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HIGHLIGHTS

• The generation of an alarming degree of
plastic waste has spurred action to mitigate
the environmental consequences of plastic waste
buildup

• A multifaceted policy approach addressing the full
lifecycle of plastics from production to disposal
offers numerous routes to effectively contend with
the plastic waste problem

• In addition to regulatory and economic government
policies, changes in consumer behavior and
movement toward a closed-loop system through
long-term investments could aid plastic waste
mitigation and lead to innovation in sustainable
materials and waste management technology

Despite the integral role of plastics in modern society,
effective management of plastic waste has remained
unaddressed, even as the rate of plastic waste accumulation
continues to accelerate. The vast majority of plastic
waste has a slow degradation rate, leading to harmful
environmental consequences, particularly for marine
ecosystems, and may potentially have human health
impacts. As a result, policymakers have begun taking action
in recent years, with a focus on banning single-use plastics.
While single-use plastic bans have seemingly become
the preferred policy response, there is debate regarding
whether they are universally the optimal policy solution.
This article reviews current implementations of these bans
and examines the associated environmental trade-offs. It
then presents a set of potential alternative or supplemental
policy options with a focus on the importance of addressing
the entirety of the plastic value chain in the development of
policies to grapple with the plastic waste problem.
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S ince their large-scale production began in the 1950’s,
plastics have become ubiquitous, with a total production

of over 9.2 billion tonnes [1]. These plastics have found
applications in almost every facet of our society, whether
it be in construction (pipes, windows), textiles (fleece),
transportation (headlights), electronics (phones, computers),
or consumer goods (toys, kitchen utensils). Single-use
plastics, in particular, have become fully integrated into
our everyday lives with applications including polyethylene
terephthalate (PET) water bottles, polyethylene plastic bags,
polystyrene cups and plates, and expanded polystyrene
plastic foams (Styrofoam) as packaging materials for food and
other products. As global demand for plastics continues to
increase, the amount of plastics produced is only expected to
grow, with global production of plastics projected to reach 33
billion tonnes by 2050 [2].

However, the majority of plastics are not produced
sustainably: the chemicals that are used to make most
plastics, such as ethylene and propylene, are sourced from
fossil fuel hydrocarbons and all the commonly utilized plastics
have slow degradation rates. Additionally, less than 10% of
plastics are recycled or reprocessed [3]. The remainder are
either incinerated (14%), which can lead to large amounts of
greenhouse gas emissions, or discarded in secure landfills or
into the natural environment (76%) (Fig. 1) [3]. As a result,
discarded plastic waste accumulates in natural environments
in a near-permanent state. Between about 5 and 13 million
tonnes of macroplastic and 1.5 million tonnes of microplastic
(plastic that is < 5mm in length) are estimated to enter marine
environments annually [4, 5]. Around 200 million tonnes of
plastics are currently found in our oceans, strangling sea
life and forming plastic waste islands [6]. There have also
been increasing reports of plastic pollution in freshwater and
terrestrial ecosystems. Plastic pollution has been found in all
major ocean basins and even in remote environments ranging
from freshwater rivers in the Amazon to the fresh Antarctic
snow [7]–[9].

This accumulation of plastic waste in marine and terrestrial
habitats can have important environmental and health
consequences. Wildlife often ingest or become entangled in
plastic debris, which has affected over 90% of seabirds and
nearly 700 marine species [10]–[12]. This can then lead to
strangulation, starvation as a result of their stomachs filling
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Figure 1: Cumulative plastic waste generation and disposal (in million metric tons). Solid lines show historical data from 1950 to 2015;
dashed lines show projections of historical trends to 2050. Reprinted with permission from [1] Copyright 2017 American Association
for the Advancement of Science

with indigestible plastics, or leaching of toxic additives such
as bisphenol A, phthalates, and phenolic antioxidants, which
can serve as endocrine disruptors [13]–[15]. Furthermore,
because most plastic waste is not biodegradable, over time,
larger pieces of plastic break down into smaller fragments
called microplastics that are even more easily ingested by
marine and terrestrial organisms. Microplastics can then travel
up the food chain to accumulate in greater concentrations
[16]. Microplastics have been found in human food systems
and, while no adverse health effects have been conclusively
demonstrated yet, research is ongoing to understand their
human health impacts [17].

