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As a result of public pressure and government legislation to reduce plastic waste there

has been a sharp rise in the manufacture and use of alternatives to conventional

plastics including compostable and biodegradable plastics. If these plastics are not

collected separately, they can contaminate plastic recycling, organic waste streams,

and the environment. To deal with this contamination requires effective identification and

sorting of these different polymer types to ensure they are separated and composted

at end of life. This review provides the comprehensive overview of the identification and

sorting technologies that can be applied to sort compostable and biodegradable plastics

including gravity-based sorting, flotation sorting, triboelectrostatic sorting, image-based

sorting, spectral based sorting, hyperspectral imaging and tracer-based sorting. The

advantages and limitations of each sorting approach are discussed within a circular

economy framework.

Keywords: identification technologies, sorting technologies, compostable plastics, biodegradable plastics, plastic

waste management

INTRODUCTION

Plastic waste is a major environmental global concern. Most plastic packaging in current use are
conventional plastics derived from a petrochemical refining and manufacturing processes. These
plastics are important to modern society but if they pollute the environment they persist for
decades harming wildlife and ecosystems. One of the strategies to address this problem has been
the development of compostable plastics which are designed to biodegrade at their end of life
in controlled conditions, e.g., industrial composting. Compostable plastics are not intended, nor
are they capable of, biodegrading reliably in uncontrolled conditions, e.g., open countryside, or
in water.

The global compostable plastic market was valued at $991.2 million in 2019 and is expected
to reach $3,102.6 million by 2027 (Research, 2022). There is potential for compostable plastics to
have positive impact on environments such as the reduction in pollution, reduction in greenhouse
gas emission, and in the use of renewable carbon sources (Song et al., 2009). However, many
of these potential advantages will only be realized if these compostable plastics do not enter the
environment, do not pollute other waste streams and are collected separately for organic waste
processing. A key enabling technology to achieve this aim, and thus achieve the potential of
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compostable plastics to minimize pollution, is the successful
sorting and separation of these plastics in the home and at waste
processing plants. Reviewing the technologies for achieving this
task is the focus of this paper.

Definition of Biodegradable Plastics and
Compostable Plastics
Plastic is referred to as conventional or bioplastic depending on
its carbon source, either fossil-based or bio-based, respectively.
Conventional plastics are durable polymers such as polyethylene
(PE), polypropylene (PP) or polyethylene terephthalate
(PET) derived from fossil fuels. These polymers can also
be made from bio-derived sources, these are referred to as
bioplastics, see Figure 1. The term bioplastics also encompasses
a variety of bio-based polymers such as polylactic acid (PLA),
polyhydroxyalkanoates (PHA) or starch blends derived from
plant sources such as starch, cellulose or lignin.

All plastics regardless of whether they are bio-based or fossil-
based behave differently at their end of life. They can either be
designed to be durable and persist in the environment or to be
biodegradable over a period of time defined by the environment
(Kjeldsen et al., 2019). Biodegradable plastic is a source of
carbon and energy for naturally occurring microorganisms,
mainly bacteria and fungi, and broken down and transformed
into new cell biomass and, ultimately, simple molecules such
as carbon dioxide (CO2) and water over a period of time
(Vert et al., 2012). The rate of biodegradation of a plastic
polymer largely depends on its physical and chemical properties
and composition, as well as the environmental conditions to
which it is exposed (Siracusa et al., 2008). Thus, there is no
guarantee they will biodegrade since they may not experience the
right environmental conditions. Composting is a process where
these environmental conditions are controlled, and a subset of
biodegradable plastics are designed to be undergo biological
degradation in a compost site in a fixed period of time, leaving
no visibly distinguishable or toxic residues (Vert et al., 2012).

Waste Management of Biodegradable and
Compostable Plastics
Two industrial processes are typically used to process
biodegradable and compostable plastics: industrial composting
(IC) and anaerobic digestion (AD). IC facilities are designed
to undertake aerobic composting of organic matter (food
and garden waste) to produce compost. Compostable plastics
must be complaint with EN 13432 which is designed to be
compatible with industrial composting systems. AD facilities are
designed to undertake anaerobic composting of organic matter
to produce biogas (CO2 and methane) and digestate (Song
et al., 2009; European Bioplastics, 2019). They are generally
not suitable for compostable plastics but some biodegradable
plastics are biodigestable in these systems. Home composting
is an informal method of composting that takes place in a
domestic setting where temperatures and levels of humidity
are generally lower and less controlled than industrial settings
(European Bioplastics, 2015). Some plastics are marketed and
certified as “home compostable”, but these are a small subset of

the biodegradable plastics sold onto the market such as tea bags
and food caddy liners (Lesswaste, 2022).

Industrial Composting
There are many types of aerobic industrial composting systems,
the most representative at full scale level are In Vessel
Composting (IVC) and Open Air Windrow Composting Process
(OAW). In aerobic conditions microorganisms consume oxygen
while breaking down organic waste to produce CO2, water,
compost, and heat, in two distinct phases; active composting
and curing. In the active composting phase microorganisms
actively break down the organic waste using it as a source of
nutrients, thereby generating heat while during the curing phase
the microbial activity slows down, temperatures drop, and the
compost matures. The compost produced is sold to farmers and
other agricultural businesses as a fertilizer and soil improver.

IVC is appropriate to treat food waste, garden waste and
compostable plastics. These organic wastes which come from
local authority waste collection as well as commercial sources
are delivered to enclosed reception area. Compostable plastics
and conventional plastics in the form of packaging and food
caddy liners are often mixed into the food and garden waste.
Some IC plants remove all of this material, regardless of its
composition, since they cannot reliably sort and separate the
compostable plastics. In such screening processes the large pieces
of contamination are pulled out when it first arrives in the
reception area. After that the food waste is depackaged and
shredded to a uniform size and loaded into a tunnel. The
composting process is started by naturally occurring micro-
organisms already in the waste. The materials are broken down,
releasing the nutrients. During this step, the temperature goes up
to 60–70◦C. The composting process continues between 1 and
3 weeks until all parts of composting mass reaches the required
temperature. The moisture, oxygen level and temperature are
carefully monitored to ensure that the materials are sanitized.
Once the sanitization process is complete, the compost is left
to mature in an open windrow or an enclosed area for ∼10–
14 weeks to ensure stabilization. The last stage is screening to
eliminate contamination using a large automated trommel to
sieve out bits of plastic and produce a suitable grade of compost
(Zero Waste Scotland, 2021).

Open Windrow composting is a simpler less controlled
process that IVC which is used to process crop residues and
garden waste and other. The feedstock is shredded, mixed
and placed into windrow along a non-permeable surface. The
windrows are turned on a regular basis to improve oxygen
content, distribute heat to regulate temperature. The composting
process which typically takes 16 weeks, depending on maturity
requirement and local climate. The last stage is screening to
eliminate contaminant and grade the finished products (WRAP,
2016b).

