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Abstract

Sound environmental management to control marine plastic pollution requires a careful
assessment of environmental costs and benefits of replacing single-use plastics with their
biodegradable counterparts. This research employs the standard life cycle assessment (LCA)
approach to assess and compare the environmental impact of plastic straws made from
polypropylene (PP), and its biodegradable alternatives made from polylactic acid (PLA) and paper
(PA) in the United States. Eight environmental impact categories, not including marine litter, were
analyzed and a composite relative environmental impact index (REI) was derived for quantitative
comparison. The results show that US daily consumption of disposable drinking straws (500
million straws daily) may carry significant environmental burdens regardless of straw types, with
the feedstock manufacture stage of the life cycle creating most of the contribution. The REI

index values were 2.4 for PP straws, 6.4 for PLA straws, and 5.1 for PA straws with landfill

and 3.2 for PP straws, 6.8 for PLA straws, and 4.9 for PA straws with incineration. A sensitivity
analysis did not show much change in REI with increasing marine litter rate, demonstrating that
replacing PP straws with PLA or PA straws for controlling marine plastic pollution would come
with environmental costs in other categories. The trade-off can be quantitatively represented by the
difference in REI between PP straws and PA or PLA straws. Our analysis also indicates close-loop
recycling can greatly reduce the environmental impact of PP straws, serving as a technological
development to control plastic pollution. While disposable straws were used as a case study in this
work, the findings are extensive to other single-use products.
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1. Introduction

Environmental pollution caused by anthropogenic use and disposal of plastics has attracted
increasing concerns and become a global issue (Agamuthu et al., 2019; Bucci et al., 2020;
Waldschlager et al., 2020). According to the Center for International Environmental Law
(2019), a total of 8300 million metric tons (MT) of petroleum-based plastics have been
produced by the end of 2015. Approximately 6300 million metric tons of plastic waste have
been generated, around 9% of which were recycled, 12% incinerated, and 79% accumulated
in landfills or the natural environment (Geyer et al., 2017). Because petroleum-based plastics
are biologically nondegradable, they are easily accumulated in the environment, especially
in the oceans (Jepsen and de Bruyn, 2019; Li et al., 2021; Tessnow-von Wysocki and Le
Billon, 2019). In 2010, 192 coastal countries generated 275 million MT of plastic waste,
99.5 million MT of which came from coastal regions (within 50 km of the coast) and

4.8 to 12.7 million MT entered the ocean (Jambeck et al., 2015). Plastic debris including
microplastics can cause serious threats to marine animals, birds, and potentially human
health (Danopoulos et al., 2020; Gouin, 2020; Kuhn et al., 2018).

As a single-use item, plastic drinking straws are construed as one of the largest contributors
to plastic waste in the oceans and coastal zones in the United States and around the globe
(Borenstein, 2018; Gibbens, 2019). It is estimated that there are up to 8.3 billion plastic
straws contaminating the world’s beaches and about 7.5 million of plastic straws reside

in America’s coastline (Borenstein, 2018). Because of their small size and low weight,

most plastic straws are not recycled and thus can enter the environment as a waste. An
international movement on eliminating disposable plastic straws has received strong support
from the public, industries, and governments (Wagner and Toews, 2018). Many large
companies and local governments have already taken actions to reduce the consumption
and disposal of plastic straws. For example, Starbucks phased out plastic straws from all

of its stores in 2020 (Gibbens, 2019). The European Union (EU) has been taking action on
single-use plastics including straws since 2014 and requires all of its member states to ban
disposable plastic straws by 2021 (Hogue, 2018). Some US cities such as Seattle and Miami
Beach have already opted to ban plastic straws. New York City, Hawaii, and California
have pending plastic straw ban legislation underway (Gibbens, 2019). However, it is almost
impossible to completely remove disposable drinking straws from our daily life because of
normal drinking habits and sanitation requirement (Caverly, 2019).