The environmental impacts of plastic waste have led to an
increasing number of calls for measures to reduce or eliminate
the use of plastic products and especially single-use plastic
products. For example, in 2019 the European Union (EU)
adopted a directive on single-use plastics (1), and the Basel
Convention passed an amendment allowing for the regulation
of the international trade of plastic waste (2). In March 2022,
the UN Environment Programme began negotiating a legally
binding global plastics treaty, with elements such as full-life
cycle sustainability, including zero-carbon plastic production,
recycling, and waste disposal, in discussion [18]. Similarly,
many local and national governments have been spurred into
taking action to mitigate the proliferation of plastic waste [19].

A major focus of current policies has been on banning
single-use plastic products, with an emphasis on plastic
bags in the U.S. Therefore, we begin with an overview of
current implementations of single-use plastic bans with a
focus on plastic bag bans. However, despite the increased
implementation of these policies worldwide over the past
several years, they are not a lone solution. Considering

environmental trade-offs and the entirety of the plastics value
chain, numerous alternative or supplemental policies can
be implemented to address single-use plastic proliferation
challenges. To this end, we review approaches ranging from
targeted bans and fees to extended producer responsibility
and education programs. Beyond these policies, we also
discuss the potential for long-term research investments to
support advancements in materials sustainability and waste
management, which are possible through innovations in
plastics recycling.

Current implementations of single-use plastic bans
Single-use plastics have been banned via a variety of
regulatory measures, especially in local municipalities, due
to their problematic effect on municipal solid waste facilities.
While some single-use plastics, such as PET bottles, can be
easily recycled, many of these plastics are not only difficult
and expensive to recycle, but also can impair storm water
management systems [20]. The growing amount of wasted
plastic is further exacerbated by the distribution of single-use
plastics to consumers for “free”, resulting in consumers often
engaging in excessive consumption [21].

The most common type of plastic ban is the ban on
single-use plastic bags. These bans are typically implemented
in one of three ways: 1) a straight ban either based on
bag thickness or single-use nature, prohibiting retailers from
offering bags at the point of sale, 2) the implementation of fees
per bag, or 3) a combination of a ban and fees for alternatives
such as paper or thicker plastics [22]. Other methods to reduce
single-use shopping bags include specifying a minimum
thickness, specifying a minimum post-consumer recycled
content or material content of bags, and mandated retailer
take back [20].
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Figure 2: Summary of single-use plastic bag bans, expanded polystyrene (Styrofoam) bans, and statewide preemptive laws in the
U.S.

To date, nine U.S. states have implemented a single-use
plastics ban, dating back as early as 2014, with more than 95
bills introduced into state assemblies as of 2019 (Fig. 2) [23].
As of Sept. 2017, these state and local bans affected 9.7% of
the U.S. population, with over 95% of the current regulations
being outright bans on single-use plastic bags [20]. 56% of
the 271 local ordinance regulations on single-use plastic bags
include both a ban on single-use plastic bags as well as a
mandatory fee (generally around $0.10 per paper or reusable
bag) [20]. These visible point-of-sale “eco-fees” result in the
cost of the bag being internalized by the consumer, often
leading to less consumption. Further, framing these costs as
a plastic bag tax rather than an avoided fee has been found
to be even more effective, because a tax is often perceived as
a loss to the consumer, whereas avoided fees are perceived
as a personal gain [24]. At the same time, 19 states have
enacted laws that prevent state and local governments from
implementing regulations on single-use plastic bags [25].
These states have laws that effectively act as bans on bans.
These preemptive laws are often lobbied for by the plastics
industry, who argue that plastic bags have a smaller climate
impact than originally thought and that alternatives are a
financial burden on lower-income families [22].

Many plastic bag bans have also been instituted
internationally. A tax on plastic bags was first implemented
in Denmark in 1993, making it the first country in the world to
take such an action [26]. Due to a combination of this ban and
culture, Danes use an average of four plastic bags per year,
whereas Americans use 365 bags per year. Several other
countries have successfully followed suit, including Ireland,
which started charging 15 cents per plastic grocery bag in
2002 and was able to reduce bag consumption from 350 to 14
per person by 2012 [27]. This ban has been so successful that
Ireland has begun taking action to cut other single-use plastic

sources, such as disposable coffee cups [28]. These efforts in
Ireland and Denmark are indicative of the momentum across
Europe more broadly to take strong action against plastics.
The EU Directive on Single-Use Plastics (1), which took effect
on July 2, 2021, bans certain single-use plastics for which
alternatives are available. This includes an outright ban on
plastic cotton buds, cutlery, plates, straws, stirrers, balloon
sticks, cups, and items made of expanded polystyrene and
oxo-degradable plastic (i.e., where the plastics break down
into smaller fragments but do not fully degrade).

