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Abstract
The topic of single-use plastic (SUP) has attracted considerable global attention. Even though it has been investigated extensively
by the research community, there is no existing literature that succinctly reviews the progress and developments of its uses,
associated impacts, viable alternatives, and end-of-life scenarios through the lens of the food services industry (FSI). Through our
review, we attempted to answer the question if the use of SUP foodware in the FSI can be more sustainable, and if possible,
participate in the circular economy. We have determined that it is technologically possible for disposable foodware to achieve
circularity using bio-based biodegradable foodware materials, organic recycling, and industrial symbiosis. All three components
need to be operated and utilized simultaneously for any disposable foodware to be truly circular. However, we found the adoption
rate of these technologies to be relatively low, and we discussed the reasons for our findings in detail. We proposed using policy
action as an intervention mechanism to mitigate this situation and encourage greater adoption.
Keywords Circular economy . Sustainable development . Single-use plastics . Food services industry . Industrial symbiosis .
Organic recycling . Bioplastics

Introduction
Plastics are both a hero and a villain. Since its introduction,
plastics have played an integral role in shaping our modern
society. As a material, it exhibits superior performance, versatility and is cost-effective to produce. These factors made
plastics desirable and highly valuable as it is suitable for a
wide range of applications across many industries. Plastics
have enjoyed rapid and widespread adoption in the recent
few decades. In the preceding 13 years leading up to 2015,
global polymer resin and fiber production almost doubled, and
it accounted for close to half of its historical production volume since 1950 (Geyer et al. 2017). By 2019, global primary
plastic production reached 368 million metric tons (Mt)
(PlasticsEurope 2020), which is a 2.51% and 5.75% increase
from 2018 and 2017, respectively (PlasticsEurope 2018;
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PlasticsEurope 2019). By 2050, it is set to reach 900 Mt
(Nature 2021).
Packaging applications represent the most significant global plastic demand segment, and single-use plastic (SUP) packaging is its largest constituent (Geyer et al. 2017; Jambeck
et al. 2015; United Nations Environment Programme 2018a;
United Nations Environment Programme 2018b). Across
EU28, Norway, and Switzerland (EU28 + NO/CH), a similar
consumption pattern is observed where almost 40% of its
regional plastic demand across the last 3 years was used for
packaging (PlasticsEurope 2018; PlasticsEurope 2019;
PlasticsEurope 2020).
Our society’s prosperity has allowed humanity to appreciate the conveniences and benefits of using SUP packaging,
especially in the food services industry (FSI), which is the
focal point of our review. The United States Department of
Agriculture (USDA) defines FSI establishments as facilities
that prepare, serve, and sell food to the public for immediate
consumption on site (food away from home) for a profit.
Establishments in this category include full-service restaurants, fast food outlets, caterers, and cafeterias (United States
Department of Agriculture 2020). Except for packaged food
products being sold in these establishments, foodware is generally provided with the purchase of prepared food. For
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takeaway orders, disposable foodware is used. Though the
terms “foodware” and “food packaging” are often used interchangeably, foodware is used for this article as it better represents the subject of our analysis. Besides food packaging,
“foodware” also includes dishes, containers, and eating utensils (Oxford University Press 2020).
Even though SUP foodware has become an indispensable
part of our everyday life, its rapid proliferation and continued
growth have met with fierce resistance of late. It has been
assailed by environmentalists and the broader community
for its associated adverse effects, which are becoming palpable. The critical parameters of determining the severity of
impact from SUP foodware include the material intensity of
plastics, how it is produced, its end-of-life scenarios, and how
these various interconnected aspects are managed (United
Nations Environment Programme 2020). These aspects will
be reviewed in this article. The role, types, and importance of
SUP in the FSI will be discussed. The associated impact of
using SUP as a foodware material and the recent progress and
developments in attempts to mitigate the situation will also be
covered. Finally, the authors aim to answer whether SUP
foodware in the FSI can be more sustainable and if it can be
circular. The future of SUP in the FSI will also be deliberated,
and suggestions for the industry players and policymakers to
consider will be provided.

Plastics as a Foodware Material
Ingesting contaminated food can result in foodborne illnesses,
which consequently burdens the society’s public health, welfare, and economy (World Health Organisation 2020). As
such, foodware must be produced with non-toxic materials
that are safe for direct food contact. These materials are commonly termed as “food-grade,” “food-safe,” or “food-contact,” and they include plastic, paper, glass, etc.
Among all foodware materials, plastics are the most sought
after. In 2019, plastics were used as a base material for 83%
and 45% of the global flexible and rigid food packaging, respectively (Fig. 1). A key driver behind plastic’s widespread
adoption is its versatility. Plastics can take on different aesthetics and properties by altering their chemical structure. This
makes it suitable for an extensive range of applications. While
there are a wide variety of different plastics, not all are used for
foodware production. Thermoplastics are primarily used in the
FSI. This group includes polypropylene (PP), polyethylene
(PE), low-density polyethylene (LDPE), high-density polyethylene (HDPE), linear low-density polyethylene (LLDPE),
polyvinyl chloride (PVC), polyurethane (PU), polyethylene
terephthalate (PET), and polystyrene (PS). PET, PP, PVC,
PS, and PE are the five most used polymers for packaging
applications (Schyns and Shaver 2020). Aside from its use
as a base material, plastics can also be used as complementary
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material in a multi-layered or multi-material foodware
(Geueke et al. 2018).
Plastics are chemically inert and thus, capable of
preventing unnecessary gaseous and moisture exchange with
the surrounding. This dramatically reduces the possibility of
foodborne contamination while preserving the quality of food
(Guillard et al. 2018). Besides, it is lightweight, has high specific strength and resistance to tear. If needed, plastics can also
be manufactured to be opaque or transparent, allowing consumers to see the food product through its packaging. It can
also be easily molded to take the shape of the food item it
holds (Lebreton and Andrady 2019) without compromising
its functional requirements. As for rigid foodware applications, its stiffness and high strength-to-weight ratio make it
popular for use as food containers and utensils. All in all,
plastics have an unparalleled position in the category of
foodware materials as it is difficult to find another material
with comparable versatility, performance and can be massproduced at a relatively low cost (Peh 2020). An overview
of the most used plastics in the FSI is detailed in Table 1
below.