Drinking straws in the US are usually made of polypropylene (PP), which is produced from
petroleum or natural gas. The PP plastic straws are nondegradable, and if released into the
environment the plastic waste can eventually be broken into microplastics or nanoplastics
that have even higher environmental risks (Weinstein et al., 2016). In fact, PP is one of

the most commonly reported plastic debris in surface waters worldwide (Kim et al., 2020;
Waldschlager et al., 2020). Alternative materials, which are biologically degradable, are used
to replace PP for disposable straws. A popular alternative is paper; paper (PA) drinking
straws have already been used in many places in the world (Urquhart, 2019). Biodegradable
plastics derived from natural biomass also have been proposed to replace PP for drinking
straws. Among them, polylactic acid (PLA) is one of the most commonly used bio-based
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plastics for drinking straws (Chen et al., 2020), even though the biodegradability of PLA in
natural environments is not a scientific consensus (Nazareth et al., 2019).

Switching to paper or biodegradable plastic alternatives would be straight forward if

marine plastic pollution was the only environmental impact for drinking straws. However,
evaluation of environmental impact of drinking straws throughout the whole life cycle of
the product reveals other environmental concerns (Chitaka et al., 2020; Zanghelini et al.,
2020; Viera et al., 2020). Therefore, it is critical to evaluate and compare the environmental
impacts of different straws using the cradle-to-grave life cycle assessment (LCA) approach.
LCA is a systematic tool for identification and quantification of environmental impacts
associated with all the stages of a product’s life from raw material extraction through
materials processing, manufacture, distribution, use, repair and maintenance, and disposal
or recycling. The International Organization for Standardization (1SO) has established
principles and guidelines in 1ISO 14040 for conducting LCA of a product (1SO, 2006).
Recently, a few LCA studies comparing the environmental impacts of disposable drinking
straws have been reported for several countries and regions, to include South Africa (Chitaka
et al., 2020), Brazil (Zanghelini et al., 2020), EU (Herberz et al., 2020), and Malaysia (Moy
etal., 2021). In particular, Rana (2020) compared LCA results of three single-use drinking
straws (plastic, paper, and bioplastic) in terms of energy demand and global warming
potential in the US though no further analyses on other impact categories were reported.
These LCA studies generally attempted to reveal full environmental burdens of plastic
straws and their non-plastic alternatives, thereby better informing the decision-making of
drinking straw usage. They differ in their respective results, partly due to different system
boundaries and input data. For example, Zanghelini et al. (2020) performed LCA of six
different drinking straws including plastic, stainless steel, glass, paper, bamboo and jute in
Brazil and concluded that plastic drinking straws have better environmental performance in
climate change emission compared with paper disposable straws. In contrast, Chitaka et al.
(2020) reported higher climate change emissions of plastic straws than paper ones due to the
use of coal for polypropylene production in South Africa. These studies also emphasized the
general lack of impact assessment inventory method for marine litter, especially the proper
weighting factor that may influence decision making. Effects of plastic marine pollution
mostly are reported at the conceptual level whereby a robust LCA method is not readily
available (Wilcox et al., 2016).

The objective of this study is to conduct an environmental impact trade-off analysis for
functional replacement of disposable PP drinking straws with the alternative PLA, and PA
straws to control marine plastic pollution at the national scale of the United States using

the cradle-to-grave LCA approach. We examined eight environmental impact categories plus
marine litter impact and developed a composite relative environmental impact index (REI)
to evaluate the environmental trade-off. Specifically, our analysis attempted to address the
following questions (i) which stage in the life cycle of these straws carries the highest
environmental burden? (ii) how does uncertainty in marine litter rate change the trade-off
analysis? and (iii) which alternative, PLA or PA straws, would be more environmentally
sound to replace PP straws? We also evaluated how recycling of plastic straws as an
end-of-life waste management strategy would change the environmental impact. Findings of
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this study can improve our understanding of the potential environmental impacts of PP, PLA,
and PA straws and thus inform the decision-making of disposable straws in the US.

2. Material and methods

2.1. LCA goal and scope

The LCA goal is to compare the environmental impacts of total daily beverage consumption
using single-use straws in the US when considering PP, PLA, and PA as three material
alternatives for the straw. The ISO 14040 standard is closely followed. All of the straws

are disposable and have the same functionality. In the US, most of the disposable drinking
straws are made of PP with a daily consumption of about 500 million (Gibbens, 2019).

For comparison, the functional unit of PP, PLA, and PA straws was set as the number of
disposable drinking straws used per day in the US. The required mass input for each type of
straws was determined based on their individual weight (Table 1).

The geographic boundary of the study is limited to raw material production, transport,

straw production, distribution, use, and disposal in the US (Fig. 1). All production, use,

and disposal are assumed to occur in the same calendar year. The modes of transportation,
distribution, use, and disposal of the three types of the straws are assumed to be the same for
comparison (Fig. 1).