The success stories in Europe have not necessarily
translated elsewhere, as the design and implementation of
these policies have played a crucial role in their success.
Bangladesh, for example, banned polyethylene shopping bags
because the bags would clog drainage and sewer systems
and consequently cause bacteria and disease to spread.
However, the ban has not been successful because it was not
properly enforced, nor were cheap alternatives made available
for consumer use [27]. In Nepal, greater success in plastic bag
bans has been found in municipalities where greater police
monitoring has resulted in a perceived increase in probability
of being caught with a plastic bag [29]. These challenges in
enforcement and the lack of plastic alternatives contribute to
the estimated low efficacy of plastic bag bans globally with
20% resulting in little to no impact, 30% reducing consumption
or lowering pollution, and the remaining having no data [30].

Though plastic bags are the most prevalent type of
single-use plastic ban, other single-use plastic products have
also been banned. These include straws and expanded
polystyrene foam (Styrofoam) [31]. Styrofoam is lightweight,
relatively inexpensive to produce, and, as such, has been
adopted commonly as a takeout container. However, its use
with food products makes it difficult and expensive to recycle.
Further, Styrofoam is not cost-effective for most materials
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recovery facilities to store or ship for recycling, owing to its
low density [32]. As such, one study estimates a hidden cost
of Styrofoam of $7 billion annually [33].

The strongest ban on expanded polystyrene, single-use
foam and beverage containers, and polystyrene packing
peanuts in the U.S. to date was implemented in New York
in 2022 (3). To aid the transition, food service providers
who meet specific criteria could apply for a renewable
financial hardship waiver as they switch to hard plastics or
cardboard packaging, which are generally more expensive
than Styrofoam containers (a comparable hard plastic
container can cost around $0.10 compared to $0.06 for a
Styrofoam hinge container) [34].

Limitations of single-use plastic bans
Despite the successes of plastic bans in several of their
implementations, single-use plastic bans can come with
important trade-offs. To understand the origin of these
trade-offs, one tool that researchers use to analyze the total
environmental impact of plastic bags and other materials
is a lifecycle assessment (LCA) study. LCA studies provide
a methodology to assess the total environmental impact
of a product by evaluating all stages of the product’s
lifetime, from resource extraction (e.g., oil drilling, pumping,
refining) to transportation, production, and disposal [35]. LCA
studies attempt to quantify the total impact of a material
on greenhouse gas emission potential and energy use, as
well as other parameters, allowing for a more comprehensive
evaluation of the environmental costs of a product beyond
the immediate waste impacts. In the case of plastic bag
bans, such LCA studies can paint a complicated picture of
environmental trade-offs between different metrics.

One misconception about plastics is that they have the
largest environmental impact of all packaging materials—in
reality, it depends. When compared to single-use glass or
metal products, numerous LCA studies have shown that
plastic packaging materials actually have fewer environmental
impacts, and when compared to single-use paperboard
cartons, the relative environmental impacts have varied
depending on the specific products and assumptions used in
the LCA studies [36]. Oftentimes, the relative environmental
impact of plastic according to LCA studies depends on factors
such as compatibility with municipal waste and recycling
infrastructure, as well as the degree of product reuse [37].
For example, reusable cotton bags that are often used to
replace low-density polyethylene plastic bags have been
estimated to require 7,100 reuses before their environmental
impact matches that of plastic bags in terms of climate
change impact, depletion of water and other resources,
and ecosystem toxicity [38]. Furthermore, as a result of
the extremely energy-intensive pulp and paper production
process, even paper bags require at least 3 uses to match
the global warming potential of a single-use plastic bag, an
unlikely proposition given paper’s low durability [39]. The
perhaps unintuitive lower climate impact of these plastics can
be traced to the lower mass of plastic required to effectively

be used as packaging, resulting in lower transport emissions
and less energy and materials required for production [36].

