surgical face mask and
contribution from water production for an EFL reusable face mask will
also be investigated.

A sensitivity study on the input emission factor was conducted for
elements shortlisted from the raw material acquisition stage of CC. A
sensitivity analysis on the input quantity of materials was also con-
ducted for the elements shortlisted from the usage stage of W1. Variation
in the emission factor value of the material can be thought of as changes
made to the process for the acquisition of the raw material. The variation
in the input quantity of the material can be interpreted as a percentage
reduction in the quantity of material used in the manufactured face
mask.

Fig. 5 compiles the tornado diagram for CC and W1 where the input
value of each element is altered by +£10% from the base value. Results
from elements associated with the change in emission factor were
omitted from the tornado diagram of W1 as they do not alter the waste
generated from production to EoL.

From Fig. 5a, it was observed that the CC emission of the single-use
surgical face mask is most sensitive to the material used in the con-
struction of the face mask whereas the CC emission of the EFL reusable
face mask is most sensitive to the material used in the washing process.
The sensitivity study shows that the CC impact of a single-use surgical
face mask is most sensitive to the quantity of spunbond PP used and the
EF of spunbond production. The EFL reusable face mask is most sensitive
to the EF of detergent production while changes in the quantity of
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polyester used, EF of polyester production, and water production have a
comparable effect on the overall CC impact. This result shows that for
the EFL reusable face mask, emissions associated with the materials
required for the washing process has a larger influence on the face mask
CC impact compared to materials involved in its construct. Consoli-
dating the sensitivity study for CC impact for both face masks, it can be
said that for materials involved in the face mask construction, reducing
the quantity of material used in a face mask would have a larger impact
in reducing the CC, rather than reducing the emission from material
acquisition.

In the tornado diagram for W1, the single-use surgical face mask is
most sensitive to the quantity of spunbond PP used while the EFL
reusable face mask is most sensitive to the quantity of polyester used.
The results reflected in Fig. 5b for both face masks are expected as
spunbond PP and polyester represent the main components in the pro-
duction of the single-use surgical face mask and the EFL reusable face
mask respectively. The sensitivity analysis of CC and W1 show that when
confined within the design parameters of the face mask, efforts directed
towards reducing the emission factor of material acquisition and quan-
tity of the spunbond PP and polyester used would lead to a significant
improvement in environmental impact of each respective face mask.
This insight helps highlight potential areas of improvement such as
material selection, design optimization, or manufacturing improve-
ments that would lead to the largest influence on emission impact of the
current face masks.

Single-use surgical face mask

EFL reusable face mask

a) % change from base value of climate change

% change from base value of climate change

impact (CC) impact (CC)
-10% -5% 0% 5% 10% -10% -5% 0% 5% 10%
Change in the quantity of 5.5% § 5.5% .
spunbond PP used e 27 Change in EF from detergent 4.5% 4.5%
. production ) )
ch n EF f nbond PP W
ange i rom spunbon 37% \\ b 7%
production
i i - N Change in the quantity of
Change in the quantity of melt d8% \ 18% B ot q ) Y 2.8% 2.8%
blown PP used polyester use:
Change in EF from spandex N f—
. -1.7% 1.7%
earloop production Change in EF from polyester
N . -2.5% 2.5%
Change in EF from melt-blown PP textile production
. -1.0% 1.0%
production
Change in EF from plastic film 0.8% 0.8% Change in EF from water e 22%
production production (Singapore) T )
Change in the quantity of o N
cardboard used -0.3% 0.3%
h inth ity of Change in the quantity of 0.1% 0.1%
ange In the quantity of aperboard used - :
paperboard used -0.3% 0.3% pap
b) % change from base value of generated % change from base value of gnerated

waste (W1)
3% 2% 1% 0% 1% 2% 3%

Change in the quantity of
-1.4%
spunbond PP used
Change in the quantity of melt-
blown PP used
Change in the quantity of
paperboard used
Change in the quantity of
cardboard used

waste (W1)

-15% -10% 5% 0% 5% 10% 15%

Change in the quantity of

-8.0% 8.0%
polyester used

Change in the quantity of

-0.99 o
paperboard used 0.9% 0.9%

Fig. 5. Compilation of tornado diagram percentage change from base value for a) climate change (CC) impact and b) waste generated (W1) for both face mask when
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3.3. Monte-Carlo analysis

This section evaluates the reliability of the emission values summa-
rized in Table 2 by applying Monte-Carlo simulations from the Bright-
way2 framework (Steubing et al., 2020). The analysis of W1 will be
omitted due to the absence of uncertainty data. It should also be noted
that for emission values that are supplemented by localized values, such
as the CC values from the production of grid electricity (Singapore) and
the CC, FD, HT, and WD values from the production of water
(Singapore), a deterministic value will be applied for their respective
contributions in the Monte Carlo simulation.

The distribution of the Monte Carlo analysis for the single-use sur-
gical face mask and EFL reusable face mask is shown in Figs. 6 and 7
respectively. In addition, key values from the Monte Carlo simulations
such as the minimum, lower quartile, median, upper quartile, and
maximum values can be found in Appendix B2. From the distribution of
the Monte Carlo analysis, it was observed that the calculated emissions
(from Table 2) fall below the lower quartile of the analysis. One possible
explanation for the observation could be attributed to the lognormal
uncertainty distribution provided by the Ecoinvent database.