In the US, PP and PLA straws are produced by extruding PP and PLA resins, respectively
(Hischier, 2007). The raw material PP is mainly extracted from crude oil and natural gas
(Hischier, 2007), while PLA is a starch-based polymer made from renewable resources like
corn starch, tapioca roots, or sugarcane (ETH et al., 2007). PA straws are made to food grade
Kraft paper, which is mainly produced from pulpwood (Hischier, 2007). The transport of
feedstock materials and final product is assumed to be 500 km each using diesel trucks.
Since the dimensions of the three types of straws are similar, their packaging methods and
patterns should also be similar and would not affect the comparison of the environmental
impact.

At the end of life, all the disposable straws would have the same method of disposal.
Plastic waste is generally managed in three ways: recycling, incineration, and landfill, with
unmanaged waste going into the environment. Currently, the majority of municipal solid
waste in the US is disposed to landfills (USEPA, 2021). For comparative LCA, landfill
emissions are modeled to vary with straw materials; other landfill emission parameters
were kept the same. To test the effect of the waste management method, incineration

was considered as an alternative disposal method. Waste to energy conversion was not
considered in the incineration analysis. Capital goods, energy consumption, land, and labor
are not included.

2.2. Life cycle inventory

The primary input and output of the raw material production were obtained from three
LCA databases: GaBi database, Ecoinvent database, and US Life Cycle Inventory (USLCI)
database. The PLA production LCA data were based on the eco-profile for Ingeo PLA
produced from corn by NatureWorksTM (Vink, 2007). The PA production data were based
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on a series of processes in the USLCI database including foresting, logging, pulp extraction,
and paper production. Data of the extrusion of PP and PLA straws were obtained from
Ecoinvent database. There are no data available on the production of straws from paper,
however, it is similar to carton box production (Rana, 2020). The main input and output

of carton box production from the Ecoinvent database were thus used as the alternative in
this study. Sensitivity analysis showed that the LCA results are not sensitive to the straw
production processes because their relatively low energy input and emissions. The life cycles
of the three types of drinking straws were modeled using the GaBi Software (Educational
\fersion).

2.3. Environmental impact assessment

The life cycle impact assessment (LCIA) was based on CML-1A, a database that contains
characterization factors for life cycle impact assessment (Guinée, 2002). The analysis
focused on eight impact categories from outputs of GaBi, including global warming
potential (GWP), acidification potential (AP), eutrophication potential (EP), ozone depletion
potential (ODP), freshwater toxicity potential (FTP), human toxicity potential (HTP),
terrestrial toxicity potential (TTP), and abiotic depletion of fossil (ADF). Marine litter
impact was not available in GaBi modeling and a tradeoff analysis of environmental impacts
with marine litter was developed separately.

These LCIA categories of each type of drinking straws were first calculated assuming
100% of the used straws were sent to landfills; this was used as the baseline scenario for
further analysis. Each LCIA category was compared to determine whether the alternative
straw options would have lower environmental impact than the PP straw. A contribution
analysis by stage was performed for the four stages of life cycle, including raw material
manufacturing (Feedstock), straw production (Extrusion), packaging and transportation
(Transportation), and wastes disposal (Landfill or Incineration) as shown in Fig. 1.
Additional alternatives were created to investigate the effect of waste management. In one
alternative, all straw waste was assumed to be incinerated. In another set of alternatives,
close-loop recycling of PP straws was included by assuming 10%, 25%, 50%, 75%, and
90% of PP straws were recycled and reused for production.

To allow for direct comparison of the environmental impacts among the three straw types, a
relative environmental impact index (REI) was calculated as follows:

El; ;
w55 i

max(EI;);
where /represents straw type; j denotes impact category; and El is the environmental
impact value of each straw type under each category obtained from GaBi application.
Dividing the environmental impact value by the maximum among the three straw types
under each category serves as internal normalization so the REI value for any category
would fall between 0 and 1. Summation of REI under all categories for a straw type
represents integration of all the GaBi environmental impacts with equal weight assigned to
all categories.