Associated Impact of Using SUP Foodware
There are associated adverse effects of using SUP foodware,
and they are becoming palpable. Studies have demonstrated
that direct exposure to every stage of a plastic’s lifecycle can
pose distinct risks to our health (Azoulay et al. 2019) and the
environment, especially during its production and at its endof-life.

Associated Impact from Primary Plastic Production
As plastics are derived mainly from non-renewable sources
like petroleum, mining and drilling activities are required to
extract these buried resources. Employing these mining operations, like hydraulic fracturing, is linked to devastating environmental impacts, including the loss in biodiversity (Butt
et al. 2013), land degradation, pollution of toxic substances
(Denchak 2018; Finamore 2016), and more. On average, these
toxins comprise more than a thousand different chemicals,
severely impairing bodily functions when ingested.
Exposure to these toxins is also known to be carcinogenic
and can increase mortality risk (Azoulay et al. 2019;
Lockwood 2014). Aside, traditional plastic production is also
energy-intensive, and it emits harmful greenhouse gases that
contribute to global warming. In 2017, 70 million tonnes of
CO2e were estimated to be emitted because of primary plastic
production. To put this figure into perspective, it is equivalent
to 1% of the annual greenhouse gas emitted by the United
States of America (Posen et al. 2017). In 2018, about 4 to
6% of petroleum worldwide was used in primary plastic
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Source: Euromonitor International (2020). Data Set: “Food Packaging World”, Year 2019 Note: “Mixed-Plastic Flexible Packaging”
includes packaging materials where plastics are not the base material but are incorporated to improve the base material’s properties
(e.g., aluminum/plastic, paper/plastic)

Fig. 1 % of plastic-based flexible and rigid food packaging worldwide in 2019 (by unit volume)

production (Veolia 2018), and these figures are expected to
increase with the growing demands for plastics, like SUP.

Associated Impact from its End-of-Life
Propylene, found in petroleum, gives plastics its strong
carbon-carbon bonds within its polymer chains and compact
macromolecular structure within its matrix. As a result, plastics degrade very slowly under natural conditions. This trait is
highly desirable from a lifecycle perspective when incorporated into products designed for long-term or repeated use.
Unfortunately, for various reasons, including food safety,
cost, and conveniences, SUP foodware is not designed for
either purpose. Even plastic bags are known to have a relatively short average use time of only 12 min (Wilkins 2018)
despite its potential to be reused multiple times across a
prolonged period. When plastics are landfilled or littered into
our natural environment, it can take as long as a thousand
years to decompose (United Nations Environment
Programme 2018b). This vastly disproportionate time between our interaction and the decomposition of SUP foodware
led the world to be confronted with excessive plastic waste as
more are being generated than it can be adequately and sustainably managed.
Today, the world is drowning in plastics. Excessive
terrestrial plastic pollution contributes to visible aesthetic
damages in highly urbanized cities, and it is a direct consequence of mismanaged plastic waste. In 2015, 79% of
all historical plastic waste ever produced was dumped in a
landfill or leaked into our natural environment (Geyer
et al. 2017), including our soil, air, and water. In 2020,
it was estimated that 12 Mt of plastics is leaked into our
marine environment every year (Boucher et al. 2020).
Suppose no interventions are introduced to reduce plastic
waste and its leakage drastically, it is estimated that our

oceans would have more plastics than fishes by 2050 (by
weight) (World Economic Forum et al. 2016).
In our natural environment, plastics break down very slowly through an oxo-process into micro- and nano-sized particles. Collectively termed as “microplastics’, these particles are
smaller than five millimeters in diameter and are mostly invisible to our naked eyes. Even though it may be seemingly
harmless, microplastics are capable of ecosystem-level effects. It can alter natural biogeochemical cycles (Seeley et al.
2020) and greatly endangers our health and the environment
when it is scattered across our soil, air, and water. For instance, microplastics can be easily ingested by terrestrial and
aquatic fauna, paving the way for these fragments to enter our
food chain and make them bioavailable for human exposure
(Azoulay et al. 2019). When exposed, either directly or indirectly, it can lead to long-term adverse effects (DG
Environment 2011; Shahul Hamid et al. 2018), which are
being intensively studied by the research community.
Nevertheless, existing literature has suggested that
microplastics are already present inside all of us. It is estimated that we ingest more than 50,000 microplastic particles a
year, either by inhaling or consuming food and liquid contaminated with microplastics (Cox et al. 2019).
This plight will imminently intensify with the surge of SUP
consumption. As more plastics are introduced into our ecosystem, plastic contribution to municipal solid waste and pollution will continue to rise. At where we are, it is estimated that
humanity is currently producing over 200 Mt of municipal
plastic waste per annum. If there is no concerted effort in
reducing plastic waste, it is plausible for plastic waste production to reach 230 Mt per annum by 2025 (Lebreton and
Andrady 2019). This is a mounting concern to our society as
the current state-of-the-art waste management approaches are
neither adequate, effective, nor sustainable in keeping up with
the ever-increasing plastic waste.
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Table 1

Overview of the most used plastics in FSI

Polymer

Characteristics

Polyolefins • Good barrier to moisture,
strength, and chemical
resistance.
• Inferior gas barrier.
• Light in weight.
• Translucent appearance.
• Recyclable.

Polyvinyl
chloride

Polyesters
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• Moldable.
• Good chemical resistance.
• Clear appearance.
• Recyclable.
• Contains Chlorine.
• Good strength, barrier, and
temperature properties.
• Clear appearance.
• Resistant to shattering.
• Recyclable.

Types FSI applications
PP

PE

PVC

PET

Polystyrene • Multiple forms are available PS
for different applications.
• Clear appearance.
• Inferior barrier properties.
• Recyclable.