The Monte Carlo distribution was then evaluated through the
application of the t-test. The t-test is used to determine if the mean of
reusable and single-use surgical face mask Monte Carlo distributions is
significantly different by comparing the calculated p-value with a pre-
defined significance level. In the evaluation of both face mask Monte
Carlo distribution for each impact category, the p-value for two-tail test
is computed and compared against a predefined significance level of
0.05. A p-value below 0.05 would suggest the rejection of the null hy-
pothesis which states that the mean of both distributions is equal. In the
context of this paper, the rejection of the null hypothesis would bolster
the credibility of the observation made for each impact category as it
rejects the notion that the mean of the distributions is similar despite
proximity in their values. The p-values for the two-tailed form of the t-
test for all the nine impact categories produces values that are below the
predefined significance level of 0.05. Compilation of the t-test results
can be found in Appendix B3. For the calculated variance, it was
observed that the variance for the HT of single-use surgical face mask is
higher than its mean value. Thus, there exist a scenario where the HT of
the single-use surgical face mask is higher than the HT of EFL reusable
face mask. Comparing the mean for both face mask, EFL reusable face
masks will have a lower emission for CC, FD, MD, FET, and MET while
the single-use surgical face mask has a lower emission for WD, FE, HT,
and ME compared to the opposing mask. This observation is similar to

cC FD MD wD

0.0% - 0.0%—

0% L
3 4 [ 1
kg oil-Eq le-1 kg Fe-Eq

3 [N IR 11 3
kg CO2-Eq le-1 Le- m3 water-, 1e-2

FET FE

[ .
kg 1,4-0C. 1e-1

Resources, Conservation & Recycling 170 (2021) 105580

those made in Section 3.1.

3.4. Scenario analysis

This section explores the changes in the emission factor that arise
from alternative scenarios that deviate from the base case. The scenarios
considered describe different face mask usage habits and waste treat-
ment processes. To facilitate subsequent discussion, the label used for
each scenario will be tagged with either D (disposable) or R (reusable) to
describe the scenario of single-use surgical and EFL reusable face masks
respectively.

Scenario 1 describes the use of face mask by users with a heightened
hygiene protocol. In this scenario each face mask will not be worn for
more than 6 h (Toomey et al., 2020). Under this setting, the quantity of
single-use surgical face masks used per functional unit will be doubled
under the assumption of 12-h of face mask consumption per day (Sce-
nario 1D). For the EFL reusable face mask the number of face mask used
will be increase to two per day (Scenario 1R). 2 different sub-scenario
will be investigated, in the first scenario the amount of washing con-
sumables used per functional unit will be the same as the base case under
the assumption that the face mask will be washed together (Scenario
1Ra). In the second sub-scenario, the amount of washing consumables
used per functional unit will also be doubled assuming the face mask are
washed separately (Scenario 1Rb).

Scenario 2 describes the use of face masks by users that spend most of
their time in the domestic space. Thus, the time spent wearing a face
mask per day is limited. These users are inclined to employ a face mask
hygiene protocol that is less stringent compared to the recommended
protocol employed in the base case. In this scenario, each single-use
surgical face mask is used for 2 days (Scenario 2D) and each EFL reus-
able face mask will be washed once every 2 days (Scenario 2R). This
meant that for the same quantity of face mask and consumables used in
the base case, the period of usage will be doubled to 62 days. To ensure a
fair comparison between the scenarios, the calculated values for each
impact category in scenario 2 is normalized and scaled to 31 days (1 FU).

Scenario 3 describes the omission of the incineration process in the
EoL of the face mask. In this scenario, waste generated from face mask
consumption will be sent directly to the landfill. Scenario 4 describes the
use of washing machine instead of handwashing in the cleaning of the
EFL reusable face mask. Since the washing of face mask is unique to the
EFL reusable face mask, this scenario is omitted for the single-use sur-
gical face mask.

Table 3 is a compilation of CC and W1 values of the described
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Fig. 6. Distribution of single-use surgical face mask Monte-Carlo analysis (10,000 iterations).
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Fig. 7. Distribution of EFL reusable face mask Monte-Carlo analysis (10,000 iterations).

Table 3

Compilation of climate change (CC) impact and waste generated (W1) values of the base case and described scenarios. Ap% describe difference in the value of the
scenario examined with respect to the single-use surgical face mask base case scenario. Ag% describe difference in the value of the scenario examined with respect to

the EFL reusable face mask base case scenario.

Climate change, kg CO5-eq

Waste Generated, kg

Single-use surgical face mask scenario

EF Value Ap%

Base case scenario 0.580 0%

Scenario 1D 1.159 +100%
(Heightened hygiene protocol)

Scenario 2D 0.290 —50%
(Reduced hygiene protocol)

Scenario 3D 0.536 —8%
(Direct landfilling of waste)

EFL reusable face mask scenario

EF Value Ap%

Base case scenario 0.338 —41%

Scenario 1Ra 0.451 —22%
(Heightened hygiene protocol, wash together)

Scenario 1Rb 0.676 +17%
(Heightened hygiene protocol, wash separately)

Scenario 2R 0.169 —-71%
(Reduced hygiene protocol)

Scenario 3R 0.336 —42%
(Direct landfilling of waste)

Scenario 4R 0.115 —80%

Ar% Value Ap% Ap%
+72% 0.004 0% +905%
+243% 0.008 +100% +1911%
~14% 0.002 —50% +403%
+59% 0.161 +3885% +39,971%
Ar% Value Ap% Ar%

0% 0.0004 —90% 0%
+33% 0.0008 —80% +100%
+100% 0.0008 —80% +100%
—~50% 0.0002 —95% —~50%
1% 0.0311 +668% +7618%
—66% 0.0004 —90% 0%

(Washing Machine)

scenarios for both face masks and their respective deviation from the
base case, expressed in percentage change. Compared with the base case
scenario for the single-use surgical face mask, scenario 1D and 2D will
see a difference of +100% and —50% from the base value respectively
for both CC and W1. This result is expected as Scenario 1D and 2D depict
half and double the quantity of single-use surgical face mask used
respectively, which translate to a proportional change to the material
input and their corresponding output emissions.