0]
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This internal normalization method also allows for an understanding of trade-off with the
marine litter impact. Because the impact of plastic pollution on marine life is dependent on
the quantity of plastic in the marine environment (Wilcox et al., 2018), we evaluated straw
litter impact by the flux of plastic straws or equivalent entering the marine environment and
its subsequent degradation. With the base case of 100% landfill, we conducted a sensitivity
analysis by assuming a straw marine leakage rate of up to 20% of total straw consumed to
evaluate the resulting changes in other impact categories. The REI was calculated using the
maximum impact value of a category for 100% landfill in Eq. (1). In other words, only £;
changes with marine liter rate while max(E;);is kept the same with 100% landfill to allow
for evaluation of change in REI. We also used literature values of degradation rate in the
ambient marine environment to derive a relative marine impact factor of the PP, PLA, and
PA straws. With the same internal normalization procedure in Eq. (1), the actual leakage
flux is not needed for calculating the relative marine litter impact index because the same
propensity for marine litter of all straw types is assumed.

3. Results and discussion

3.1. Landfill and incineration comparison

Landfilling is the most widely used method for the disposal of hon-recyclable solid waste
globally including the United States (Nanda and Berruti, 2021). Fig. 2 shows the LCA
results of the three types of drinking straws ending up in landfills, with the percentage of
contribution from four key stages in their life cycle including feedstock manufacturing

(i.e., producing PP resins, PLA resins, or paper sheets from natural resources), straw
extruding, transportation, and disposal listed in Table 2. Overall, the results indicate that

US daily consumption of disposable straws (PP or the alternatives) comes with substantial
environmental burdens for all impact categories except for ozone depletion potential (ODP).
These results are consistent with the findings of previous studies that revealed significant
environmental impacts of single-use items, especially disposable plastic products (Dhaliwal
et al., 2014; Garrido and del Castillo, 2007; Zanghelini et al., 2020). Interestingly, PP straws
tend to create less or comparable impacts among all these categories except for the abiotic
depletion of fossil (ADF). In other words, almost all the PLA and PA impact potentials
(except GWP of PLA, ODP of PA, and ADF of PLA and PA) are larger than for PP straws.

Specifically, the global warming potentials (GWP) of PP, PLA, and PA straws were
5.66E+05, 4.28E+05, and 2.58E+06 kg CO», eq, respectively (Fig. 2a), consistent with
findings of other LCA studies about PLA’s lower carbon footprint and energy consumption
than plastics (Ghomi et al., 2021). Greenhouse gas emission from manufacturing feedstock
contributed 80% for PP straw, 59% for PLA straw, and 63% for PA straw, much higher
than that of the other three stages (Table 2). Acidification potentials (AP) were 8.45E+02,
3.31E+03, and 1.85E+03 kg SO5, eq for PP, PLA, and PA straws, respectively (Fig. 2b).
Again, significant AP was linked with manufacturing feedstock (65-89%). Eutrophication
potentials (EP) were 1.60E+02, 7.11 + E02, and 7.05E+02 kg phosphate (P) eq for PP,
PLA, and PA straws, respectively (Fig. 2c). Manufacturing feedstock (48-82%) and end-of-
life landfill (11-31%) are the two largest contributing steps. Ozone depletion potentials
(ODP) were limited with only PLA straws being noticeable (1.62E-04 kg R-11 eq),
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which correlated with feedstock manufacturing (Fig. 2d). Freshwater toxicity potentials
(FTP) were 5.87E+03, 9.64E+04, and 4.01E+04 kg DCB eq for PP, PLA, and PA straws,
respectively (Fig. 2e). The largest contribution came from feedstock manufacturing for PP
and PLA straws (93-99%) and from straw extrusion for PA straws (85%). Human toxicity
potentials (HTP) were 2.72E+04, 4.32E+04, and 1.20E+05 kg DCB eq for PP, PLA, and
PA (Fig. 2f), largely attributable to feedstock manufacturing (80-84%) and straw extrusion
(12-13%). Terrestrial toxicity potentials (TTP) were 1.81E+03, 4.28E+03, and 12.82E+03
kg DCB eq for PP, PLA, and PA (Fig. 2g), primarily from feedstock manufacturing (76—
84%) and landfill disposal (13-20%). Abiotic depletion fossil (ADF) with landfill was
1.88E+07, 1.59E+07, and 8.70E+06 MJ for PP, PLA, and PA straws, respectively (Fig. 2h).
Manufacturing feedstock contributed significantly with 92% for PP straws, 86% for PLA
straws, and 56% for PA straws, for which 30% also came from the extrusion process (Table
2).