References

• Injection molding/thermoforming: food containers, pots, tubs (for
condiments, cold food items, etc.).
• Blow-molding: bottles and caps (for soft drinks, cider, water, oils)
• Extrusion stretch: OPP films and pouches (wide-ranging from snacks to
confectionary to staples and fresh produces)
• Laminate and coatings.
• Cast and oriented processes for LDPE and LLDPE: films (film bags,
heat-sealed overwrapping films), carrier bags, pouches, foodware
laminate coating.
• Thermoforming and blow molding processes for HDPE: containers
(milk, juices, soups), single-use disposable containers.
• PVC-U: thermoformed sheets and foils (general-purpose food tray,
tamper-evident packaging, blister packaging), bottles (fruit squash,
water, cooking oils).
• PVC-P: cling and stretch films (for supermarket and household uses),
cap seals (canned and bottled food), closures, and can linings.
• Injection stretch blow molding: bottle (for beverages, juices, water, etc.),
wide-mouth jars, and tubs.
• Thermoforming: CPET trays (containers for precooked/vacuum-packed
meals), APET trays (deli trays).
• Films and metalized foils: boil-in-bag food items, snacks, and confectionery packaging.
• Crystal PS: disposable “plastic glasses” for beverages, coating layer for
other foodware materials.
• Foamed PS: food trays (for packaged food products), disposable
beverage cups.
Film PS: packaging carton windows, wrapping for fresh produce, vending
cups, and tubs.

Review of Recent Progress and Developments
Consumers, businesses, and policymakers are increasingly
cognizant of the associated adverse impacts. This spurred an
influx of stakeholder-driven initiatives aimed at addressing the
plastic menace. Recent developments around these initiatives
will be analyzed and discussed in this section. In the FSI, a
small number of brand-conscious establishments had made
attempts to reduce their reliance on SUP foodware. While
their efforts are commendable, it is often met with little success. This non-performance can be attributed to a combination
of factors, including the added premium to adopt a more sustainable alternative, the policymakers and the industry’s approach, and the actual demand by the patrons.

Product Design and Material Considerations
A direct substitution of the base foodware material is the most
direct and tried and true intervention to curb the excessive use
of SUP foodware. Various food-grade materials are readily
available to substitute synthetic plastics, which refers to plastics derived from fossil fuels like petroleum. Glass, metal, and
paper are examples of these food-grade materials. However,
due to the nature of the FSI, only paper and alternative plastics

Marsh and Bugusu
(2007); Tice (2002)

Marsh and Bugusu
(2007); Tice (2003)

Leadbitter (2003);
Marsh and Bugusu
(2007)

Cort et al. (2017);
Marsh and Bugusu
(2007)

Block et al. (2017);
Marsh and Bugusu
(2007)

like recycled plastics and bioplastics are considered. On most
occasions, alternatives to SUP foodware follow the same form
factor and specifications of its synthetic plastic counterpart.
As petroleum’s unit cost is at a record low, any alternative
sustainable material would inevitably cost more. In turn, this
deters a majority of FSI establishments from making the
switch, especially when there are vague commitments from
their patrons to share the cost. Consumers have repeatedly
voiced their support for a more sustainable alternative across
the board, but their actions had proven otherwise. A recent
survey conducted by the University of British Columbia concluded that only a quarter of respondents who have initially
expressed their intent to patronize from a more sustainable
brand followed through with their commitments (White
et al. 2019). Similarly, this contradictory behavior has also
been observed in the FSI, and it had further impeded progress
for establishments to transit away voluntarily and wholeheartedly from using SUP foodware.
Nevertheless, brand-conscious establishments are still
heedful of the potential competitive advantage they can acquire by adopting a more sustainable practice. Thus, to overcome this cost hurdle, establishments are increasingly spending more on material and design innovation to create a customized solution that is unique, appealing, sustainable, and
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synonymous with their brand. Before embarking on any
product- and material-related effort, a holistic lifecycle assessment of an establishment’s foodware system from cradle-tograve is usually carried out. This undertaking aims to assess
the environmental performance of the foodware system and
identify critical areas for improvement. The desired outcome
is to reduce the associated impact derived from the use of SUP
foodware. In most instances, the use of recycled or bio-based
plastics in place of synthetic virgin plastics is a recommended
feasible and viable first step that yields excellent results.

alternatives (S&P Global Platts 2020). To illustrate the cost
differences, a ton of virgin PET cost between US$500 to
US$600 in mid-2020, while a ton of recycled PET is almost
doubled (Hicks 2020). In sum, even if recycled plastics’ future
cost reaches cost parity with its virgin counterpart, the use of
recycled plastics as a foodware material is still very much
limited by its health and safety concerns.

Recycled Plastics

With more than a thousand papers published, bioplastics and
its adjacent subjects, like bioplastic waste and biodegradation,
have been extensively investigated by the research community
as a prevalent alternative to synthetic plastics. Biodegradable
is defined as the ability to decay naturally and harmlessly
(Cambridge Business English Dictionary n.d.), while
bioplastics refer to plastics that are either bio-based, biodegradable, or both (European Bioplastics 2018). This means
biodegradable fossil-based plastics like polybutylene
adipate-co-terephthalate (PBAT) or polycaprolactone (PCL)
and bio-based non-biodegradable plastics like bio-PE and
bio-PET are also categorized as bioplastics (Folino et al.
2020). However, partial bio-based plastics, like the bio-PET
used to construct Coca-Cola’s PlantBottle™, are not
bioplastics. While the bottle is constructed with bio-ethylene
glycol derived from sugarcane, it is still copolymerized with
terephthalic acid (Tabor 2021).
Today, there are at least ten types of bioplastics across
various development stages. They are mostly bio-based biodegradable plastics and are in the early commercialization
stage (Siracusa and Blanco 2020). In 2020, about 58.1% of
the global bioplastics produced were biodegradable, and it is
forecasted to increase to 62.2% by 2025 (European
Bioplastics 2020). Table 2 encapsulates a brief overview of
the typical bio-based packaging plastics, their current development stages, and their main bio-based monomers.
Unlike recycled plastics, bio-based plastics are known to be
food-safe as they are derived from biogenic sources. In the
FSI, the most used bioplastics are polyhydroxyalkanoates
(PHA) and polylactic acid (PLA). Both are bio-based and
biodegradable. PHA and PLA are used as base foodware material or coating layers for other base foodware materials, like
paper. They can be found in various foodware products, including cutleries, drinking straws, and food containers.
PHA is produced through the biosynthesis of microbes
under controlled conditions. Depending on the substrate used
to produce PHA, it may or may not be classified as a renewable biopolymer. In general, the carbon sources used in PHA
production can either be from renewable oils and fats or urban
waste (Fabbri et al. 2018; Sathya et al. 2018). Here, urban
waste sources refer to organic municipality solid waste, municipal wastewater, and sludges. As these urban waste sources