Anaerobic Digestion
In an anaerobic digestor, bacteria degrade the organic waste in
the absence of oxygen, producing biogas (methane and CO2) and
digestate (Bátori et al., 2018). Different technologies exist that
largely depend on the type of the feedstock and are distinguished
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FIGURE 1 | Identification of bioplastics (Pathak et al., 2014).

by temperature, moisture content, the regime of digesters and the
separation of the metabolic stages. The performance and results
of anaerobic digestion depend on conditions such as the pH,
feedstock composition, and other characteristics such as well as
the microbial strains used as the inoculum (Pagliano et al., 2017).
Generally, the produced digestate is then aerobically composted
to reduce the residual microbial activity and obtain complete
maturity of the compost (WRAP, 2016a; EPA, 2021).

AD technologies can be classified as wet AD or dry AD. The
main distinction between these systems is total solids (TS) used
in digestion process. Wet AD systems are designed to process
biodegradable feedstock into a digestate slurry with typically <

15% total solids while the solid matter concentration in dry AD
system is from 20 to 40%. Wet AD systems are more appropriate
to treat low solid feedstock such as food waste as well as
producing higher biogas in shorter period of time (QUBE, 2018).
Wet AD plants have improved energy balance and economic
performance compared to dry AD plants (Mata-Alvarez et al.,
2000; Angelonidi and Smith, 2015). They are generally equipped
with screening systems to remove packaging before it enters the
digestor (Angelonidi and Smith, 2015).

Biodegradable plastics and conventional plastics in the form
of packaging and food caddy liners often accompany food waste
when they are collected. Most AD plants depackage this material,
regardless of its composition, since it can clog the system.
Although some biodegradable plastics are digestable by AD
plants, reliably sorting and separating them from conventional
plastics material is problematic.

Standards and Certification
Biodegradation testing standards (ISO and ASTM) have been
designed to determine the biodegradability of plastics in
soil, compost, landfill, marine, or other aquatic environments
(Funabashi et al., 2009; Siracusa, 2019). The EU standard
for compostable and biodegradable packaging EN 13432:2000
defines the criteria that must be met for a material to be
suitable for commercial industrial composting and anaerobic
digestion (European Bioplastics, 2016): test material (packaging
and organic waste) has to show disintegration and loss of
visibility in the final compost; after 3 months, no more than
10% of the initial weight of the test material should be retained
after sieving it through 2mm mesh size. Within a maximum
of 6 months, 90% of the carbon in the test material must be
converted to CO2, having the same rate of biodegradation as
natural materials. The test material must have no negative effects
on the composting process and no adverse effect on the quality
of the compost produced, including the heavy metals content.
Additionally, EN 13432 states that anaerobic biodegradation
and disintegration can be verified as an option. The degree of
biodegradation (biogas production) has to be at least 50% after 2
months, as aerobic composting follows anaerobic fermentation,
during which time biodegradation can continue. The standard
requires that after 5 weeks of combined anaerobic and aerobic
treatment, at most 10% of the original sample of compostable
plastic may remain after sieving through 2mm mesh size.
For non-packaging plastics, a different EU standard exists: EN
14995:2006; however, the same requirements apply (European
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Bioplastics, 2016). The standards specify requirements for the
identification and labeling of commercially compostable plastics
(European Bioplastics, 2016). Manufacturers of compostable
plastics can obtain certification from a number of certification
bodies. The certification gives visibility to compostable plastics
and helps customers identify them.

In Europe, the most important certification schemes that
comply with EN 13432 are DIN-CERTCO (Germany), TÜV
AUSTRIA (formerly Vinçotte), OK Compost label (Belgium),
and COMPOSTABILE—CIC (Italy) (Association for Organics
Recycling, 2011). In the UK, the Association for Organics
Recycling operates a certification scheme in partnership
with Germany’s DIN-CERTCO scheme that aligns with the
requirements of EN 13432 (BPF, 2019). Although there is
currently no international or European standard for home
composting, the following national regulations, standards, and
certifications exist: UNI 11183 (Italy), AS 5810 (Australia),
NTT51-800 (France), and OK Compost (Belgium) (Association
for Organics Recycling, 2011). In the UK, the Publicly Available
Specifications PAS100 and PAS110 provide a baseline quality
specification for compost and digestate, respectively (BSI, 2018).

Recycling
When there is no separate collection for compostable or
biodegradable plastics citizens often place these packaging
materials in the recycling collection bin. Once in the recycling
waste stream these plastics are hard to distinguish from recyclable
plastics such as PET, PP and PE resulting in contamination of
the recyclate of these polymers and a reduction in their physical
properties and value (Song et al., 2009; Stokes, 2017; Jackson,
2018). As the proportion of compostable plastics increases there
is a need for automatic sorting systems to reduce this type
of contamination and to divert it to an industrial composting
waste stream.

In this Introduction we have summarized the main uses,
compositions, waste processing methods and standards that
apply to biodegradable and compostable plastics. The aim of this
paper is to provide a comprehensive overview of the state of the
art in the field of identification and sorting technologies that have
potential to automatically sort compostable and biodegradable
plastics for the purpose of increasing the rate of composting
of compostable plastics and reducing the cross-contamination
of conventional plastic recycling. Since compostable plastics are
introduced into markets to reduce the environmental impact of
packaging, for each sorting technology we also comment on the
environmental impacts of the technologies themselves, such as
use of energy use, water use and chemical processes.

PLASTIC IDENTIFICATION AND SORTING
FOR COMPOSTABLE PLASTICS

Manual Sorting
Themanual sortingmethod is the identification and classification
of plastics using their unique characteristics such as color,
shape, labeling and appearance (Saiter et al., 2011). As with
all materials this technique is labor intensive and subject to
human error (Wienaah, 2007). Research shows machine sorting

accuracy is 30% higher than manual sorting Eikeseth (2013).
Many compostable plastics are certified and carry a label such
as the DIN-CERTCO label. However, manufacturers of products
often produce their own labels which are not certified and state
“100% biodegradable” or “100% compostable”. Such labels lead
to confusion and lead to errors in manual sorting (Greenpeace,
2020; WRAP, 2020). Without clear labels it is very difficult to
identify a plastic as biodegradable or compostable due to the
similarity in color, shape and appearance to conventional plastics.

Gravity Based Sorting
Plastics can be sorted according to their density differences. The
pre-processes for gravity-based sorting involve shredding into
small flakes (10–20mm), cleaning and sieving (Maisel et al.,
2020). This is followed by either a process involving centrifugal
(hydrocyclones), sink-float in water, and air gravity sorting (Lupo
et al., 2016). The method is widely used for plastic separation
because it is easily automated, flexible, comparatively simple and
is suitable for high-capacity processes. It is relatively slow and
not applicable to sorting all plastics since it relies on density
differences (Gent et al., 2009a; Hu et al., 2013).