It is worth noting that, for the potentials of abiotic depletion of natural resources, we only
evaluated fossil fuel (ADF), which is the only category that exhibited lower values for PP
straws than PLA and PA straws (Fig. 2). This may not be a fair comparison because PP
resins are synthesized directed from petroleum while PLA resins and PA sheets are derived
from plant biomass that depletes other natural resources in the upstream production in
association with agriculture practices such as water consumption and fertilizer applications.
As a result, the lower ADF of PLA and PA than that of PP does not necessarily mean that
PLA and PA would deplete less natural resources than PP.

Incineration is another commonly used management strategy for non-recyclable solid waste
(Margallo et al., 2015). To test the effect of disposal methods on the environmental impact
of the three types of drinking straws, the end-of-life disposal was reevaluated with the
assumption that all the used straws are incinerated. Fig. 3 shows the LCA results of the
three types of drinking straws with disposal option as incineration, and Table 3 compares
the results with landfill (Fig. 2) along with the percentage of contributions from the four
key stages in their life cycle. The results indicated that the daily consumption of disposable
straws for incineration carries a similar environmental impact pattern with landfill. In other
words, for incineration (Fig. 3) PLA and PA straws showed higher impact potentials in six
of the eight categories (ODP and ADF are the exceptions) than that of PP straws. On the
impact category level, switching the waste management option from landfill to incineration
does not cause major changes to AP, FTP, HTP, and ADP (within 1-4% change). However,
substantial increase in GWP (2.5 times increase for PP and 4 times increase for PLA)

and ODP (>100 times increase for PP and 7.9 time increase for PLA) as well as notable
reduction in EP (by 8-27%) and TTP (by 13-20%) were observed. For example, straw
incineration increased GWP of PP, PLA, and PA straws to 1.39E+06, 1.71E+06, and
2.70E+06 Kg CO>, eq, respectively (Fig. 3a). There also were corresponding changes in
the percent contributions from the final end-of-life waste disposal (Table 2, Table 3). These
changes are consistent with the fact that incineration increases air emissions of pollutants but
reduces the leakage from the landfill site to terrestrial and aquatic ecosystems (Nanda and
Berruti, 2021).
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3.2. Composite relative impact index and marine litter

While category specific comparison identifies the absolute value of each impact category
among PP, PLA, and PA straw LCA, the composite REI combining all eight categories as

a single score allowed for more direct comparison of the relative environmental impacts
among the three types of straws (Fig. 4). The REI values were 2.4 for PP straws, 6.4 for PLA
straws, and 5.1 for PA straws with landfill and 3.2 for PP straws, 6.8 for PLA straws, and 4.9
for PA straws with incineration, indicating that the environmental impacts for PP straws are
substantially less than that for PLA and PA straws no matter whether the end-of-life disposal
option is landfill or incineration (Fig. 4). Between the two candidates for replacing plastic
drinking straws, the LCA analysis demonstrates that REI value for PLA straws was about
30-40% more than for PA straws. This suggests that PA straws should be a better candidate
for consideration if PP straws are indeed to be phased out. This could also be the case for
other single-use plastic items such as disposable cups and take-out containers.

It is important to note that the above analysis assumes that no straws enter the marine
environment during the end-of-life stage (100% landfill or incineration). We thus conducted
a sensitivity analysis assuming that up to 20% of total straws consumed could be leaked
into the ocean as marine litter. The result indicates that the associated impact values for the
eight categories (data not shown) and the REI decreased with increasing marine litter rate,
however the changes were very minimal (Fig. 5). This is mostly because the feedstock
manufacture stage accounted for the highest percentage of contribution to the impact
categories and thereby REI (Table 2). The insensitive nature of REI with changing marine
litter rate suggests that the trade-off for the proposed replacement of PP straws by PLA and
PA straws for abatement of marine plastic pollution can be quantitatively represented by the
difference of REI values between PP straws and PA or PLA straws (Fig. 4) or scaled from
category specific analyses (Fig. 2, Fig. 3).