Using recycled plastics is increasingly considered by the FSI
as it reduces the need to extract petroleum for primary plastic
production. It allows synthetic plastics to stay circulated within the ecosystem and be repurposed. Giving plastics a new life
also prevents the embodied carbon from escaping as amorphous carbon, accelerating climate change and polluting the
air (United Nations Environment Programme 2019).
However, from a material perspective, the most significant
drawback in using recycled plastics is its inability to be
recycled indefinitely. Most plastics can only be recycled for
a maximum of two to three times before it becomes utterly
unfit for use (Franklin-Cheung 2020). Modern plastic
recycling methods for SUP foodware involve washing, melting, and repalletizing them for reuse. This process weakens
the recycled plastic’s structural integrity and performance,
which varies across different polymers. For example, for
PET, its high elongation at break value weakens significantly
by a factor of 4 after being mechanically recycled 4 to 5 times.
As for PP, multiple recycling reduces its molecular weight,
critical to its material performance (Schyns and Shaver 2020).
Thus, to make recycled plastics usable, virgin plastics are
usually added to the final product to balance its product performance. Typically, a range of 50 to 70% recycled plastics is
used to construct the final product.
Further, the use of recycled plastics as a foodware material
is also fiercely contested. Despite the best efforts undertaken
by plastic recyclers to ensure their feedstock’s cleanliness and
purity, there are still unsettling concerns if the recycled plastics contain residues that may contaminate the food item it
contains and lead to adverse health effects. There are food
safety concerns, and as a result, only a few countries have
explicit guidelines or regulations to allow or prohibit use.
Progressive countries like China are still assessing their risk
to consumers. At the same time, Korea only allowed chemically recycled plastics in parts of a foodware that does not
directly contact food (Tan 2020).
Lastly, purely from an economic perspective, virgin plastics are still the mainstay of the FSI. It has become too cheap,
fast, and easy to produce, to the extent that existing buyers of
recycled plastics are switching back to cheaper virgin

Bioplastics
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Current stage of development and monomer constituents of typical bio-based packaging plastics
Biopolymers

Non-biodegradable Bio-PE

Main Monomer(s)

References

Early
commercialization/R&D
(partially Bio-PE)

Bio-ethylene—derived through dehydration of
bioethanol, which is obtained with microbial
fermentation of sucrose feedstock or hydrolysis of
starchy biomass.
Bio-propylene—derived through butylene dehydration
of bio-isobutanol from fermented glucose.
Chemical conversion process and microbial synthesis
of C18 ricinoleic acid from castor oil; and catalytic
oxidation of glucose to glucaric acid.
Bio-ethylene glycol—obtained through (a) hydrolysis
of ethylene oxide (from bio-ethylene) or (b) via sorbitol; and bio-purified terephthalic acid—derived
through either method: (a) iso-butanol, (b) muconic
acid, (c) limonene, (d) furfural.
Bio-ethylene—derived through dehydration of
bioethanol, which is obtained with microbial
fermentation of sucrose feedstock or hydrolysis of
starchy biomass; and combined with chlorine.
Alternatives like 4-vinylphenols are being explored as
bio-based styrene alternatives.

Babu et al. (2013);
Siracusa and Blanco
(2020)

Bio-PP

R&D

Bio-PA

R&D to early
commercialization
(depending on grade)
R&D to early
commercialization
(depending on
method)/R&D (partially
Bio-PET)
R&D to early
commercialization

Bio-PET

Bio-PVC

Biodegradable

Development stage

Siracusa and Blanco
(2020)
Radzik et al. (2020)

Nakajima et al. (2017);
Siracusa and Blanco
(2020)

Alvarenga et al.
(2015); Pascault
et al. (2012)

Bio-PS

R&D

PLA

Commercial scale

L-lactic acid and D-lactic acid—derived via bacterial
fermentation of carbohydrates from agricultural
by-products.

Babu et al. (2013);
Sarasini (2017);
Siracusa and Blanco
(2020)

PHA

R&D to early
commercialization

Basnett et al. (2017)

PBS

Early commercialization

Hydroxyl-CoA thioesters—derived intracellularly
when a carbon substrate is converted via bacterial
fermentation.
Succinic acid—derived from starch and 1,4-butane
diol.
Starch—from biomass; and combined with plasticizers
of polyhydric alcohols like glycerol.
Chitin—converted to chitosan by deacetylation.

Thermoplastic Early commercialization to
Starch
commercial scale
Chitosan
R&D

are non-renewable, PHA produced with carbon sources from
urban waste is deemed non-renewable.
The combinations of microbes and the biosynthesis process
can affect the polymer structure and its related properties. This
makes PHA a highly versatile and customizable material suitable for an extensive range of applications. Today, scientists
have discovered over 150 different types of PHAs (Tullo
2019). Short-chain PHAs like the poly(3-hydroxybutyrate)
or PHB is the most widely used variant (Roohi et al. 2018).
However, due to its thermal instability and high breakage
potential during storage, applications for industrial use of
PHBs remain relatively limited (Ushani et al. 2020). Aside,
its copolymer variant poly(3-hydroxybutyrate-co-3hydroxyvalerate) or PHBV are also used in foodware
applications.
On the other hand, PLA is produced through controlled
polymerization of lactic acid monomers obtained by
fermenting natural and renewable carbohydrate sources like
corn starch or sugarcane (Babu et al. 2013; Sarasini 2017;
Siracusa and Blanco 2020). These carbohydrate sources

Van Schijndel et al.
(2020)