The densities of biodegradable polymers and conventional
polymers differ from each other as shown in Table 1. Gravity-
based sorting has been used to sort biodegradable plastics such
as PLA from polyolefins (HDPE, LDPE and PP) (Vilaplana and
Karlsson, 2008). To be successful the intermediate density of the
processmediummust be between the sorted plasticmaterials. For
instance, plain water (density 1 g/cm3) is appropriate medium to
separate HDPE (which floats) from PLA (which sinks). However,
the efficiency of the system reduces when sorting plastics with
similar densities. For instance, the efficiency level of separating
PLA from HDPE is lower than separating Polycaprolactone
(PCL) from HDPE because the density of PCL is closer to that
of HDPE (Lahtela and Kärki, 2018). Separating PET from PLA
using this approach is complicated and requires multiple steps
(Park et al., 2008). Various recycling processes start by sink-float
sorting, with heavier plastics sorted by other methods (Serranti
et al., 2015; Wang et al., 2015).

Centrifugal Sorting
Centrifugal sorting, also known as a hydrocyclone sorting
(Lahtela and Kärki, 2018), is a method that uses centrifugal
forces to separate mixtures of plastic with different densities and
thicknesses. The centrifuge sorting system consists of two main
parts which are a conical and linked cylindrical body in which
there is a tangential entrance for the feeding suspension, see
Figure 2. Plastics are passed through shredder and granulator to
reduce the size to 10–20mm (ANDRITZ, 2021). The flakes then
enter the cyclone where the low density materials move upward
to the overflow whereas the denser particles move downward
(Schwerzler, 2005). There are two types of hydrocyclones,
these are conocylindrical cyclones and cylindrical cyclones. The
concepts of two methods are similar but the operating angle is
different. The operating angle of conocylindral cyclones is about
30 degrees from the horizontal axis while cylindrical cyclones
are operated vertically (Gent et al., 2009b). The plastics sort
by density based on their hygroscopic properties. The accuracy
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TABLE 1 | Density of plastics materials (Niaounakis, 2015).

Density range (g/cm3)

Compostable polymers

PHBHV 1.25

PCL 1.15

PBAT 1.25–1.27

PLA 1.26

PBST 1.35

PES 1.23–1.32

Starch/PCL blend 1.12

CA 1.27–1.32

Conventional polymers

HDPE 0.91–0.97

LDPE 0.944–0.965

PP 0.90–0.94

PE 0.91–0.97

PET 1.35–1.40

PS 1.05–1.08

PC 1.20

PVC 1.34–1.43

is reduced by the tendency of flakes to stick together under
certain parameters such as aspect ratio and particle size. Other
parameters that have an influence on efficiency of this sorting
system are pressure drop, shearing effect and aspect ratio (Gent
et al., 2009b; Yuan et al., 2015). Hydroclones are an effective
tool for sorting finely ground plastic material. The downside
of this method are the multiple steps of the sorting process. It
is also inefficient to sort plastics with similar densities such as
PBST (1.35 g/cm3) and PET (1.35–1.40 g/cm3) (Michigan, 2021).
Although biodegradable plastics are often food contaminated this
is not a barrier for use since the sorting technique begins with
washing which removes contamination (ANDRITZ, 2020).

Flotation Sorting
Flotation sorting concept utilizes hydrophobic properties and
surface tension to separate types of plastic (Shent et al., 1999;
Gundupalli et al., 2017). The gaseous bubbles come into contact
with the hydrophobic particles and then they are carried on the
top of flotation apparatus, see Figure 2.

The difference in wettability of the polymers, bubble
attachment, solvent quality, size of flake and reaction time are
important factors that affect efficiency. In some cases, the surface
modification such as flame treatment, wet oxidation and boiling
treatment is necessary when the wettability properties are not
dissimilar enough (Saisinchai, 2014; Wang et al., 2015). The
method results in high sorting efficiency (more than 90%) and
a low operational costs (Guo et al., 2016). However, this comes at
an environmental cost due to use of chemicals in multiple steps
and the production of waste. For example, the chemical reagents
such as tannic acid, calcium lignosulfonate are used to promote

FIGURE 2 | Schematics of sorting mechanisms: (A) hydrocyclone; (B)

sink—float and flotation mechanism; (C) air gravity sorting (Vaško, 2015).
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the selective wettability of its components (Pita and Castilho,
2017).

Floating sorting is used as a technique to sort plastics of
similar densities. However, modifying the chemical structure is
used to increase efficiency. For instance, Pongstabodee et al.
(2008) have shown that calcium chloride can be used to increase
wettability of plastics because of the calcium ions act as a bridge
between wetting and plastic surface (Pongstabodee et al., 2008).
Mallampati et al. (2016) have used this technique to sort PVC
from other plastics (Mallampati et al., 2016).

From Table 1, the densities of most biodegradable plastics are
above 1 g/cm3 which is similar to PVC, PET and PC making
gravity approaches unsuccessful in separating these types of
plastics from biodegradable plastics. Flotation sorting techniques
are more applicable in these cases (Wang et al., 2015).

Air-Gravity Based Sorting
Air Tabling is amethod that creates less waste than the wet gravity
methods avoiding the chemical pretreatment of plastics for
surface modification and treatment of water from the process for
discharge and dewatering used in Floatation Methods (Dodbiba
et al., 2005).

Air Table is a dry gravity sorting machine which consists
of a porous desk powered by an eccentric drive to impart the
longitudinal vibration. An electric fan which is located below the
porous deck generates the upward airflow as shown in Figure 2.
The moving bed of mixed plastic flakes is fluidized by upward
airflow being blown through a porous deck, which together with
the longitudinal vibration causes high-density flakes to settle on
the deck and contact its surface, while low-density flakes float
on top of the bed. Then, the high-density particles are vibrated
uphill along the end slope toward the higher side. At the end
of each forward stroke of vibration, the motion of the porous
deck is sharply reversed, but the high-density particles continue
to move forward during most of the backward stroke due to their
momentum. The vibration proceeds until they overflow from
the discharge end of the deck at its higher end before entering
into the collecting bin. The low-density particles, which remain
fluidized, drift downhill in the direction of the deck inclination
due to gravitational pull and flow into the collecting bin. The
difference in density between the plastics correlates with sorting
efficiency with 450 kg/m3 being theminimumdifference required
(Dodbiba et al., 2003). For instance PVC flakes can be sorted
from PP with efficiencies 93.7% for PVC and 92.5% for PP being
achieved (Dodbiba et al., 2005). Although theoretically applicable
to biodegradable plastics there are no reports or published
experimental results (Carvalho et al., 2007).