For the EFL reusable face mask, there is a difference of +100% for
both CC and W1 from the base value for scenario 1Rb. This change is
expected as the scenario is essentially describing the doubling of all
inputs from the base case. For scenario 1Ra, there is a difference of
+33% and +100% for the CC and W1 from the base value. The change in
CC from the base value for scenario 1Ra is lower than the change
observed in scenario 1Rb since only the quantity of face mask is doubled
while the quantity of washing consumables required remains the same
as the base case for scenario 1Ra. In scenario 2R, there is a change of
—50% in the value for CC and W1 compared with the base case. The

observation for scenario 2R reflects the scenario setting where the
duration of usage is doubled to 62 days. Thus, over the defined 1
functional unit of 31 days the cumulative emission is halved.

Similar to the base case, the EFL reusable face mask will have a lower
CC and W1 value in scenario 1 and 2 compared to the same scenario for
single-use surgical face mask. From the analysis of the deviation in cu-
mulative emission for different base case, scenario 2D has a lower CC of
14% compared to the CC value of the EFL reusable face mask base case.
For the EFL reusable face mask, the CC value of scenario 1 Ra and sce-
nario 1Rb will have a difference of —22% and +17% compared to the
base case of the single-use surgical face mask.

In scenario 3R and 3D, there is a difference of +3885% and +7618%
in W1 and a change of —8% and —1% in the CC value from their
respective base case values. As described previously, the incineration of
waste material reduces the weight and volume of the waste, thus its
omission will result in a significant increase in W1 as shown in scenario
3R and 3D (Bridgwater, 1980). Beyond comparing against their
respective base case value, scenario 3 quantifies the amount of waste
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that will be generated per face mask for countries that rely on direct
landfilling. In these countries, the use of EFL reusable face mask would
be more beneficial to the local environment compared to the use of
single-use surgical face mask, as less waste will be discharged into the
environment.

The application of scenario 4R results in a decrease of 66% in CC
value compared with the EFL reusable face mask case. The decrease in
CC value can be attributed to the decrease in washing consumables used.
Washing consumables required in this scenario are scaled to the weight
of the face mask from the total amount of detergent and water required
for a full load of the washing machine. This produces a quantity of
washing consumables that is much lower than the quantity of the
washing consumables described in the base case.

In addition to CC and W1, the scenario analysis of other impact
categories can be found in appendix D. Within the same scenario setting,
the value of both face masks for the other impact categories exhibits a
largely similar trend as those reported in Table 2. Deviation from the
trend of Table 2 was observed for the FE and HT of scenario 3. The
omission of the incineration process from the cumulative emission value
allows the EFL reusable face mask to have a lower value than the single-
use surgical face mask for FE and HT. This is also observed in Fig. 2,
whereby the EFL reusable face mask is shown to have a lower emission
value compared to the single-use surgical face mask for both impact
categories in every LCA stage except for the EoL stage. When evaluating
scenario 4R and the single-use surgical face mask base case, scenario 4R
has a lower cumulative emission value for 9 impact categories. This
deviates from Table 2, which shows that the use of the EFL reusable face
mask is advantageous over single-use surgical face mask in 6 impact
categories. The additional impact categories that scenario 4R out-
performs the single-use surgical face mask are HT, ME, and WD. These
impact categories registered a lower cumulative emission value due to
the reduction in washing consumables required as describe by scenario
4R.

4. Conclusion

Living in a pandemic, the use of face mask by the wider population
not only plays an essential role in curbing infected individuals from
spreading the virus, but also reduces the chance of healthy individuals
from getting infected. While there is no denying of the importance of
face mask usage, we need to be aware of the environmental impact from
the increase in face mask consumption. In this study, we developed and
compared the LCAs of single-use surgical face mask and EFL reusable
face mask manufactured and used in Singapore.

The results from the LCA of both face masks show that the use of the
EFL reusable face mask will generate less waste and have a lower impact
of at least 30% among the impact categories considered compared to the
use of single-use surgical face mask except for FE, ME, WD, and HT. An
analysis of the contribution at each life cycle stage concludes that
emission occurs predominantly at the raw material acquisition stage of
the LCA for most of the impact categories of both face masks with the
exception being the WD for EFL reusable face mask and FE of a single-
use surgical face mask. In addition, if incineration is included in the
LCA EoL stage the use of a single-use surgical face mask will lead to a net
positive FE. In the analysis of W1, the usage stage in the LCA was
identified as the main contributor to cumulative waste.