Niaounakis (2015)
Liu et al. (2020)
Santos et al. (2020)

require arable land to cultivate, and replacing the world’s synthetic plastics with bioplastics like PLA would require at least
0.02% of Earth’s available arable land (Folino et al. 2020).
Hence, while its sources may be renewable, the notion of
competing against a direct food source to manufacture PLA
has sparked controversies around food security and resource
allocation in an increasingly food-scarce world. Like PHA,
PLA is also versatile and possesses a high level of transparency, tunable molecular weight, good ease of processing, and
resistance to solubility in water. As PLA is a copolymer of its
two enantiomeric forms, namely poly L-lactic acid and poly
D-lactic acid, stereocomplexation can be applied to adjust the
relative proportion of these two enantiomers, which in turn
alters its properties (Rahaman et al. 2020). Its properties can
also be further modified through composition or polymerization with other substances (Wu et al. 2020).
Both PHA and PLA share similar aesthetics and engineering properties with its synthetic counterpart. However, comparatively, they exhibit weaker thermal and mechanical performance as compared to its synthetic counterpart. They are
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also more expensive to produce, limiting its competitiveness
to gain widespread adoption (Maraveas 2019). On a more
positive note, PHA and PLA are categorized as carbonneutral plastics as no additional atmospheric CO2 was required during production beyond what has been utilized by
their respective raw materials (Gómez and Michel 2013).
Also, by allowing PHA and PLA to biodegrade, using it will
not upset the natural biogeochemical cycle as no plastic debris, like microplastics, will be created. This contrasts with
landfilling of post-consumer synthetic plastic waste, which is
known to create microplastics (Su et al. 2019) and adversely
impacts the natural geochemical cycle. Table 3 compares the
respective performances and costs between both types of
plastics.
Presently, global bioplastics production only constitutes
0.5% of the entire plastic industry (Goldsberry 2020), and
packaging is its most utilized application. PLA and PHA
only take up 18.7 and 1.7% of the global bioplastic market
share today. By 2025, it is forecasted to reach 19.5 and
11.5%, respectively. Combined, PLA and PHA are
projected to capture a third of the global bioplastic market
and half of the global biodegradable bioplastic market by
2025 (European Bioplastics 2020). Therefore, we believe
this nascent bioplastic market has tremendous growth opportunity. We also believe it can replace synthetic plastics
as the mainstay of the FSI if two critical conditions are
met.
Firstly, the performance gap between bioplastic and its
synthetic counterpart needs to be narrowed. A brief horizon scan indicates extensive ongoing research to pursue a
commercially viable bioplastic with better product performance and biodegradability. Many of which have demonstrated positive preliminary results. Some research inc l u d e s b l e n d i n g P H B w i t h P L A t o i m pr o v e t h e
Table 3

Product Design Considerations
With or without the intent to switch away from synthetic plastics, establishments are also increasingly observed to consider
improvements for their foodware design. Foodware design
optimization is an interplay between art and science. On the
one hand, it requires a deep understanding of the respective
material properties and their inter-material interactions. On the
other, it requires practitioners to have a knack for creativity to
design sustainable, functional, and appealing foodware. The
areas for improvement are typically identified through the life

Comparison of selected parameters between most used plastics in the FSI

Materials Mechanical properties1

Bio-based
PLA
PHA
Synthetic
PE
PP
PET
PS
PVC

composite’s ductility, toughness, and thermal stability
(Meereboer et al. 2020). Others blended biodegradable
polymers with starch to improve its overall biodegradation
rate (Muthuraj et al. 2018). Judging the results from this
brief horizon scan, we are confident this condition can be
met in the near future.
Secondly, the cost of bioplastics cannot be prohibitively
more expensive than synthetic plastics. It needs to be kept
within an acceptable price range to encourage greater uptake.
Research has demonstrated that green premium on commodity goods cannot be more than 50% the price of its massmarket alternative. If it exceeds, consumers will be less likely
to make the switch. While prices of bioplastics today are generally higher, it is possible to keep its green premium under
50%. Interventions to increase actual consumer demand and
supplier’s production capacity and improve its supply chain
efficiency can be introduced to enable bioplastic manufacturers to amass a greater economy of scale (Tan and Cha
2021). Doing so will empower the manufacturer to pass on
their savings to the consumers and keep its green premium
under the 50% mark. This will lead to a more accessible and
affordable bioplastic for the masses.

Thermal properties1

Life cycle performance2,3

Cost1

Tensile
Elongation at
strength (MPa) break (%)

Glass transition
temperature (°C)

Melting
Global warming
temperature (°C) potential (CO2e/Kg)