Triboelectrostatic Sorting
Triboelectric sorting is also known as contact electrification or
frictional electrification. The principle of this method is based
on charging mechanisms that originate from the difference of
surface properties between two materials which create an electric
charge between them when in contact called tribocharging
phenomenon (Wu et al., 2013). The sorted plastics move toward
negative or positive electrode depending on their charges.

In this sorting technique, optimum charge density and
selective charging of materials are important factors to achieve

high accuracy level of separation (Park et al., 2008; Wu
et al., 2013). This sorting technique is appropriate for both
conventional (i.e., PVC, PET, and ABS) and biodegradable
plastics (i.e., PLA, PCL, and PHBV). The maximum purity of
polymeric fractions obtained during the electrostatic separation
process is often more than 80% (Zenkiewicz et al., 2015).

Tribocharging of plastics only happens on the surface to a
depth of 30 nm (Lee, 1994; Watson and Yu, 1997). This means
that size plays a vital role in sorting efficiency because the
electrostatic force scales inversely with size. Reducing the size of
the material below a certain limit also has negative effects such as
high cost in pretreatment steps and increased collision between
same the type of plastic reducing the sorting efficiency (Wu et al.,
2013). Thus, pretreatment of materials is needed before sorting,
in practice the plastics are flaked into optimum size (1–13 mm).

Charging is performed and accumulated through repeated
rubbing (Taylor and Secker, 1994). Various devices have been
developed for plastic particle charging in triboelectrostatic
sorting. These devices can be divided into two mechanisms
namely solid single-phase and gas solid two phase. The solid
single-phase mechanism is a type of charger with rotary blades,
rotating tube and vibrating devices. The gas charger is two-phase
mechanism involving propeller-type chargers, a cyclone, and a
fluidized bed.

Solid single-phase turbocharging involves a rotating tube into
which plastic flakes are fed into (Inculet et al., 1994). The
cylindrical tube rotates along an axis that is inclined slightly to
the horizontal. Thus, the plastic flakes travel though the tube
due to gravity. The magnitude of charge accumulated on each
flake depends on length of tube and inclined angle. The rotating
tube may have ribs in order to increase degree of mixing. The
advantages of this mechanism are mechanical simplicity and the
low power requirement. The downsides of the rotating tube are
low collision frequency leading to low charging efficiency.

A common type of gas tribocharger is a fluidized bed. Air
turbulence is generated in chamber and then the plastic flakes
are conveyed upward with a gas flow and are impeded by air
resistance, gravity forces and air dynamic pressure. The plastic
flakes make contact with the wall and each other. The main
concept of the fluidized bed is simply that the plastic particles rub
against each other and get enough charge to be separated using
an electric field. A small inter-electrode distance and high voltage
applied are important factors to improve the separation results
(Younes et al., 2015).

Park et al. (2008) developed a two-stage system to separate
three types of shredded plastics including PVC, PET, and
ABS. The plastics are shredded and electrically neutralized.
Subsequently, they are passed through cyclone charger with
flowing air. PVC negatively charged flakes are removed at
the first stage. In the second stage, the remaining PET and
ABS flake materials are neutralized and enter the cyclone
charger with flowing air. The ABS positively charged flakes
moved to the negative electrode while PET negatively charged
flakes moved to positive electrode. In this process all three
plastics can be separated from each other (Park et al.,
2008). Bendimerad et al. (2009) also developed the system
for PVC and PE waste separation using triboelectrostatic
sorting (Bendimerad et al., 2009). In 2015, triboelectric
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sorting was applied to separate biodegradable plastics including
PLA, PCL and Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV). The result showed that the purity of PLA and PCL
obtained was 99.3 and 98.7%, respectively. However, the purity
of PHBV was around 80% (Zenkiewicz et al., 2015).

The advantages of triboelectrostatic sorting are the low
cost, high efficiency and low environmental impact (Cui and
Forssberg, 2003).

Image Based Identification
Image based identification is an approach for analyzing images
of an object by detecting their texture and shape, extracting
important features and drawing conclusions. It can be performed
at different accuracy degrees, depending on concept required
and information type. Image recognition consists of four
different tasks including image recognition, tagging, detection
and segmentation (Deepomatic, 2020).

Image Recognition
In the plastic waste management industry, image recognition
is becoming a popular technology to identify types of plastic
packaging. There are variety algorithms applied to classify plastic
types such as Support Vector Machine (SVM) and Convolutional
Neural networks (CNN) (Saha, 2018).

To create the neural network, multiple datasets of plastic waste
images are required. After data preparation, the huge numbers
of features are extracted from the images and transformed into
thousands of features. They are then labeled and assigned the
category. The images in their extracted forms enter into a filter
for training the network. The output of the model is a label that
match the image with its features coming from the input. Once
the model is trained, it can be used to predict the new images
(Google Developers, 2021).

Yang and Thung (2016) used the support vector machine
(SVM), with scale-invariant feature transform (SIFT) features,
and a convolutional neural network (CNN) method to classify
images of a single objects in a waste stream and classify them
into six different categories: metal, paper, glass, plastic, trash,
and cardboard by associating their characteristic product shapes
with the material. In this way they achieved a 63% classification
accuracy for the trained SVM and 22% classification accuracy for
the CNN (Yang and Thung, 2016). Sakr et al. (2016) obtained
results showing that SVMs achieved a high classification accuracy
of 94.8% while CNNs only achieved 83% (Sakr et al., 2016).

Awe et al. (2017) applied a CNN model to classify waste into
three categories which are landfill, recycling and paper. Themean
average precision of this method was 68% (Awe et al., 2017).
Google’s eNet-based vision was used to classify urban waste by
Rad et al. (2017). The accuracy of this system is between 63 and
77% for classifying waste types including plastic bottle, metal can,
cigarettes, paper, and vegetable (Rad et al., 2017).

This image recognition system can work with high-speed
conveyor belt and has been successfully applied at a large scale.
Many recycling companies combine visible image data with live
image processing and analysis using AI deep learning techniques
to recognize and sort different types of plastic (Greyparrot,
2021; Hayes, 2021). The drawback of this approach is that while

the method can classify bottles, coffee pods, and tubs but it
is unable to identify chemical structure of plastics. Hence, it
cannot unambiguously distinguish between biodegradable and
conventional plastics in the same product format.

Digital Watermark
Another type of image detection technology is based on a
digital watermark (invisible barcode/QR code). This is a visual
symbol added directly to a label, usually in a repeatedly tiled
manner (Holygrail, 2017). When plastic packaging with digital
watermarks enters a waste sorting facility it can be detected
and decoded by high solution camera on the high-speed sorting
line. The line then sorts the plastic packaging into streams
according to its attributes (Southey, 2020). Even if the plastics
are damaged or crushed and contaminated with food waste,
because of the tiled nature of the watermark some fraction of it is
often still visible and there is evidence that the sorting machine
camera/processor can still see and analyze this information
(Sykes, 2018).