To address the presence of uncertainty, Monte Carlo analysis was
performed on the calculated values. The analysis of the Monte Carlo
distribution through the application of t-test verify that the mean of both
distributions is not equal. The mean from the Monte Carlo distribution
shared the same conclusion as those made with the calculated values.
The EFL reusable facemask will have a lower emission for CC, FD, MD,
FET, and MET while the single-use surgical face mask has a lower
emission for WD, FE, HT, and ME compared to the opposing face mask.

In the sensitivity analysis, the input emission factor and the quantity
of material used of selected elements were varied by £10% from the
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base value to determine the emission hotspots for each face mask. The
analysis done on the input emission factor for raw material acquisition
identify areas where improvement in the raw material acquisition pro-
cess would have the largest impact on the cumulative emission of the
face mask. Simultaneously, the analysis of the input quantity of mate-
rials identifies material inputs that have the greatest impact on the face
mask cumulative emission. Using the Pareto principle as a jump-off
point a total of eight and five elements were identified for the sensi-
tivity analysis of the single-use surgical and EFL reusable face mask
respectively. Among the element investigated for the single-use surgical
face mask, modulating the quantity of spunbond PP required in the
fabrication of the face mask was found to have the largest impact on its
CC and W1. The EFL reusable face mask is most sensitive to the EF from
detergent production for CC and quantity of polyester used for W1. The
analysis also shows that emission factors associated with the washing
process have a more significant impact on the CC of the EFL reusable
face mask compared to the other elements. From the observation made
in the sensitivity analysis, it can be concluded that changes made to the
EF of material acquisition and quantity of the main material used would
have a significant impact on the environmental impact of both face
mask. For the EFL reusable face mask, reducing the EF associated with
the production of detergent and water will also lead to significant im-
provements in its CC value. Hence, reducing detergent usage or the use
of more sustainable detergent in washing reusable masks can be incor-
porated into public messaging.

For the scenario analysis, three different scenarios were considered
for both face masks. Scenarios 1 and 2 discuss the face mask usage habits
of an individual with a heightened and reduce hygiene protocol
respectively. Scenario 3 describes a scenario where the country employs
direct landfilling in its waste management system. Across all three sce-
narios, the EFL reusable face mask continues to be a greener option with
comparatively lower CC and W1 value over single-use surgical face
mask. The analysis shows that in scenario 1D and 2D, the quantity of
single-use surgical face masks used is directly proportional to the change
reflected in CC and W1. This meant that in scenario 1D and 2D there will
be an observed change of +100% and —50% respectively for both CC
and W1 from their base. For the EFL reusable face mask, the CC and W1
value of scenario 1Ra will be increase by +33% and +100% respectively
from the base value. The emission of scenario 1Rb for CC and W1 will be
changed by +100% from the base value. For scenario 2R, both CC and
W1 will be changed by —50% from their base value. In scenario 3, the
absence of the incineration process in the EoL of the LCA result in a
significant increase in W1 of +3885% and +7618% for single-use sur-
gical and EFL reusable face masks respectively. The analysis in scenario
1 and 2 provide an alternative set of results for policymakers to consider
when the face mask usage habits deviate from the recommendation.
Scenario 3 provides the alternative CC and W1 value that can be ex-
pected from countries that omit incineration in its waste treatment.
Besides the 3 scenarios, a fourth scenario exploring the use of washing
machines in place of hand washing was applied to the EFL reusable face
mask. From the analysis, scenario 4R will have a lower CC of 66%
compared to the EFL reusable face mask base case. The decrease in CC
value is attributed to the decrease in washing consumables required in
scenario 4R.

In summary, the study quantifies the environmental impact of locally
manufactured single-use surgical and EFL reusable face mask over 1
functional unit. From the LCA study of both face masks, the EFL reusable
face mask was found to have a lower emission for most of the impact
categories considered. Therefore, to mitigate the environmental impact
of mass face mask consumption by the wider population, EFL reusable
face mask should be recommended. This recommendation will not only
alleviate the environmental impact of face mask usage but also increase
the availability of personal protective equipment. The EFL reusable face
mask contains less polypropylene per face mask compared to the single-
use surgical face mask and this difference becomes larger over the entire
lifetime of the EFL reusable face mask. The reduction in polypropylene
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usage per face mask frees polypropylene as a resource for the fabrication
of more personal protective equipment. This would address the shortage
in personal protective equipment for healthcare workers at the start of
the COVID-19 pandemic, caused by public demand for personal pro-
tective equipment such as face masks for personal usage.

Beyond recommending a face mask with lower environment impact,
this study identifies emission hotspots in each face mask which would
greatly reduce the emission impact of face mask consumption. This can
be used as a guide in directing research efforts or ecodesign improve-
ments for future face mask designs. It should be noted while this study
does not discuss about the durability and functionality of the material
involve, these attributes should not be undermined to reduce the envi-
ronmental impact of the face mask. The LCA results can also be modified
to represent emissions from different countries by modifying the trans-
portation stage of the LCA and selecting scenario 3 for the EoL stage of
the LCA depending on the country’s waste management system.

COVID-19 will eventually subside; however, this is not a one-off
occurrence, a new pandemic will eventually emerge. Even though
environmental impacts associated with face masks are unavoidable,
there are options available that can keep the impact to a minimum. The
results presented in this study can serve as a guide to policymakers to
consider the environmental impact in their decisions and help guide
public messaging involving the choice of face mask and its usage.