However, as critics of LCA studies will point out,
LCA studies on plastic materials do not account for the
environmental consequences of marine wildlife ingesting or
becoming entangled in plastic waste, broader environmental
impacts of waste that ends up in uncontrolled environments
(i.e., litter), or upstream effects of plastics production such
as oil spills [35, 40, 41]. By these metrics, alternatives to
plastic, such as paper, become the more environmentally
favorable material. Therefore, when designing policies to
address the plastic waste problem, policymakers are left
facing trade-offs between competing environmental impact
categories—whether it be climate change impact, land or
water use, or ecological impacts on wildlife—underscoring
the importance of setting policy goals from the outset. For
example, if the policy goal were to address the consequences
of single-use plastic bag litter on marine wildlife, a policy might
be designed to reduce single-use plastic bag consumption.
Furthermore, instituting mechanisms to evaluate the total
consumption of bags and the resulting effect on marine
wildlife a set time after implementation could help determine
such a policy’s efficacy towards the intended goal. It is also
worth noting that, because single-use items are harmful to
the environment irrespective of the specific material, it has
been suggested that policy solutions also consider reducing
consumption in addition to alternative material solutions [42].

Policy options for reducing single-use plastic
waste: Beyond plastic bag bans
While efforts to curb the release of single-use plastics into
the environment have been largely restricted to straight
bans in the U.S., there exist a multitude of avenues to
address single-use plastic waste. Examining the full life
cycle of single-use plastics—from production to consumption
to waste—illuminates these opportunities and highlights the
multifaceted approach that can be taken to achieve policy
goals (Fig. 3). To this end, multiple points along the plastic
value chain offer the potential for policy interventions.

Targeted bans: The most common policy action in the U.S.
for reducing single-use plastic waste is a straight ban [43].
This top-down option is favored by many policymakers both
due to its simplicity and the well-established legal precedent
of introducing bans or product prohibitions to protect the
health of the general population. Bans also grant lawmakers
a considerable deal of latitude in their degree and specificity.
For example, bans can be either total bans or partial bans, in
which only those of certain specifications, such as thickness,
are prohibited [30]. Furthermore, they can be tailored to
specific forms of materials (e.g., low-density polyethylene) or
implemented at various stages along the plastic value chain,
including production, importation/exportation, distribution, and
sale. The major difficulties in ensuring success of this policy
is that they often require affordable alternatives and effective
enforcement.
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Figure 3: Outline of policy actions to address the plastic waste problem throughout the various stages of the plastic value chain.

To date, the only federal action to reduce the production
of single-use plastics in the U.S. is the 2015 Microbead-Free
Waters Act of 2015 (4), which banned the addition of
plastic microbeads to a variety of personal care products
[44]. With limited federal regulation, efforts have largely
been at the state and local levels. However, a drawback
to localized action is that it can make compliance and
enforcement difficult, which standardization at the state and
federal levels can assuage. There is also concern that such a
patchwork solution of individually banning all or most plastics
is not viable or practical to solve the issue of plastic waste
proliferation long-term, especially considering many states
have preemptive laws on single-use plastic bans. Regardless,
instituting specific targeted bans can be a useful part of a
larger strategy [42].

Levies and fees: Imposing levies on the production,
sale, or consumption of single-use plastics is another
consumer-oriented approach to mitigating plastic waste.
However, as opposed to the regulatory tack of bans, levies
instead are a market-based approach intended to modify
consumer behavior [21]. In principle, presenting consumers
with a visible fee accounting for the hidden social costs
associated with the proliferation in single-use plastics will
lead to a decrease in consumption. This principle could be
applicable to all single-use plastics, but policies have generally
not extended beyond single-use bags [30].

The levy can be imposed on suppliers, retailers, or

consumers, with the latter two being most common [30].
Imposing a levy on suppliers involves taxing the importation
of the material or the production of those domestically
manufactured. For this form to be effective in spurring
a behavioral change in consumers, the costs must be
transferred to retailers such that they entice consumers
to reduce single-use plastic consumption. Alternatively, the
levy can be paid directly by retailers or consumers at
the time of purchase. Depending on the intended goal of
the policy, the revenue raised from the levy can be used
to fund environmental waste management and educational
campaigns or reinvested into the development and production
of less harmful plastics.