Digital watermarks can also be detected by barcode scanners
and smartphones to help citizens manually sort waste at home.
The number of available codes is virtually unlimited and can
provide a wide range of attributes such as type of plastics used,
biodegradable vs. conventional plastics, food vs. non-food usage,
etc. (Holygrail, 2017). The drawback of this technology is that it
requires a high degree of standardization and agreement across
global industries, and access to active databases that match
the digital watermark to the information about the product
and material.

Spectral Based Identification and Sorting
Near Infrared spectroscopy (NIR) is one of the most effective
techniques for automated sorting of biodegradable plastics
without any surface pre-treatment. The NIR wavelength range
is 700–2,500 nm (Masoumi et al., 2012). In this region, the
absorbance and reflectance of light in NIR spectral range is
due to overtone or combination vibrations of the C-H, O-H,
N-H, and C-O bonds in polymers. The observed NIR spectra
can be characteristically attributed to specific plastic resins, thus
enabling identification of specific polymer types.

To identify the type of plastic, visible light is directed onto a
plastic product typically traveling on a conveyor belt underneath
a NIR camera. The NIR reflectance is captured and the peaks in
the spectrum are identified and pattern matched to a database
of NIR spectra of known plastics. This enables automatic
identification. The advantages of this technique are reliable
and rapid identification with a low environmental impact (Cui
and Forssberg, 2003). It is widely used industrially to identify
conventional and biodegradable plastic products which are then
mechanical sorting using a variety of approached including jets
of air, see Figure 3.

NIR sorting systems can deal simultaneously with multiple
polymer types. A “two filter” system for classifying 5 types of
resin: PVC, PET, HDPE, PP, and PS was proposed by Masoumi
et al. in 2012 (Masoumi et al., 2012). This system is called
the “Two-Filter” approach since two optical filters are used
to separate two specific wavelengths of spectrum. The sorting
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FIGURE 3 | NIR spectra of plastics and schematic of NIR plastic sorting unit (Mattley, 2020).

system consists of 3 main units which are the identification unit,
the control unit and the throwing unit. When the plastics pass
through optical sensors, they are determined by the identification
unit and control unit. The target polymers are ejected from
the plastic stream by ejection nozzles in the throwing unit.
Parameters such the presence of labels, caps, thickness and
surface contamination and color have been shown to affect the
sorting efficiency of the system.

In 2013, Gertman applied NIR sorting technique to separate
PLA from mixed plastics stream. The study illustrated that PLA
cups, bottles and clamshells can be recovered 99.6% from other
mixed containers.

The other application of NIR sorting technology is to
detect microplastic (2–4mm). Infrared radiation interacts with
the microplastic particle, creating characteristic IR absorption
pattern. This data is fed to a machine learning algorithm to then
identify microplastic particles (Bruker, 2021).

The classification of black plastics is the main limitation of
NIR technology. To overcome this limitation, spectroscopy in the
mid infrared spectral region (MIR) offers a possibility to identify
black plastics. In the MIR spectral region from 2.5 to about
16µmwavelength, which corresponds a wavenumber range from
4,000 to about 600 cm−1, the different kinds of plastic material
show additional vibrationalmodes like deformation, rocking, and
twisting modes due to their molecular structure. Besides the C–H
bond, other bonds like O–H, N–H and O–C also contribute with
their fundamental vibrations to the spectral features. The various
molecular groups with their different vibrational modes generate

a unique spectrum of each polymer in the spectral range between
2,500 and 600 cm−1, which allow a definite identification of black
plastics (Rani et al., 2019).

The other limitations of NIR sorting techniques are that
they are an indirect method that requires the development of
a multivariate calibration model against a suitable reference
method. This limits the accuracy of the NIR analytical method
to that of the reference method. In addition, the development
of accurate multivariate calibration models is time consuming,
requiring the availability of a large number of samples to cover
all possible sources of variability in the spectra (Menezes et al.,
2009).

Hyperspectral Imaging
Hyperspectral imaging (HSI) is a technique that combines the
properties of digital imaging with spectroscopy (Geladi et al.,
2007; Kamruzzaman and Sun, 2016). Using this approach, it
is possible to detect the spectral signature of each pixel of
the acquired image in different wavelength regions (visible,
near infrared, short-wave infrared, etc.) according to the
characteristics of the selected sensing device. A hyperspectral
image can thus be considered as a three-dimensional dataset with
two spatial dimensions and one spectral dimension, the so-called
“hypercube” (Serranti et al., 2011). HSI can be considered one
of the best and most powerful non-destructive technologies for
accurate and detailed information extraction from the acquired
images, with a high level of flexibility. The large amount of
spectral information collected by HSI from the sample surfaces

Frontiers in Sustainability | www.frontiersin.org 8 May 2022 | Volume 3 | Article 901885

https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainability#articles


Taneepanichskul et al. Automatic Sorting of Biodegradable Packaging

must be processed in order to extract the information of
interest. As with NIR, a preliminary step in any inspection or
quality control logic development, is the development libraries of
reference spectra, to be utilized for unknown sample recognition.
Since this is a relatively new technique for sorting plastics, such
libraries are in the early stages.

The main advantage of this sorting technique is that since the
entire signature spectrum is acquired at each pixel of materials,
multi-material plastic products with varying thickness can be
readily identified. Thus, all plastic types including conventional
plastics and biodegradable plastics can be identified regardless
of material size and thickness. The downsides are costs, and
real-time computing complexity. The hypercube is very large
therefore significant data storage is necessary.

Different pre-processing algorithms are applied to
hyperspectral data to reduce the effect of possible external
sources of variability. Principal Component Analysis (PCA)
is used to provide an overview of the complex multivariate
data. PCA decomposes spectral data into several principal
components (PCs), linear combinations of the original data,
embedding the spectral variations of each collected spectral data
set (Wold et al., 1987). The first few PCs, resulting from PCA, are
used to analyse the common features among samples: samples
characterized by similar spectral signatures tend to aggregate in
the score plot as a cluster (Xu and Gowen, 2020). Finally, the
recognition of different products and/or materials is obtained
utilizing classification methods, such as Partial Least-Squares
Discriminant Analysis (PLS-DA). PLS-DA is a supervised
classification technique requiring prior knowledge of the data
and allowing the classification of samples into predefined groups.
To classify samples a discriminant function is built from a
reference sample set and then applied to an unknown set.

Another powerful classification method for multi-material
plastics is hierarchical modeling. Adopting this kind of
classification logic, objects are divided into subsets and then
they are split again into further subsets, until each of them
contains only a single object. During each step, sample objects
with known composition are selected, isolated and compared
through successive PLS-DA classification models.