CRediT authorship contribution statement

Amos Wei Lun Lee: Software, Methodology, Formal analysis,
Writing — original draft, Writing — review & editing. Edward Ren Kai
Neo: Software, Methodology, Writing — review & editing. Zi-Yu Khoo:
Methodology, Writing — review & editing. Zhiquan Yeo: Supervision,
Writing — review & editing. Yee Shee Tan: Supervision, Writing — re-
view & editing. Shuyun Chng: Resources, Investigation. Wenjin Yan:
Resources, Investigation. Boon Keng Lok: Resources, Investigation.
Jonathan Sze Choong Low: Supervision, Methodology, Writing — re-
view & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We would like to thank colleagues from SIMTech as well as Ramatex
for providing us with the life cycle inventory data for the fabrication of
the single-use surgical face mask and EFL reusable face mask.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.resconrec.2021.105580.

Reference

*A*STAR. (2020). WHY IS IT IMPORTANT TO WEAR A MASK TO PREVENT THE
SPREAD OF COVID-19? Retrieved from https://www.a-star.edu.sg/News-and-Event
s/a-star-news/covid-19/news/covid-19/why-is-it-important-to-wear-a-mask-to-pre
vent-the-spread-of-covid-19.

Allison, A.L., Ambrose-Dempster, E., Domenech Aparsi, T., Bawn, M., Casas Arredondo,
M., Chau, C., . .. Ward, J. (2020). The environmental dangers of employing single-
use face masks as part of a COVID-19 exit strategy. UCL Open: Environment Preprint.
doi:10.14324/111.444/000031.v1.

Ang, H.M. (2020a). NDP Singapore Together Pack to Contain 12 Items Including Hand
sanitisers, thermometer, Face mask, Flags. Retrieved from https://www.channeln
ewsasia.com/news/singapore/ndp-fun-pack-hand-sanitisers-thermometer-face-mask
-12806874.

11

Resources, Conservation & Recycling 170 (2021) 105580

Ang, H.M. (2020b). Singapore to Distribute ‘better’ Reusable Face Masks to Households.
Retrieved from https://www.channelnewsasia.com/news/singapore/covid-19-s
urgical-mask-production-reusable-masks-distributed-12706980.

Ariel. (2020). How to use and dose Ariel Liquid Detergent. Retrieved from https://www.
ariel.co.uk/en-gb/how-to-wash/how-to-dose/how-to-use-and-dose-ariel-liquid-det
ergent.

Bourgault, G. (2020). Implementation of impact assessment methods in the ecoinvent
database version 3.7.

Bridgwater, A.V., 1980. Waste incineration and pyrolysis. Resour. Recov. Conserv. 5 (1),
99-115. https://doi.org/10.1016/0304-3967(80)90025-6.

Brunner, F. (2015). Containerboard production, linerboard, kraftliner, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6.

... Chua, M.H., Cheng, W., Goh, S.S., Kong, J., Li, B., Lim, J.Y.C., Loh, X.J., 2020. Face
masks in the new COVID-19 normal: materials, testing, and perspectives Research
2020, 7286735 https://doi.org/10.34133/2020/7286735.

Confederation of Paper Industries. (2020). CPI Urges the Public not to Dispose of PPE in
Recycling. Retrieved from https://www.paper.org.uk/CPI/Content/News/Press-
Releases/2020/CPI-Urges-the-Public-not-to-Dispose-of-PPE-in-Recycling.aspx.

Datta, A. (2018). Textile production, non woven polypropylene, spun bond, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6.

Doka, G. (2013a). Treatment of scrap aluminium, municipal incineration, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6. Retrieved
2020, August 14.

Doka, G. (2013b). Treatment of waste paperboard, municipal incineration, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6. Retrieved
2020, August 14.

Doka, G. (2013c). Treatment of waste polypropylene, municipal incineration, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6. Retrieved
2020, August 14.

Doka, G. (2013d). Treatment of waste polyurethane, municipal incineration, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6. Retrieved
2020, August 14.

Doka, G. (2013e). Treatment of waste sealing sheet, polyethylene, municipal
incineration, RoW, substitution, consequential, long-term, ecoinvent database
version 3.6. Retrieved 2020, August 14.

Doka, G. (2013f). Treatment of waste textile, soiled, municipal incineration, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6. Retrieved
2020, August 14.

Dussault, M. (2013). Tap water production, seawater reverse osmosis, ultrafiltration
pretreatment, enhance module, two stages, GLO, substitution, consequential, long-
term, ecoinvent database version 3.6.

Eckelman, M., Mosher, M., Gonzalez, A., Sherman, J., 2012. Comparative life cycle
assessment of disposable and reusable laryngeal mask airways. Anesth Analg 114
(5), 1067-1072. https://doi.org/10.1213/ANE.0b013e31824f6959.

Ecoinvent. (2015). Market group for electricity, low voltage, CN, substitution,
consequential, long-term, ecoinvent database version 3.6. Retrieved 2020, August
14.

Ecoinvent. (2020). Why is the LCIA score of a certain product negative? Retrieved from
https://www.ecoinvent.org/support/fags/methodology-of-ecoinvent-3/why-is-the-1
cia-score-of-a-certain-product-negative.html?most.

Edmond, C. (2020). How Face masks, Gloves and Other Coronavirus Waste is Polluting
Our Ocean. Retrieved from https://www.weforum.org/agenda/2020/06/ppe-masks
-gloves-coronavirus-ocean-pollution/.