The above sensitivity analysis of marine litter rate and its influence on changes in other
environmental impacts needs to be understood further in a context of marine litter impact.
We must admit that our current knowledge of plastic litter impacts on marine life and
human health is still at the conceptual level for LCA analysis (Wilcox et al., 2016, Wilcox
et al., 2018) due to the paucity of data to establish a quantitative relationship between
marine litter rate or plastic leakage flux, fate and transport of plastic waste in the marine
environment, and the extent to which a species’ population may be affected. Uncertainties
associated with ingestion of micro- or nano-plastics by a wider range of organisms and its
subsequent cumulative impacts on marine organisms and human health further warrant the
need of additional research (Waldschlager et al., 2020). Existing attempts to assess effects
of marine litter impact of straws in the context of LCA focused on physical threat to marine
life via entanglement and ingestion (Chitaka et al., 2020; Woods et al., 2019). Therefore,
we estimated the number of straws entering the marine environment, and their degradation
in the marine environment based on the existing literature. While the exact flux of marine
litter of disposable straws in the United States is not known, Jambeck et al. (2015) used
2% litter rate in the coastal zone for calculation of marine plastic debris and noted that the
annual input (in 2010) of plastic waste into the marine environment was equivalent to 1.7
to 4.6% of the total plastic waste generated from all coastal countries in the world. This
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percentage is well within the range of marine litter in our sensitivity analysis. Jambeck et al.
(2015) further noted that the United States, ranked 20th by the mass of mismanaged plastic
waste, had about 0.04-0.11 million MT of plastic debris entering the coastline per year.
According to the International Coastal Cleanup 2017 Report (Conservancy, 2017), a total of
1417.32 MT of plastic debris were collected in the 2016 coastal cleanup in the US. These
plastic debris contained 125,973 plastic straws and stirrers, yielding about 89 plastic straws
(counting stirrers as straws) per MT plastic waste. Taking the plastic debris flux to the US
coastline in Jambeck et al. (2015), one may obtain a straw leakage flux of 3.6-9.8 million
straws per year. This rate is far less than 1% of 500 million straws consumed per day (Table
1), further validating that the environmental trade-off between PP straws and PLA or PA
straws can be quantitatively represented by the difference of REI values between PP straws
and PA or PLA straws (Fig. 4) or scaled off from category specific analyses (Fig. 2, Fig. 3).

Regarding degradation of straws in the marine environment, plastic and paper represent

the two extremes in the spectrum with plastic being non-degradable and paper being the
complete marine degradable material (Chamas et al., 2020; Chitaka et al., 2020). PLA, albeit
hydrolysable, is much more resistant to degradation under the ambient marine environment
than with compost or landfill (Chamas et al., 2020; Teixeira et al., 2021). Chamas et al.
(2020) further indicated that the degradation rate of PLA was not significantly higher than
for PP due to lack of thermal energy for depolymerization in the marine environment.
However, there are also reports demonstrating that UV light, wave action, and marine
sediment may accelerate PLA degradation with about 20-100% weight loss within a year
(Beltran-Sanahuja et al., 2020; Teixeira et al., 2021). Given their tendency to float in
seawater and thus slow degradation, PLA straws may still pose similar physical threats to
marine life, albeit not as persistent as PP straws, after released into the marine environment.
If marine litter impact is treated as a category as in Eq. (1), it is reasonable to assign marine
litter category REI as 1 for PP straws, O for PA straws, and about 0.5 for PLA straws.
Adding these marine litter REI values to the composite REI in Fig. 4 still would not make
the REI value of PP straws larger than for PLA or PA straws. For the landfill option, a
weighting factor of 2.7 or 4.5 would be needed for marine litter impact to break even with
REI between PP straws and PA or PLA straws, respectively.