Many researchers have used short wave infrared (SWIR)
hyperspectral imaging for detecting and identifying macro and
microplastics (Mehrubeoglu et al., 2020). For the macro level,
Balsi et al. (2018) use SWIR spectral imaging in the range 900–
1,700 nm for spectral characterization of polymers including PS,
PVC, PLA, PET, PC, and three types of PE (LDPE, HDPE, and
LLDPE). The absorption peaks of different types of plastic are
identified by continuum removal method (Balsi et al., 2018).
Hibbitts et al. (2019) applied this technique to separate plastic
objects such as PS, PP, PE and fiberglass by using the first
harmonic of the vibration of carbon-hydrogen (C-H) from
1,650–1,750 nm. They investigated that the most effective ratio
to detect and identify different plastic types is 1,540–1,710 nm.
Serranti et al. (2019) also used the combination of chemometrics
and SWIR hyperspectral imaging in the range between 1,000 and
2,500 nm to identify the polymer particles such as PE, PP and PS
(size <5mm) from marine environment. Bonifazi et al. (2013)
have applied hyperspectral imaging to enhance the efficiency

of polyolefin recycling system while Moroni et al. (2015) used
hyperspectral imaging to separate PET and PVC. The selected
wavelength range in this experiment is visible (400–1,000 nm)
and SWIR (900–1,700 nm). They concluded that SWIR is more
effective to differentiate PET and PVC and the most effective
absorption ratio to identify PET and PVC is the value at 1,656 and
1,712 nm. Recently Moroni and Mei (2020) used hyperspectral
imaging to separate PS, PET and PLA samples at their different
stages of life cycle (virgin to plastic waste). In order to separate
three types of plastics, the correlation matrix and distinctive
absorption bands as spectral indices were applied. The first
spectral index of 1,170–1,650 nm was used to separate PET from
PS and PLA. Subsequently, the second spectral index of 1,160–
1,140 nm was applied to separate PLA from PS. Caballero et al.
(2019) describe the use of hyperspectral imaging to separate
polymers with flame retardants to allow grouping of plastics
with the same polymer type and additive content necessary for
recycling. The decision tree that included a partial least square
and hierarchical models was used to identify the types of plastic.
The accuracy was higher than 90% in all cases.

For the micro level, hyperspectral imaging was used to
detect microplastic which is contamination in seawater. The
performance of this technology can detect microplastic with the
size down to 300µm (Karlsson et al., 2016). Zhang et al. (2019)
also used hyperspectral imaging to detect microplastic polymer
flakes including PC, PET, PP, PS and PE with sizes between 0.1
and 1mm. A support vector machine classification algorithm
(SVM) was applied to analyse hyperspectral images in order to
classify the different types of polymers. Chaczko et al. (2019)
also applied the combination of deep learning method to analyse
hyperspectral images for microplastic detection. Around 1,000
samples were used formodel training and themodel was tested by
100 samples. The results showed that the classification accuracy
of the model in controlled environment was∼95%.

Tracer Based Sorting
Tracer based sorting (TBS) technology makes it possible to
identify a material thanks to the signature of a tracer and not
its intrinsic properties (Maris et al., 2012). It addresses the
identification problem associated with dark colored polymers by
using additives (often fluorescent markers) that can be easily
identified (Brunner et al., 2015). TBS is a capable technology
of sorting biodegradable plastics. This sorting technique can
increase sorting purity, regardless of how badly the biodegradable
plastics are deformed or contaminated. Thus, many companies in
Europe have implemented this sorting technology to improve the
recycling/composting quality of plastic packaging (Sykes, 2018).

Fluorescent markers are inorganic and organic substances that
exhibit unique fluorescent characteristic in visible wavelength
when excited by ultraviolet light (Ahmad, 2000). As shown in
Figure 4 the small amounts of fluorophores are incorporated into
polymers during resin manufacturing phase. The concentration
of marker needs to be as low as possible [part per million
(ppm) or sub part per million] (Brunner et al., 2015; Arenas-
Vivo et al., 2017) for two main reasons. The high concentration
of fluorophores can have impact on mechanical properties and
visual appearance. Moreover, the cost of products is increased
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FIGURE 4 | The basic concept of plastic identification and sorting based upon the automated sorting of plastic waste labeled by fluorescent tracers (Brunner et al.,

2015).

when adding additional fluorescent markers (Kosior et al.,
2015). The lowest marker concentration is essentially defined by
the ability of the measurement system to acquire fluorescence
emission spectra with a signal-to-noise ratio (SNR) large enough
to reliably perform the classification task. In case of black
plastics which absorbs large part of the fluorescent light from the
markers, a marker concentration (up to ∼100 ppm) is needed
(Brunner et al., 2015).

During the life phase, plastic labeled with fluorescent marker
must resist environmental influences such as UV radiation or
high temperature (Ahmad, 2004; Maris et al., 2012; Brunner
et al., 2015). After this phase, plastics with fluorescent markers
are collected and shredded into pieces. They are then separated
from other types of waste such as metals and form a stream
of mixed plastic flakes. In the identification/classification stage,
the polymers are irradiated by excitation light, and their optical
signatures collected. When a type of marker is identified, the
sorting unit is then activated and an air nozzle blows the polymer
flake into an appropriate bin (Ahmad, 2004; Brunner et al., 2015).

In 2015, the tracer-based sorting was applied to macro sorting
of polypropylene. The conclusion of this study was the marker
concentration down to 3,000 ppm could reliably detected under
commercially sorting conditions of 3 m/s and 1.9 tons per hour.
Packaging with fluorophore were positively sorted from mixed
PP with a yield of 74% and a purity of 93% in single pass
and 99.5% in double pass. The label shape area and shape also
had impact on the efficiency of the system. The additional cost
of packaging material was ∼0.4–15% of the USD 0.01 price
of an applied label (Kosior et al., 2015). Magnetic tracers have
also been tested to sort plastic waste. The advantage of this

technology is that it is insensitive to other additives and colorants
in incorporated in plastic resins. The limitation is that more
than one magnetic marker cannot be applied (Mankosa and
Luttrell, 2005) so limiting the number of polymers that can be
uniquely sorted.

DISCUSSION

We have shown in this review that there are several technologies
capable of sorting and separating biodegradable and compostable
plastics. However, they do not work isolation. To be effective they
need to be part of, and fit into, the existing waste management
system. In the UK there are various systems used to process
household and commercial waste. Organic waste is processed
by Industrial Composting (In Vessel Composting and Open
Windrow) or Anaerobic Digestion. While mixed recycling is
usually transported to material recovery facilities (MRFs) where
materials are separated and sorted for processing and recycling.
At present biodegradable and compostable are not automatically
detected and are treated as contamination. In this section, we
highlight five scenarios where effective sorting technologies for
compostable plastic are needed to help improve the recycling
and composting rates and reduce contamination, these are
summarized in Figure 5.