Energy Market Authority of Singapore. (2019). Electricity Grid Emissions Factors and
Upstream Fugitive Methane Emission Factor. Retrieved from https://www.ema.gov.
sg/cmsmedia/Publications_and_Statistics/Statistics/18RSU.pdf.

FitzGerald, D. (2007). Soap production, RoW, substitution, consequential, long-term,
ecoinvent database version 3.6. Retrieved 2020, August 14.

Forever Family. (2020a). FAQ. Retrieved from https://www.foreverfamily.com.sg/
pages/faq.

Forever Family. (2020b). Home. Retrieved from https://www.foreverfamily.com.sg/.

Forever Family. (2020c). How to Wash: 6 Easy Steps to Wash Your Mask. Retrieved from
https://www.foreverfamily.com.sg/pages/how-to-wash.

FRANCE 24. (2020). Face Mask recycling: French firm Finds Way to Re-Use Covid waste.
Retrieved from https://www.france24.com/en/20200827-face-mask-recycling-fren
ch-firm-finds-way-to-re-use-covid-waste.

Froehlich, T. (2016). Polypropylene production, granulate, RoW, substitution,
consequential, long-term, ecoinvent database version 3.6. Retrieved 2020, August
14.

Goedkoop, M., Heijungs, R., Huijbregts, M., Schryver, A., Struijs, J., & Zelm, R. (2009).
ReCiPe 2008. Retrieved from https://www.researchgate.net/profile/Mark_
Goedkoop/publication/230770853_Recipe_2008/links/09e4150dc068
ff22e9000000.pdf.

Health Sciences Authority. (2020). Guide to masks and respirators. Retrieved from
https://www.hsa.gov.sg/consumer-safety/articles/guide-to-masks-and-respirators.

Hischier, R. (2007a). Packaging film production, low density polyethylene, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6. Retrieved
2020, August 14.

Hischier, R. (2007b). Polyurethane production, flexible foam, RoW, substitution,
consequential, long-term, ecoinvent database version 3.6. Retrieved 2020, August
14.

Hischier, R. (2007¢). Solid bleached board production, RoW, substitution, consequential,
long-term, ecoinvent database version 3.6. Retrieved 2020, August 14.

Hsien, C., Choong Low, J.S., Chan Fuchen, S., Han, T.W., 2019. Life cycle assessment of
water supply in Singapore — a water-scarce urban city with multiple water sources.



https://doi.org/10.1016/j.resconrec.2021.105580
https://www.a-star.edu.sg/News-and-Events/a-star-news/covid-19/news/covid-19/why-is-it-important-to-wear-a-mask-to-prevent-the-spread-of-covid-19
https://www.a-star.edu.sg/News-and-Events/a-star-news/covid-19/news/covid-19/why-is-it-important-to-wear-a-mask-to-prevent-the-spread-of-covid-19
https://www.a-star.edu.sg/News-and-Events/a-star-news/covid-19/news/covid-19/why-is-it-important-to-wear-a-mask-to-prevent-the-spread-of-covid-19
https://www.channelnewsasia.com/news/singapore/ndp-fun-pack-hand-sanitisers-thermometer-face-mask-12806874
https://www.channelnewsasia.com/news/singapore/ndp-fun-pack-hand-sanitisers-thermometer-face-mask-12806874
https://www.channelnewsasia.com/news/singapore/ndp-fun-pack-hand-sanitisers-thermometer-face-mask-12806874
https://www.channelnewsasia.com/news/singapore/covid-19-surgical-mask-production-reusable-masks-distributed-12706980
https://www.channelnewsasia.com/news/singapore/covid-19-surgical-mask-production-reusable-masks-distributed-12706980
https://www.ariel.co.uk/en-gb/how-to-wash/how-to-dose/how-to-use-and-dose-ariel-liquid-detergent
https://www.ariel.co.uk/en-gb/how-to-wash/how-to-dose/how-to-use-and-dose-ariel-liquid-detergent
https://www.ariel.co.uk/en-gb/how-to-wash/how-to-dose/how-to-use-and-dose-ariel-liquid-detergent
https://doi.org/10.1016/0304-3967(80)90025-6
https://doi.org/10.34133/2020/7286735
https://www.paper.org.uk/CPI/Content/News/Press-Releases/2020/CPI-Urges-the-Public-not-to-Dispose-of-PPE-in-Recycling.aspx
https://www.paper.org.uk/CPI/Content/News/Press-Releases/2020/CPI-Urges-the-Public-not-to-Dispose-of-PPE-in-Recycling.aspx
https://doi.org/10.1213/ANE.0b013e31824f6959
https://www.ecoinvent.org/support/faqs/methodology-of-ecoinvent-3/why-is-the-lcia-score-of-a-certain-product-negative.html?most
https://www.ecoinvent.org/support/faqs/methodology-of-ecoinvent-3/why-is-the-lcia-score-of-a-certain-product-negative.html?most
https://www.weforum.org/agenda/2020/06/ppe-masks-gloves-coronavirus-ocean-pollution/
https://www.weforum.org/agenda/2020/06/ppe-masks-gloves-coronavirus-ocean-pollution/
https://www.ema.gov.sg/cmsmedia/Publications_and_Statistics/Statistics/18RSU.pdf
https://www.ema.gov.sg/cmsmedia/Publications_and_Statistics/Statistics/18RSU.pdf
https://www.foreverfamily.com.sg/pages/faq
https://www.foreverfamily.com.sg/pages/faq
https://www.foreverfamily.com.sg/
https://www.foreverfamily.com.sg/pages/how-to-wash
https://www.france24.com/en/20200827-face-mask-recycling-french-firm-finds-way-to-re-use-covid-waste
https://www.france24.com/en/20200827-face-mask-recycling-french-firm-finds-way-to-re-use-covid-waste
https://www.researchgate.net/profile/Mark_Goedkoop/publication/230770853_Recipe_2008/links/09e4150dc068ff22e9000000.pdf
https://www.researchgate.net/profile/Mark_Goedkoop/publication/230770853_Recipe_2008/links/09e4150dc068ff22e9000000.pdf
https://www.researchgate.net/profile/Mark_Goedkoop/publication/230770853_Recipe_2008/links/09e4150dc068ff22e9000000.pdf
https://www.hsa.gov.sg/consumer-safety/articles/guide-to-masks-and-respirators