While the real benefit of replacing PP straws with one comprised of PLA and PA to control
plastic straws related marine litter lies primarily in the environmental value endowed by the
society, such management and policy decisions should be made with a careful consideration
of all the LCA impacts. Our results demonstrate that the use of alternative disposable
straws, which are commonly considered as the ‘greener’ replacements for controlling marine
plastic pollution, would come with a trade-off for more impacts to the environment in other
categories, supporting comparative LCA studies between plastic products and their paper
and/or degradable counterparts (Boonniteewanich et al., 2014; Muthu et al., 2009). The
reason for greater environmental impacts from PLA and PA straws in other categories are
perhaps associated with much higher total pollutant emissions in manufacturing PLA and
PA straws than PP straws, especially considering lower weight of a PP straw (0.52 g) than a
PLA straw (0.81 g) and a PA straw (1.15 g). The LCA results of the percentage contribution
of the straw life cycle reveal that the biggest contributors among the eight impact potentials
come mostly from the production of feedstock materials (Table 2, Table 3). In the case of
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PP straws, the impacts would be through production of PP resins from natural gas and crude
oil. Zanghelini et al. (2020) also found that raw material acquisition (as PP polymer chain) is
the main driver for all impact categories of the life cycle of PP straw in Brazil. In contrast,
the production of polypropylene is significantly more carbon-intensive in South African
whereby coal is the primary energy source for electricity generation (Chitaka et al., 2020).
Herberz et al. (2020) further noted that a single-use plastics ban would decrease plastic
marine pollution in the EU by 5.5% accompanied with an increase in emissions contributing
to marine aquatic toxicity by 1.4%. These authors concluded that single-use products made
from plastic or other materials are all harmful to the environment, consistent with findings of
this study.

3.3. End-of-life plastic straw management strategy

Today a large number of plastic straws are still being used and recycling is perhaps

the most environmentally safe waste management option. Sensitivity analysis of plastic
straw recycling in looping back to feedstock (Fig. 6) indicates that all the eight impact
categories decrease almost linearly with the increase of PP straw recycling rate. When the
recycling rate reaches 90%, the values of the eight categories decrease 70%—87%. These
results confirm that recycling can greatly reduce the environmental impact of disposable PP
drinking straws.

Although plastics recycling seems to be the most effective waste management strategy for
disposable plastic drinking straws, the actual recycling rate may be low in both the US and
around the globe (Geyer et al., 2017; USEPA, 2021). In the United States, plastic waste
generation has increased dramatically since the 1980s, reaching about 32.4 million metric
tons in 2018 (USEPA, 2021). About 75% of these plastic wastes reached landfills while 16%
were combusted for energy recovery. In contrast, plastic recycling has remained at about 9%
since 2010 though item specific waste recycling can be as high as 30%. The US plastics
recycling rate is comparable to a global average of 9% recycling of 6300 million metric

tons plastic wastes produced as of 2015 (Geyer et al., 2017). This low recycling rate is
likely due to limitations in traditional plastics recycling technology, which involves mostly
mechanical means for secondary melting and remolding of plastic waste into other forms of
plastics, normally in lower grade. These recycled plastics will eventually face final disposal.
Difficulties associated with high cost of sorting plastics by resin type, especially when
materials are mixed during collection, further limit the mechanical or manual separation

at a material recovery facility. Given the small sized and light weighted nature of PP

straws, traditional recycling technology does not seem to be feasible or sufficient in meeting
environmental management goals.

Advanced recycling techniques, called feedstock recycling, employ chemical means to
completely breakdown plastics into its chemical components and then be polymerized back
into fresh plastics, thereby closing the loop of the plastics life cycle with nearly infinite
resource recovery (Lee and Liew, 2021). These recycling methods, albeit still requiring
large scale industry level implementation, offer great potential in meeting environmental
management goals (Fig. 6). Given the current 9% recycling rate, there is ample room

for improvement of plastic waste recycling. In addition, a variety of microbial and
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fungal species also have been identified with enzymatic activity on various polymers
including PP (Lee and Liew, 2021), though such techniques are still in their early stage of
development. Given the environmental cost for replacing PP with PLA and PA in straws and
further development needs of advanced recycling technology, a well-designed straw waste
management strategy should continue to rely on education and outreach programs to raise
environmental awareness and to change social norms of littering habits to model a lifestyle
and behavior for protection of human health and the environment.

4. Conclusions

Advocating the use of paper or PLA straws as alternatives of plastic straws requires a
holistic evaluation of the environmental costs and benefits. This LCA study concludes that
replacing PP straws by PLA and PA straws for abatement of plastic marine pollution in

the United States would come with more environmental costs in other impact categories.
The composite relative environmental impact index developed in this study, which is
insensitive to varying marine litter rate, provides a direct means for such comparison and
trade-off analysis. Findings of this study should also be applicable to other single-use items,
especially disposable plastics. Focused data collection programs are strongly needed for
future LCA studies to establish a quantitative relationship between marine litter rate, fate
and transport of plastic debris in the marine environment, and the extent to which a species’
population may be affected.
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Fig. 1.
Life cycle stages and boundaries of different drinking straws.
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Fig. 2.
Environmental burdens of disposable drinking straws of eight impact categories. All the

used straws are assumed to be disposed in landfill.
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Fig. 3.