Primary energy
intensity (MJ/Kg)a

USD/Kgb

59
15–50

2–7
1–800

55
12–3

165
100–175

0.62
−2.3 to 6.9

40
40–110

2.2
4.41–13.23

15–30
36
86
30–60
52

1000
400
20
1–5
35

−125
−13
72
100
−18

110–130
176
265
200

1.9
1.6
2.2
2.3
2.9

80
56
69
82
59

1.43–1.76
1.87–2.09
1.87–1.98
2.2–2.65
1.87–1.98

Note: a Refers to non-renewable energy required. b Indicative cost fluctuates according to its raw material price
References: 1 Maraveas (2019), 2 Shogren et al. (2019), 3 Vink and Davies (2015)
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cycle assessment. For SUP foodware, there are two wellknown design optimization pathways.
The first involves adding elements to encourage consumers
to accurately separate and sort their foodware more quickly as
they dispose. Incorporating these elements can improve the
material’s recovery rate for recycling and other treatment
methods (Nemat et al. 2020). The other pathway involves
reducing the net material intensity of plastics used while ensuring it fulfills its purpose without compromising the other
requirements. Either way, both pathways will require practitioners to consider their proposed foodware archetype’s unit
cost and how it will be manufactured and distributed.
Unbeknownst to many, the optimization of foodware design
involves participation across the entire value chain. Therefore,
given the complexity of the task and the significant time and
financial commitment required, only larger and more
established businesses pursue these opportunities. Even so,
they may not have the necessary in-house expertise to perform
the task and will likely turn to specialized consultancy firms.
A successful endeavor can yield immense positive economic and ecological outcomes. Economically, the pathway
that reduces plastics’ net material intensity allows the
foodware to be produced much cheaper as lesser materials
are used. This will translate into long-term savings for the
establishment. Ecologically, it will significantly reduce the
finished product’s embodied carbon and improve its material
recovery rate. A successful example is McDonald’s makeover
of its iconic McFlurry ice cream cup. The redesigned cup used
an integrative design methodology to eliminate the need for a
separate plastic lid. It reduced its intensity with plastics by
substituting the base material with paper. Implementing this
change has allowed McDonald’s to save more than 1200 metric tons of plastic per year (McDonald’s 2019). Exhibit A of
Fig. 2 shows a side-by-side comparison between the old and
new McFlurry ice cream cup.
Another notable example is a new cup lid used by
4Fingers—a quick-service restaurant known for its Asianstyle fried chicken. Its newly redesigned cup lid eliminates
the need for a straw without compromising on the user experience. This allows it to save 0.29 g of synthetic plastics per
unit compared to its predecessor (which uses both a cup lid
and drinking straw). Exhibit B in Fig. 2 compares the weight
differences between both versions of 4Finger’s cup lid.

End-of-Life Considerations
Tackling the downstream aspects of using SUP foodware is
just as crucial as acting on the upstream. Even using the most
design-optimized foodware constructed with the most sustainable base material does not negate the fact that foodware is
still primarily designed to be disposed of after a single-use.
Hence, end-of-life scenarios around adequate management of
foodservice waste need to be seriously considered. Without
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solving this piece of the puzzle, the FSI will never achieve a
sustainable pattern of growth. Foodservice waste includes a
mix of food waste and used foodware. In a typical scenario, a
bin full of foodservice waste will contain more food waste
than foodware. Food waste can be segregated from the other
non-organic non-biodegradable materials like the SUP
foodware and be treated separately as organic material. The
United States Environmental Protection Agency (2020) recommends that inedible food waste be composted compared to
other waste disposal methods. Techniques to effectively and
sustainably compost food waste have been extensively studied
and commercialized.
Recycling SUP Foodware
On the other hand, treating SUP foodware waste is a whole
new ballgame. With reference to the integrated solid waste
management hierarchy used by policymakers of the world,
recycling SUP foodware waste would be the recommended
action since it is no longer reusable. After all, recycling promotes material recovery and reduces the need to extract petroleum for primary plastic production, contributing to the circular economy and the fight against global warming (Klemeš
et al. 2020). Figure 3 adapts and enhances the existing integrated solid waste management hierarchy proposed by
Hoornweg and Bhada-Tata (2012) by categorizing each waste
management method according to its recovery and consumption pattern.
Plastic recycling has been around for almost five decades.
While there are many established recycling methods to treat
plastic waste (mechanical, gasification, pyrolysis, depolymerization, and solvent-based processes), mechanical recycling is
still the dominant recycling method today as other chemically
based methods are nascent and have yet to be proven as a
viable solution (Tullo 2020). Globally, the plastic recycling
rate is far from satisfactory, and recycling efforts are mostly
inconsistent across geographies. The Asia Pacific region saw
the most plastic recycling successes in 2018. India led the
pack to recycle 60% of its plastic waste, followed by South
Korea at 45% and China and Japan at 25% each. In the west,
the European Union collectively attained a 30% plastic
recycling rate while the United States only achieved 9%
(Veolia 2018). For recycling of SUP foodware, there are insufficient data to quantify its performance, although anecdotal
evidence suggests its recycling rate to be relatively low. This
lackluster performance can be attributed to a multitude of
reasons, including the purity of recyclates, the complexity of
recycling SUP foodware, and the poor underlying economics
of the entire plastic recycling operation.
The degree of purity of recyclates impacts the recovery
ratio and the utility of recycled plastic. By degree of purity,
we refer to (a) the degree to which recyclates are contaminated
with other materials and (b) the respective concentration of
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Exhibit A: Old McFlurry cup (left) and New McFlurry cup (right); Exhibit B: Old 4Fingers cup lid at 3.23g (left) and New 4Fingers cup lid at 2.94g (right).
Source: Wales News Service (Old McFlurry cup), McDonald’s (New McFlurry cup), Yelp (Old 4Fingers cup lid), TRIA Pte. Ltd (New 4Fingers cup lid and
weighing scales).

Fig. 2 Examples of foodware design considerations applied in the FSI

each material type contained within a batch of recyclates. To
achieve the best outcome, a batch of recyclates should ideally
consist of a particular type of material free from contaminants.
For SUP foodware, it is invariably contaminated with food
waste in a bin full of foodservice waste, which inherently
limits its recyclability potential. For the most part, its recyclability potential is further limited by the materials used in constructing the foodware. As we have established earlier,
foodware can be constructed with different materials to
achieve its desired performance attributes. However, using a
multi-material foodware hinders the recyclability efforts as
there are no known methods to effectively and efficiently segregate and individually treat each material type. This obstacle