Imposing levies on retailers and consumers has been
the favored policy option because it retains consumer choice
and does not directly interfere with the interests of the
plastics industry [20]. Furthermore, there is evidence that a
negative incentive such as imposing a fee for using single-use
plastics is more effective in altering consumer behavior than
providing a positive incentive for using a reusable material
[45]. Therefore, imposing the levy further downstream on the
value chain gives policymakers more control over how the
levy will impact consumer behavior. However, an important
consideration in designing this form of policy is the potential
difficulty in collecting levies from retailers systematically,
especially for smaller retailers operating internationally [43].
An additional risk is having legislation written such that
retailers view the fees as an additional stream of revenue.
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Similarly, critics note that levies can be viewed as a financial
license to produce or a moral license to consume, especially
among larger producers and more affluent consumers,
resulting in inequity rather than any behavioral change, as
evidenced by an ineffective levy implemented on producers in
South Africa in 2003 [43].

Education and public awareness campaigns: Consumer
buy-in is necessary for the effective implementation of
downstream, consumer-oriented policies, such as bans and
levies. Therefore, education regarding new policies and
the reasoning behind their implementation is an important
aspect to address. This often takes the form of public
awareness campaigns through written and social messaging,
visual cues, and campaigns supported by a combination
of local governments, retailers, and community groups [20].
However, some studies have shown that while short-term
educational programs can improve people’s knowledge, which
is relevant when aiming to improve public awareness of
new policies, they are ineffective in altering behavior and
cultural attitudes [46]. Yet, to the extent that short-term public
awareness campaigns are worthwhile, it has been shown that
social messaging (that is, messaging that signals behaviors
that are considered social norms) is more effective than
pro-environment messaging[47]. For example, messaging on
the volume of plastic waste generation has been shown to
be counterproductive in promoting plastic waste reduction
behavior, as it normalizes the action, whereas messaging
regarding social reactions to plastic waste and the impact of
plastic waste has been much more effective [48]. Additionally,
it has been found that demographic factors such as age and
work status can influence one’s plastic waste habits [48].
This is exemplified in one study that found that men are less
likely to partake in environmental actions viewed as more
feminine, such as using reusable bags or containers [49].
Therefore, in conducting public awareness campaigns, it is
important to keep the target audience in mind when crafting a
message and strategy. Similarly, the identity of the messenger
in a public information campaign plays an important role,
which is supported by evidence that community-based social
marketing programs (direct contact at the community level)
are more impactful in inducing behavioral change than passive
messaging campaigns (e.g., posting signs) [49, 50]. Ultimately,
though, because changes in consumer behavior and cultural
attitude are desired, long-term educational programs are
necessary. These are typically pursued through regular
messaging and integration of environmental conservation
principles into school curricula from a young age [30].

Extended producer responsibility: Extended Producer
Responsibility (EPR) is an alternative policy idea that, rather
than focusing on the consumer, aims to shift the negative
externalities of production upstream to the producer through
the Polluter Pays Principle [51]. Under this conception,
manufacturers and importers bear a considerable degree of
responsibility for the environmental impacts of their products
throughout the entire product lifecycle [52]. This includes
impacts from material selection, the production process

itself, and downstream impacts from use and disposal. An
effective implementation of EPR ideally incentivizes upstream
improvements to product design, durability, re-use, and
recycling. EPR, then, has largely focused on improving
recycling of materials, which some critics have noted is meant
to be a last resort in a circular economy approach [53]. Still,
by incentivizing improvements in material recycling processes,
EPR policies can be an important step in transitioning toward
a more circular economy.

EPR is most widely implemented in the EU via a set
of EU Directives on waste management, including those on
vehicles, e-waste, packaging, and batteries [54]. The EU EPR
Directives set minimum standards and recycling targets but
allow flexibility for implementation of regulations. Producers
are also not physically, but, rather, financially responsible for
collecting and recycling their end-of-life products. Many have
opted for establishing middlemen, referred to as Producer
Responsibility Organizations (PROs), that work with municipal
waste management to manage collection, sortation, and
recycling on behalf of producers for a fee proportional to
their market share of waste flow, which eases the complexity
inherent in diverse implementations [55].