Environmental burdens of disposable drinking straws of eight impact categories. All the

used straws are assumed to be incinerated.
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Fig. 4.
Relative environmental impact as REI of PP, PLA, and PA straws under 100% landfill or

incarnation scenarios.
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Fig. 5.
Sensitivity analysis of the relative environmental impact as REI of PP, PLA, and PA straws

under varying marine litter rate. The 100% landfill scenario was used as the base condition.
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Effect of recycling rate on impact ratio of PP drinking straws with the base condition being
100% landfill of used plastic straws.
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Table 1.

Functional unit and required mass input of disposable drinking straws.

PP straw PLA straw PA straw

Weight (g/straw) a 0.52 0.81 1.15

Functional unit (no./d) 500,000,000 500,000,000 500,000,000
Massinput (kg/d) 260,000 405,000 575,000

aAfter Chitaka et al. (2020) and Rana (2020).
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Table 2.

Percentage contributions from the key stages of the life cycle to the environmental impact of disposable
drinking straws. All the used straws are assumed to be disposed in landfill.

Impact category/straw type Feedstock  Extrusion Transportation Landfill
PP 80% 13% 4% 3%
Global warming potential (GWP) PLA 59% 26% 9% 6%
PA 63% 8% 2% 21%
PP 2% 13% 10% 6%
Acidification potential (AP) PLA 89% 5% 4% 2%
PA 65% 16% 10% 9%
PP 48% 7% 14% 31%
Eutrophication potential (EP) PLA 82% 2% 5% 11%
PA 56% 4% % 31%
PP 88% 10% 0% 2%
Ozone depletion potential (ODP) PLA  100% 0% 0% 0%
PA 57% 38% 5% 5%
PP 93% 2% 3% 1%
Freshwater toxicity potential (FTP) PLA  99% 0% 0% 0%
PA 13% 85% 1% 0%
PP 80% 13% 5% 2%
Human toxicity potential (HTP) PLA 80% 13% 5% 2%
PA 84% 12% 2% 1%
PP 76% 3% 1% 20%
Terrestrial toxicity potential (TTP)  PLA  84% 2% 1% 13%
PA 76% 5% 1% 18%
PP 92% 5% 2% 1%
Abiotic depletion of fossil (ADF) PLA 85% 9% 3% 3%
PA 56% 30% 8% %
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Table 3.

Percentage contribution of the four key stages in the life cycle to the environmental impact of disposable
drinking straws. All the used straws are assumed to be incinerated.

Impact category/straw type a Feedstock Extrusion Transportation Incineration

1duosnuep Joyiny vd3 1duosnuey Joyiny vd3

1duosnuey Joyiny vd3

Incineration: landfill ratio

PP 2.46 33% 5% 2% 60%
Global warming potential (GWP) PLA 4.00 15% 7% 2% 7%
PA 1.05 60% 8% 2% 30%
PP 1.03 70% 12% 10% 8%
Acidification potential (AP) PLA 1.01 88% 5% 4% 3%
PA 1.00 65% 16% 10% 9%
PP 0.77 63% 9% 18% 10%
Eutrophication potential (EP) PLA 0.92 89% 3% 5% 3%
PA 0.73 T1% 6% 10% 6%
PP >100 0% 0% 0% 100%
Ozone depletion potential (ODP) PLA 7.90 13% 0% 0% 88%
PA 1.03 56% 37% 5% 7%
PP 0.99 94% 2% 3% 0%
Freshwater toxicity potential (FTP) PLA  1.00 99% 0% 0% 0%
PA 1.00 13% 85% 1% 0%
PP 1.01 79% 13% 5% 3%
Human toxicity potential (HTP) PLA 1.01 79% 13% 5% 3%
PA 0.99 85% 12% 2% 1%
PP 0.80 95% 3% 1% 0%
Terrestrial toxicity potential (TTP) PLA  0.87 97% 2% 1% 0%
PA 0.83 91% 6% 1% 1%
PP 0.99 93% 5% 2% 1%
Abiotic depletion of fossil (ADF) PLA 0.99 87% 9% 3% 1%
PA 0.96 58% 31% 8% 3%

aThe ratio of impact value with incineration in Fig. 3 to that with landfill in Fig. 2.
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