Scenario 1—Home Composting
There is little evidence that home composting is a sustainable
way to manage compostable and biodegradable plastics. This
is because the conditions in a home compost need to
be managed very carefully to successfully compost such
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FIGURE 5 | Different scenarios of compostable plastic identification and sorting as part of a circular economy.

plastics. The European Committee for Standardization (CEN)
has prepared a standard on home composting indicating
that only small items such as tea bags are considered
as compatible with home composting under well managed
conditions (European Bioplastics, 2015, 2018). There are also
a variety of national standards for home compostable plastics
such as TÜV AUSTRIA BELGIUM certification, DIN CERTCO
certification. However, that citizens find the label confusing, and
oftenmistake plastics labeled as “biodegradable” and “industrially
compostable” as suitable for home composting. This leads to
incomplete biodegradation, the production of microplastics and
contamination of compost. Digital watermarking is a technology
that might help citizens determine which plastics are suitable
for home composting. The digital label could be read by a
smartphone and provide abundant information including the
correct disposal method. Citizens would also require access to
technology (phone) and software for detection. This might be an
economic barrier.

Scenario 2—Compostable Plastics
Comingled With Recyclable Plastics
Compostable plastics often contaminate the recycling of
conventional plastics such as HDPE and PET reducing their
value. Due to low proportion of compostable plastics in the
market, recyclers have not yet invested in equipment to sort and
separate compostable plastics (Hopewell et al., 2009). However,
if the trend of compostable products continues to increase
the automatic separation collection and sorting of compostable
plastics may be required.

There are many established sorting technologies which are
appropriate for compostable plastics such as centrifugal sorting,
sink float sorting, flotation, triboelectric sorting. They are reliable
for bulk sorting or separating compostable parts of product
once flaked. The installation and operation of these process all
have environmental impacts. Sink-float separation techniques
use both significant power and water resources, see Table 2, at
significant environmental cost. A life cycle assessment would
need to be carried out to assess the overall impact of installing
these systems.

The modern methods of digital watermarking and tracer
based sorting are more suited to sorting individual compostable
products from a mixed waste stream. The factors determining
their implementation depending on the relative purity of the
waste stream, environmental cost, and system adoption of the
standards for tracer or digital watermarking (Holygrail, 2017).
The study shows that applying tracer-based sorting technology is
more environmentally friendly than conventional recycling due
to higher recycling rate. It can save up to 1,227 kg CO2 eq/Mg
(Kusch et al., 2021).

In the absence of tracer standards or digital watermarking
many recyclers have use optical sorting system (NIR based
sensor) to sort compostable plastics and improve sorting purity
(Gertman, 2013). Hyperspectral imaging combined with AI
promises to be even more effective since it combines between
spatial and spectral information which can enhance the efficiency
for multi-material products.

These compostable plastic sorting technologies are able
to enhance sorting purity from mixed recycling collections.

Frontiers in Sustainability | www.frontiersin.org 11 May 2022 | Volume 3 | Article 901885

https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainability#articles


Ta
n
e
e
p
a
n
ic
h
sku

le
t
a
l.

A
u
to
m
a
tic

S
o
rtin

g
o
f
B
io
d
e
g
ra
d
a
b
le
P
a
c
ka

g
in
g

TABLE 2 | Advantages and drawbacks of various sorting technologies.

Sorting

technique

Sorting criteria

Density Color Recommended

particle size

range of plastic

Pre-treatment

before sorting

Environmental impact Accuracy leve Suitability for

compostable

plastic

Manual sorting • No limitation of

density

• No limitation of

color

• No limitation of

size

• Not required pre

treatment

• No impact on

environment

• 70% (Eisenreich

et al., 1992)

Factors that have

impact on accuracy

level

• Human error

• Scenario 1, 3,4,

5

Centrifugal sorting • Difficult to

separate

plastics with

similar density

• No limitation of

color

• 10–20mm

(Maisel et al.,

2020)

• Shredded into

small pieces

Separation process

• Power consumption: 37

kW to separate plastic

waste 500 kg/h. (Bianna

Recycling, 2022)

• No water and chemical

substances needed

• 99.9% (ANDRITZ,

2021)

Factors that have

impact on accuracy

level

• Range of plastic

density

• Scenario 2 and

5

Sink float sorting • Density of water

have to be

controlled

(Lahtela and

Kärki, 2018)

• No limitation of

color

• 10–20mm

(Maisel et al.,

2020)

• Shredded into

small pieces

Separation process

• Power consumption:

2.37–9.2 kW (ASG, 2020)

• Water Consumption:

500–1,000 L (ASG, 2020)

• 87% (Hu et al., 2010)

Factors that have

impact on accuracy

level

• Range of plastic

density

• Scenario 2

Flotation sorting • Difficult to

separate

plastics with

similar density

(Wang et al.,

2015)

• No limitation of

color

• 10–20mm

(Maisel et al.,

2020)

• Shredded into

small pieces

Separation process

• Power consumption: 45

kW for the system

capacity between 12 and

24 m3/min (Sionine, 2021)

• Required water and

chemical substances, i.e.,

MIBC (30–103 g/L) to

modify surface of

materials (Pita and

Castilho, 2017)

• 87% (Hu et al., 2010)

Factors that have

impact on accuracy

level

• Range of density of

plastic

• Working together

with sink float sorting

• Scenario 2

Triboelectric

sorting

• No limitation of

density

• No limitation of

color

• 1–13mm

(Watson and Yu,

1997)

• Shredded into

small pieces

Separation process

• Power consumption: 3.1

kW to separate plastics

100 kg/H (Shuguang,

2020)

• No water and chemical

substances needed

• 98%

(ProdecologiaUA,

2017)

Factors that have

impact on accuracy

level

• Range of plastic

density

• Scenario 2
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TABLE 2 | Continued

Sorting

technique

Sorting criteria

Density Color Recommended

particle size

range of plastic

Pre-treatment

before sorting

Environmental impact Accuracy leve Suitability for

compostable

plastic

Image based

sorting

• No limitation of

density

• No limitation of

color

• No limitation of

size

• Not required pre

treatment

Identification process

• Very low power

consumption

• No water and chemical

substances needed

Separation process

• Power consumption

(conveyor belt and

Pneumatic air knives):

0–5 kW, 2.3 kW (CCBA,

2021; RS, 2021)

• Belt speed: 15–20 m/min

(Coveya, 2021)

• 99.92% (Bobulski

and Kubanek, 2019)

Factors that have

impact on accuracy

level

• Pixel size

• Applied sorting

algorithm

• Scenario 2

Digital watermark • No limitation of

density

• No limitation of

color

• No limitation of

size

• Not required pre

treatment

Identification process

• Very low power

consumption

• No water and chemical

substances needed

Separation process

• Power consumption

(conveyor belt and

Pneumatic air knives):

0–5 kW, 2.3 kW (CCBA,

2021; RS, 2021)

• Belt speed: 15–20 m/min

(Coveya, 2021)