Fig. 3 Enhanced integrated solid
waste management hierarchy
with categorization

is also applicable for foodware constructed with more than a
type of plastic as each type of plastic, regardless of synthetic or
bioplastic, differs in material composition and properties.
Hence, it will need to be treated separately in the mechanical
recycling process, and failure to separate them before treatment can ruin the entire batch of recyclates. Using drinking
bottles containing PET and PVC as an example, PET requires
intense heat to soften and mold. The heat required is so intense
that it will cause PVC to chemically degrade and produce
hydrochloric acid, which will compromise the quality of
PET and may render it useless (Parsons and Zaidan 2018).
Therefore, to mitigate this situation, plastic recycling facilities employed mixed manual labor and complementary
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sorting technologies to sort their plastic waste on-site before
applying any treatment. Adopting this sorting process may
reduce tangible downstream complications, but it is imperfect,
and it also brings about a new set of challenges. Firstly, even
with the most robust sorting system, it is impossible to eliminate contamination in each waste stream. To illustrate, synthetic plastics and bioplastics are aesthetically similar and virtually indistinguishable. This creates a possible scenario
where both materials can comingle and be treated in the same
channel. Next, purely from an economic perspective,
recycling facilities will need to invest, acquire, and operate
their sorting capabilities. These financial commitments are
estimated to cost a third of the economic benefit it can acquire
from each ton of plastic waste collected (Da Cruz et al. 2012).
As a result, it will significantly reduce the profits generated
from recycling plastic waste. Further, by restricting treatment
to a specific plastic-type, it complicates the entire plastic
recycling operation and dampens the facilities’ ability to
amass the economy of scale needed to treat its plastic waste
at a relatively lower cost. Even as plastics from the packaging
sector are deemed more economically feasible to recycle than
plastics from other sectors, its poor underlying unit economics, and technological constraints remain an impediment for
the broader community to accept plastics recycling as a viable
treatment method (Schyns and Shaver 2020).
Hence, even if SUP foodware waste is properly collected, it
is likely to be landfilled or incinerated in a waste-to-energy
(WTE) facility. Incineration is increasingly adopted as the
default treatment method for solid waste as it can handle a
variety of mixed materials. This eliminates the need for additional waste segregation and separate treatment channels.
Incinerating solid waste at a very high temperature significantly reduces the waste volume and makes its residual ash easy to
handle. Energy can then be recovered through direct combustion or fuel production (Faussone 2018; Kunwar et al. 2016;
Miandad et al. 2017; Wan Mahari et al. 2018). However,
incineration leads to the release of acid emission and toxins
and the release of embodied carbon within the SUP foodware
as amorphous carbon.
Organic Recycling
Most bioplastics can be mechanically recycled, but it will not
yield the best outcome as the same challenges and limitations
faced in mechanically recycling synthetic plastics apply to
bioplastics. However, instead of sending bioplastics to be incinerated in a WTE facility, biodegradable bioplastics can be
biologically treated. Biological treatment includes aerobic
(composting) and anaerobic (biomethanization) methods
using microbes under controlled conditions to produce stabilized organic residues or methane. Collectively, the European
Parliament and Council (1994) categorizes these methods as
organic recycling. According to the integrated solid waste
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management hierarchy (Fig. 3), organic recycling is preferred
over incineration for energy in a WTE facility. Hence, with a
projected increased adoption of bioplastics worldwide, including in the FSI, organic recycling will inevitably play a more
significant role in facilitating FSI’s transition to a more sustainable consumption pattern. Among other alternative SUP
foodware materials, paper can also be organically recycled as
it is derived from a bio-based source.
Composting is one of the preferable options for treating
bioplastic waste. It is a controlled aerobic biodegradation process involving piling organic matter in a high moisture environment to stimulate aerobic decomposition by microbes. On
average, the aerobic composting process takes between 28 to
110 days. Compost is typically derived from the composting
process. Additionally, recent studies have demonstrated the
possibility of extracting up to 200 l of organo-mineral liquid
fertilizer per 100 kg of dry mixed municipal waste compost.
The remaining solid residue is valorized further into heat energy for the facility or biochar (Fernández-Delgado et al.
2020). The organic compost and fertilizers derived through
this process are rich in humic substances and microbial diversity, making them highly valuable for the gardening and farming community (Folino et al. 2020). By using more organic
fertilizers, we can also dampen the world’s reliance on inorganic fertilizers and alleviate the adverse effects it has on the
environment (Fernández-Delgado et al. 2020). For the same
reasons in classifying PHA and PLA as carbon-neutral plastics, composting them does not contribute to the additional
release of atmospheric CO2 (Gómez and Michel 2013;
Vaverková and Adamcová 2015).
On the other hand, biomethanization or anaerobic digestion
(AD) uses microbes to degrade organic matter in the absence
of oxygen. AD is usually carried out in a digester, and it
produces a nutrient-rich digestate residue and biogas. The
digestate can also be used as fertilizer, while the biogas can
be used to generate electricity and heat or to be converted into
renewable natural gas and fuel for households or transportation. Studies have also demonstrated that PLA and PHA possess similar biodegradability and degrade at a comparable
pace when subjected to either composting or AD (Folino
et al. 2020).
The greatest strength in organic recycling lies in its innate
ability to effectively treat and convert organic recyclates into a
homogenous blend of useful material ready to be repurposed
(Folino et al. 2020). In other words, regardless of how messy
or mixed a bin full of foodservice waste is, if all its contents
are organic, the entire load can be simultaneously treated without the need for segregation. This efficaciously overcomes the
major barriers faced in establishing plastic recycling as a viable treatment method—contamination, sorting, polymer
degradation—and positions organic recycling as an effective,
efficient, and sustainable pathway for valorizing organic
foodservice waste in the FSI.
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More importantly, organic recycling enables industrial
symbiosis, which is a fundamental enabler for a circular economy. The essence behind industrial symbiosis is that an
entity’s waste becomes another’s feedstock (La Rosa and
Ramakrishna 2021). In this scenario, we have demonstrated
that other firms can utilize the byproducts from composting
and AD. We envisioned how this process would entail in
Fig. 4.
While organic recycling, coupled with industrial symbiosis, may be the ideal solution, the first precondition of FSI
establishments using bio-based foodware today remains relatively low. Further, organic recycling for the foodservice
waste business is also nascent and has yet to be proven viable
as critical waste management processes, infrastructures, and
policies are severely lacking.

Policy Action
In most parts of the world, policy action around SUP is a
recent phenomenon. Geographically, these responses tend to
be executed at a national or regional level. As the plastic
menace is a transboundary issue, a robust global response like
the 2015 Paris Agreement on combating climate change
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would be ideal. However, formulating one and keeping it
enforced until it achieves its desired objective is a tall order.
Regardless, that should not deter the world’s governments
from taking a unified stance and collectively sending a strong
signal on the importance of addressing this issue.
Policy action around SUP today is also chiefly focused on
regulating the use of SUP over installing economic mechanisms to support the adoption and growth of novel solutions
aimed at tackling the plastic menace. In 2018, 127 of 192
countries have legislated against the use of SUP bags. Only
27 have extended its legislation to cover some, but not all the
products within the SUP foodware category. These 27 countries are principally represented by small low-lying coastal
countries and islands where their economy thrives on a clean
and sustainable marine ecosystem and tourism. With visible
plastic pollution on their shores, the resultant aesthetic damages can severely hamper their economic growth. In 2019, the
United Nations Environment Assembly saw 170 countries
pledged to reduce their use of plastics significantly (BBC
2019). Since then, more have joined a growing list of countries to enact or enhance their policy action and measures
(Masterson 2020). Enacted legislation typically involves a
regulatory or market-based approach or a mix of both.