A W.L. Lee et al.

Resour. Conserv. Recycl. 151, 104476 https://doi.org/10.1016/j.
resconrec.2019.104476.

Kassam, A. (2020). 'More Masks Than jellyfish’: Coronavirus Waste Ends Up in Ocean.
Retrieved from https://www.theguardian.com/environment/2020/jun/08/more-m
asks-than-jellyfish-coronavirus-waste-ends-up-in-ocean.

Klemes, J.J., Fan, Y.V., Tan, R.R., Jiang, P., 2020. Minimising the present and future
plastic waste, energy and environmental footprints related to COVID-19. Renew.
Sustain. Energy Rev. 127, 109883 https://doi.org/10.1016/j.rser.2020.109883.

Leiden, A., Cerdas, F., Noriega, D., Beyerlein, J., Herrmann, C., 2020. Life cycle
assessment of a disposable and a reusable surgery instrument set for spinal fusion
surgeries. Resour. Conserv. Recycl. 156, 104704 https://doi.org/10.1016/j.
resconrec.2020.104704.

Lim, J. (2020). Reusable Masks That Can Filter Bacteria to Be Distributed to S’pore
Residents At end-May: Chan Chun Sing. Retrieved from https://www.todayonline.co
m/singapore/reusable-masks-can-filter-bacteria-be-distributed-spore-residents-end-
may-chan-chun-sing?cid=h3_referral inarticlelinks_03092019_todayonline.

Low, Y. (2019). Trash Talk: No time to Waste in Dealing With Singapore’s mounting
Trash Problem. Retrieved from https://www.todayonline.com/features/trash
-talk-no-time-waste-dealing-singapores-mounting-trash-problem.

Maclntyre, A.A.C.H.S.C.R, 2013. Use of cloth masks in the practice of infection control —
evidence and policy gaps. Int. J. Infect. Control 9 (3). https://doi.org/10.3396/ijic.
v9i3.11366.

National Environment Agency. (2020). Solid Waste Management Infrastructure.
Retrieved from https://www.nea.gov.sg/our-services/waste-managemen
t/3r-programmes-and-resources/waste-management-infrastructure/solid-waste-man
agement-infrastructure#: ~:text=Currently%2C%20Singapore’s%20solid%20waste
%20disposal,well%20as%20the%20Semakau%20Landfill. &text.

Notten, P. (2018). Transport, freight, sea, container ship, GLO, substitution,
consequential, long-term, ecoinvent database version 3.6. Retrieved August 14.
OceansAsia. (2020). No shortage of surgical masks at the beach. Retrieved from http://oc

eansasia.org/beach-mask-coronavirus/.

Sherman, J.D., Raibley, L.A.t., Eckelman, M.J., 2018. Life cycle assessment and costing
methods for device procurement: comparing reusable and single-use disposable

12

Resources, Conservation & Recycling 170 (2021) 105580

laryngoscopes. Anesth. Analg. 127 (2), 434-443. https://doi.org/10.1213/
ane.0000000000002683.

Simons, A. (2010). Transport, freight, lorry 3.5-7.5 metric ton, EURO6, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6. Retrieved
2020, August 14.

Singapore Department of Statistics. (2020). Households. Retrieved from https://www.
singstat.gov.sg/find-data/search-by-theme/households/households/latest-data.

Steiner, R. (2007). Impact extrusion of aluminium, 1 stroke, RoW, substitution,
consequential, long-term. ecoinvent database version 3.6.

Steubing, B., de Koning, D., Haas, A., Mutel, C.L., 2020. The activity browser — an open
source LCA software building on top of the brightway framework. Softw. Impact. 3,
100012 https://doi.org/10.1016/j.simpa.2019.100012.

Symeonidis, A. (2018). Polyester fibre production, finished, RoW, substitution,
consequential, long-term, ecoinvent database version 3.6. Retrieved 2020, August
14.

Symeonidis, A. (2019). Weaving of synthetic fibre, for industrial use, GLO, substitution,
consequential, long-term, ecoinvent database version 3.6. Retrieved 2020, August
14.

. Toomey, E., Conway, Y., Burton, C., Smith, S., Smalle, M., Chan, X.-.H.,
Greenhalgh, T., 2020. Extended use or re-use of single-use surgical masks and
filtering facepiece respirators: a rapid evidence review Medrxiv https://doi.org/
10.1101/2020.06.04.20121947.

Treyer, K. (2007). Electricity production, natural gas, combined cycle power plant, RoW,
substitution, consequential, long-term, ecoinvent database version 3.6.