On the other hand, there are currently no federal EPR
guidelines in the U.S. Mentions of EPR by the EPA have
focused on "product stewardship" and have defined EPR in
such a way that responsibility is shifted away from producers
toward consumers [54]. The lack of federal guidelines and
decentralization of the government in the U.S. can lead
to notable variation in standards among the states that
have chosen to enact some form of EPR. In fact, while
major opponents of EPR, such as the U.S. Chamber of
Commerce, have cited increased costs of operation among
their reasons for opposition, the difficulty in compliance due
to widely differing standards and requirements has been the
largest cause of concern, a position that has been echoed
unanimously by EPR stakeholders in the EU [56, 57]. There is
a consensus of the need for harmonized recycling standards,
which would increase the quality of recycled material and
make it easier to reuse recovered resources to manufacture
new products. Therefore, the U.S. could create specific
federal EPR guidelines but allow localities the flexibility to
tailor implementations to their unique needs. Additionally,
EPR policies may require effective and uniform enforcement
to ensure full producer compliance and to avoid company
defections to locations with weaker policies.

Another major critique of EPR is that it has failed at one of
its primary purposes: incentivizing better design for improved
recyclability [57]. It has been suggested that differentiation
of recycling costs, thereby rewarding producers for designs
that enable cheap and easy recovery of material, could be
a way to address this failure. For example, France uses
a system of mandatory fees on packaging materials that
includes credits for reduced or easily recyclable packaging
and fees for packaging with no easily recyclable pathways,
such as those that are glued together versus those that are
easily separable [43].
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Chemical recycling methods: Some plastics such as
PET beverage bottles and certain high density polyethylene
containers (e.g., milk jugs) can be fairly easily recycled. They
are generally clean, homogeneous materials, and handled in
large enough quantities to make the process economically
worthwhile [58]. These plastics are most commonly recycled
via a process called "mechanical recycling", where the plastics
are washed, melted down, and then reprocessed. However,
even these "recyclable" plastics can be contaminated with
other material such as food, requiring that they be downcycled
into plastic products with less stringent specifications
like carpet or plastic liners. Furthermore, the process of
mechanical recycling causes PET, like other polymers, to
degrade, resulting in a decrease in the quality of its
mechanical properties and thereby limiting the number of
times the plastic can be recycled to about six [58].

These challenges, among others, have resulted in low
recycling rates globally and within the U.S.; today, only about
9% of plastics produced have been recycled [59] and only
about 20% of PET [58], despite its nominal recyclability.
Chemical recycling, a process to depolymerize (break down)
plastics into their constituent building blocks (monomers
or oligomers) and then repolymerize the components back
into a virgin plastic with the original physical properties, is
emerging as a new technology to overcome the limitations
of mechanical recycling procedures used today, including
feedstock impurities. Such chemical recycling techniques use
solvents, heat, and enzymes to purify, depolymerize, or
convert materials into new polymers, enabling a potentially
infinite recycling process and circularity of plastic materials
[59].

Chemical recycling has the potential to transform material
circularity, but still requires appreciable research and
development and is not currently a cost-competitive process.
Policies that encourage greater demand for recycled plastics,
incorporate chemical recycling into EPR, and provide financial
incentives to make chemical recycling cost-competitive with
virgin plastic production could encourage the growth of this
sector and lead plastic production closer to a closed-loop
system [59].

Conclusion
Clearly stated goals, proper enforcement, and measurable
analysis metrics are all imperative for successful
implementation and improvement of single-use plastic bans.
However, such bans are not the only policy option; depending
on the environmental goals, whether to reduce the release
of macro/microplastic waste into the environment or reduce
greenhouse gas emissions, additional policies—including
targeted or federal bans, the implementation of fees and
levies, extended producer responsibility, and education
programs—can be considered in tandem with or in lieu of
extant single-use plastic bans. Furthermore, while some
policies are more easily implemented at the state and local
levels, harmonized federal guidelines or standards could ease
enforcement and compliance and combat laws preemptively

restraining localities from instituting policies to address plastic
proliferation.

Ultimately, in addition to effective regulatory and economic
government policy, new innovations in waste management
technology, movement to closed loop systems with new
sustainable plastic chemistries, research and development
into sustainable materials, and more resource-efficient
business models could help resolve the environmental
consequences of plastic production [60]. Long-term
investments into sustainable materials research and the
necessary innovations and infrastructure along the plastic
value-chain are important avenues by which policies can
spur these changes.
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