Fig. 4 Circular economy model for disposable foodware with organic recycling and industrial symbiosis
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Standard market-based instruments used by policymakers include a tax on SUP, either levied during production, disposal,
or as a form of special environmental tax (Excell et al. 2018).
Figure 5 entails the breakdown of legislative efforts worldwide by approaches, types, and specific SUP products.
Notably, as the largest plastic waste producer on the planet,
China has also introduced significant legislation earlier this
year. It announced a ban on the production and sale of disposable foamed foodware by the end of 2020 and a ban on nonbiodegradable plastic bags by 2025 (Ng 2020). This announcement sets off a chain of ripple effect throughout the
entire FSI as China also happens to be the world’s largest
producer of primary plastics. In 2019, China produced 31%
of the world’s plastic (PlasticsEurope 2020), and foreseeable;
this policy action could potentially disrupt the supply chain
worldwide for the betterment of society. Domestically,
China’s 2020 ban on disposable plastics has already hit the
hospitality and logistics industry (Ng 2020), and the FSI will
not be spared either. Earlier in 2018, the world also experienced a similar ripple effect when China enacted its “National
Sword” policy and banned most plastics and other waste materials from entering its shores and recycling facilities (Katz
2019). In both legislative scenarios, China has successfully
demonstrated the extraordinary use of policy enactments to
align and coerce relevant stakeholders, including those in the
FSI, into following a more sustainable consumption pattern.
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While China, given its economic and political leverage, may
be an exceptional case, we earnestly believing that a welldefined and targeted national policy action can play an equally
critical role in resolving the bottlenecks faced in bringing
about the desired change.

Discussion, Conclusion, and Outlook
Leading up to this section, we explored the reasoning behind
why SUP foodware is still the mainstay of the FSI despite its
associated negative impact on our health and environment.
We concluded that synthetic plastics’ unit cost and their exceptional versatility and material properties make them
uniquely hard to be replaced. In other words, synthetic plastics
are here to stay, but that does not negate the fact that actions
cannot be taken to reduce our reliance and impact on SUP
foodware. We thoroughly reviewed the recent progress and
developments to drive the FSI towards a more sustainable
consumption pattern. We deduced the considerations and developments around optimizing the foodware’s design, reducing its material intensity, and substituting its synthetic plastics
for a more sustainable alternative to be a step in the right
direction.
On the other hand, developments around waste management and policy actions are sorely inadequate. Regardless, we

Fig. 5 Regulatory and market-based approaches to controlling single-use plastics. Source: Excell et al. (2018)
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empirically observed various stakeholders’ extensive efforts
to be in piecemeal, not as a collective whole. Even with the
best intentions, a siloed approach will never yield the desired
outcome. To truly move the FSI towards a more sustainable
consumption pattern, we would recommend a concerted and
staunch effort by all key stakeholders. Only with this precondition are we able to confidently say that the FSI can be more
sustainable.
We have also determined that it is technologically possible
for disposable foodware to achieve circularity with organic
recycling and industrial symbiosis. To achieve an impeccable
organic recycling rate, FSI establishments must first replace
their existing foodware with one that is entirely constructed
out of organic materials (e.g., bioplastics or paper). Next, the
underpinning processes and infrastructures to attain an effective and efficient organic recycling and industrial symbiosis
process must also be established for the downstream. The
current state-of-the-art is still in its infancy, and foreseeably,
it would take a long period of gradual organic growth before
the ecosystem can achieve some level of economic viability
and be self-sustaining.
Unfortunately, the world does not have the luxury of
waiting for the technology to mature and become mainstream
as the current waste management systems are already
overwhelmed with the ever-increasing plastic waste.
Therefore, swift actions and interventions are vital to accelerating our progress towards tackling the plastic menace.
Among all available options, we have determined policy action to be the much-needed intervention. A decade ago,
targeted policy action played an instrumental role in enabling
the once nascent solar energy industry to ramp up its demand,
production capacity and attained greater supply chain efficiency. All of which are critical contributing factors to its rapidly
decreasing unit cost. Back then, the unit cost of solar energy is
estimated to be around US$0.50 per kilowatt-hour. Today, the
unit cost has been brought down by a factor of 25 to 50 to be
between US$0.01 and US$0.02 per kilowatt-hour for largescale commercial applications (Brigham and Sigalos 2019).
Therefore, taking a leaf out of the solar energy revolution’s
playbook, we believe a similar approach can be prospectively
applied to accelerate FSI’s transition to a circular economy.
Policies to (a) further restrict the use of SUP foodware, (b) to
transform and align the FSI towards a common goal of achieving circularity and, (c) to incentivize sectoral participation
through grants and schemes are a great start to bring about
the desired change.
Beyond that, there is also a greater need for research to
discover new bio-based foodware materials and devise
methods to improve the material properties and production cost of existing ones. To be a truly competitive, sustainable alternative, these aspects need to be improved to
the extent to which it is comparable with its synthetic
counterpart. A complementary and highly desired
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research area is in the material recovery methods and efficiency of these bio-based foodware materials. Today,
the aerobic composting process still takes an average of
28 to 110 days, which is hugely disproportionate when
compared to the average use time of SUP at 12 min.
Hence, more extensive studies in attempts to narrow the
differences between usage time, disposal, and treatment are
highly desired. Presently, we noted various research projects
addressing this issue through the lens of environmental conditions. We are cognizant that there are lesser addressing the
same issue through the lens of the biopolymer’s physicochemical structure, which we feel could have potential scientific
breakthroughs.
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