Treyer, K. (2012). Market for electricity, low voltage, JP, substitution, consequential,
long-term, ecoinvent database version 3.6.

World Health Organization. (2020). Advice on the use of masks in the context of COVID-
19. Retrieved from https://www.who.int/publications/i/item/advice-on-th
e-use-of-masks-in-the-community-during-home-care-and-in-healthcare-settings-in-th
e-context-of-the-novel-coronavirus-(2019-ncov)-outbreak.

Zuo, M. (2020). Coronavirus Leaves China with Mountains of Medical Waste. Retrieved
from https://www.scmp.com/news/china/society/article/3074722/coronavirus-
leaves-china-mountains-medical-waste.


https://doi.org/10.1016/j.resconrec.2019.104476
https://doi.org/10.1016/j.resconrec.2019.104476
https://www.theguardian.com/environment/2020/jun/08/more-masks-than-jellyfish-coronavirus-waste-ends-up-in-ocean
https://www.theguardian.com/environment/2020/jun/08/more-masks-than-jellyfish-coronavirus-waste-ends-up-in-ocean
https://doi.org/10.1016/j.rser.2020.109883
https://doi.org/10.1016/j.resconrec.2020.104704
https://doi.org/10.1016/j.resconrec.2020.104704
https://www.todayonline.com/singapore/reusable-masks-can-filter-bacteria-be-distributed-spore-residents-end-may-chan-chun-sing?cid=h3_referral_inarticlelinks_03092019_todayonline
https://www.todayonline.com/singapore/reusable-masks-can-filter-bacteria-be-distributed-spore-residents-end-may-chan-chun-sing?cid=h3_referral_inarticlelinks_03092019_todayonline
https://www.todayonline.com/singapore/reusable-masks-can-filter-bacteria-be-distributed-spore-residents-end-may-chan-chun-sing?cid=h3_referral_inarticlelinks_03092019_todayonline
https://www.todayonline.com/features/trash-talk-no-time-waste-dealing-singapores-mounting-trash-problem
https://www.todayonline.com/features/trash-talk-no-time-waste-dealing-singapores-mounting-trash-problem
https://doi.org/10.3396/ijic.v9i3.11366
https://doi.org/10.3396/ijic.v9i3.11366
https://www.nea.gov.sg/our-services/waste-management/3r-programmes-and-resources/waste-management-infrastructure/solid-waste-management-infrastructure#:~:text=Currently%2C%20Singapore's%20solid%20waste%20disposal,well%20as%20the%20Semakau%20Landfill.&tnqh_x0026;text
https://www.nea.gov.sg/our-services/waste-management/3r-programmes-and-resources/waste-management-infrastructure/solid-waste-management-infrastructure#:~:text=Currently%2C%20Singapore's%20solid%20waste%20disposal,well%20as%20the%20Semakau%20Landfill.&tnqh_x0026;text
https://www.nea.gov.sg/our-services/waste-management/3r-programmes-and-resources/waste-management-infrastructure/solid-waste-management-infrastructure#:~:text=Currently%2C%20Singapore's%20solid%20waste%20disposal,well%20as%20the%20Semakau%20Landfill.&tnqh_x0026;text
https://www.nea.gov.sg/our-services/waste-management/3r-programmes-and-resources/waste-management-infrastructure/solid-waste-management-infrastructure#:~:text=Currently%2C%20Singapore's%20solid%20waste%20disposal,well%20as%20the%20Semakau%20Landfill.&tnqh_x0026;text
http://oceansasia.org/beach-mask-coronavirus/
http://oceansasia.org/beach-mask-coronavirus/
https://doi.org/10.1213/ane.0000000000002683
https://doi.org/10.1213/ane.0000000000002683
https://www.singstat.gov.sg/find-data/search-by-theme/households/households/latest-data
https://www.singstat.gov.sg/find-data/search-by-theme/households/households/latest-data
https://doi.org/10.1016/j.simpa.2019.100012
https://doi.org/10.1101/2020.06.04.20121947
https://doi.org/10.1101/2020.06.04.20121947
https://www.who.int/publications/i/item/advice-on-the-use-of-masks-in-the-community-during-home-care-and-in-healthcare-settings-in-the-context-of-the-novel-coronavirus-(2019-ncov)-outbreak
https://www.who.int/publications/i/item/advice-on-the-use-of-masks-in-the-community-during-home-care-and-in-healthcare-settings-in-the-context-of-the-novel-coronavirus-(2019-ncov)-outbreak
https://www.who.int/publications/i/item/advice-on-the-use-of-masks-in-the-community-during-home-care-and-in-healthcare-settings-in-the-context-of-the-novel-coronavirus-(2019-ncov)-outbreak
https://www.scmp.com/news/china/society/article/3074722/coronavirus-leaves-china-mountains-medical-waste
https://www.scmp.com/news/china/society/article/3074722/coronavirus-leaves-china-mountains-medical-waste

	Life cycle assessment of single-use surgical and embedded filtration layer (EFL) reusable face mask
	1 Introduction
	2 Methodology
	2.1 Description of face mask
	2.1.1 Single-use surgical face mask
	2.1.2 EFL reusable face mask

	2.2 Goal and scope definition
	2.3 Inventory analysis
	2.4 Impact assessment

	3 Results and discussion
	3.1 Emission impact analysis
	3.2 Sensitivity analysis
	3.3 Monte-Carlo analysis
	3.4 Scenario analysis

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	Reference