• 97% (AIM, 2021)

Factors that have

impact on accuracy

level

• Detection points

• Scenario 1, 2, 3

and 5

Standard near

infrared

technology

• No limitation of

density

• Difficult to

identify dark

plastics

(Masoumi et al.,

2012)

• No limitation of

size

• Not required pre

treatment

Identification process

• Very low power

consumption

• No water and chemical

substances needed

Separation process

• Power consumption

(conveyor belt and

Pneumatic air knives):

0–5 kW, 2.3 kW(CCBA,

2021; RS, 2021)

• Belt speed: 15–20 m/min

(Coveya, 2021)

• 97.5% (Zhu et al.,

2019)

Factors that have

impact on accuracy

level

• Level of

Contamination

• Color of plastic

• Applied sorting

algorithm

• Scenario 2, 3

and 5

(Continued)

F
ro
n
tie
rs

in
S
u
sta

in
a
b
ility

|w
w
w
.fro

n
tie
rsin

.o
rg

1
3

M
a
y
2
0
2
2
|
V
o
lu
m
e
3
|A

rtic
le
9
0
1
8
8
5

https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainability#articles


Ta
n
e
e
p
a
n
ic
h
sku

le
t
a
l.

A
u
to
m
a
tic

S
o
rtin

g
o
f
B
io
d
e
g
ra
d
a
b
le
P
a
c
ka

g
in
g

TABLE 2 | Continued

Sorting

technique

Sorting criteria

Density Color Recommended

particle size

range of plastic

Pre-treatment

before sorting

Environmental impact Accuracy leve Suitability for

compostable

plastic

Hyperspectral

imaging

technology

• No limitation of

density

• Difficult to

identify dark

plastics (Serranti

et al., 2015)

• No limitation of

size

• Not required pre

treatment

Identification process

• Very low power

consumption

• No water and chemical

substances needed

Separation process

• Power consumption

(conveyor belt and

Pneumatic air knives):

0–5 kW, 2.3 kW (CCBA,

2021; RS, 2021)

• Belt Speed: 15–20 m/min

(Coveya, 2021)

• 99% (Bonifazi et al.,

2019)

Factors that have

impact on accuracy

level

• Level of

contamination

• Pixel size

• Applied sorting

algorithm

• Scenario 2, 3,

and 5

Tracer based

sorting

• No limitation of

density

• No limitation of

color

• No limitation of

size

• Not required pre

treatment

Identification process

• Very low power

consumption

• No water needed

Separation process

• Power consumption

(conveyor belt and

Pneumatic air knives):

0–5 kW, 2.3 kW (CCBA,

2021; RS, 2021)

• Belt speed: 15–20 m/min

(Coveya, 2021)

• 99.9% (Packaging

Europe, 2021)

Factors that have

impact on accuracy

level

• Concentration of

tracer

• Applied sorting

algorithm

• Scenario 2, 3
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However, the operation costs of automatic sorting of compostable
plastics sorting frommixed waste streams is high and can only be
justified by higher market revenues achieved because of higher
purity level of sorting (EEA, 2020).

Scenario 3—Compostable Plastics Are
Comingled With Food Waste
Separate food waste collections are an important component
of sustainability plans for developed economies since they
divert organic waste from landfill where it creates greenhouse
warming gases. If organic waste is delivered to AD it is used
to create biogas. In IVC facilities organic waste is turned into
compost which is used as a soil fertilizer. AD facilities are
not designed to process compostable plastics and all plastics
including compostable and biodegradable plastics are removed
in the pre-screening process. IVC facilities are able to accept
compostable plastics however they do not have automatic sorting
and separating technology to distinguish between compostable
and non-compostable packaging, so these facilities suffer from
contamination problems. In the United Kingdom, it is voluntary
for AD and IVC plants to meet compost quality specifications
including minimum standards of plastic contamination [The
British Standards Institution’s Specification (BSI PAS 110) for
AD and (BSI PAS 100) for IVC]. However, it is incentivised
through use of recognized certification schemes and commercial
demand (Organic-Recycling, 2018). It is a legal requirement for
EU that compost and digestate being producedmust meet certain
standard covering the production process and product quality
(ECN, 2022).

The site vetting procedure of plastic in the food waste is
thus very important. Ideally, when the food waste is delivered to
the AD sites, any compostable plastics should be automatically
sorted and fed into IVC facilities. However, currently such
automatic sorting systems are not implemented and so all plastics
(compostable and biodegradable plastics included) are treated as
contaminants and sent to landfill or incineration (REA, 2021).

Advanced sorting technologies including spectral based
sorting, digital watermarking and tracer-based sorting are able to
offer a good solution to this problem. After foodwaste is delivered
and depackaged at AD facilities, compostable plastics could be
separated and sent to IVC facilities for composting. Likewise
at IVC facilities automatic sorting could allow the operators to
separate out the non-compostable plastics and so reduce their
contamination. One uncertainly is which of these techniques is
best when plastics are contaminated with food waste (Serranti
et al., 2015; Holygrail, 2017; Kusch et al., 2021). Other potential
issues might be commercial viability of introducing a two stages
process because of the limitations on space for two stages process,
and the additional costs of transporting sorted compostable
plastics to an IVC site. Table 2 summarizes shows that only a few
sorting systems are applicable in this scenario.

Scenario 4—Compostable Plastics Are
Comingled With Garden Waste
Open air windrow (OAW) process is usually used to compost
garden waste (WRAP, 2016). In the current system when
garden waste is delivered to composting facilities. They are

visually inspected to remove plastic contaminants, shredded
and shaped into a windrow on a non-permeable surface
to produce compost. Loads of garden waste arriving with
high level of contaminants (plastic bags) are typically rejected
and send to landfill or incineration. This is financially and
environmentally less optimal for the operator and yet is required
to minimize plastic contamination. Ideally an automatic sorting
system could be used to reduce the number of rejected
loads by detecting compostable plastics and sending them
to IVC facilities for composting. This would need to be
done before shredding and the task of successfully separating
plastic bags that are embedded in branches and attached
by thorns is a non-trivial task. Currently no techniques
are available to reliably carry out this type of automatic
sorting. Table 2 illustrates that there are very few options for
Scenario 4.

Scenario 5—Detecting Microplastic in
Compost
When composting various types of organic residues, the
finished product always contains a certain amount of
contamination such as flakes of plastic film (Edo et al.,
2022; REA, 2021). These contaminants need to be reduced in
order to improve compost quality. Currently, trommel and
density sorting are applied to screen the compost and reduce
contamination. However, the levels of contaminants from
the current screening process is unacceptably high (SEPA,
2019).

To improve the accuracy of the current system advanced
sorting technologies could be used. The spectral based
sorting technology (FTIR-ATR and hyperspectral imaging
technology) has been confirmed as useful screening tool
for identifying type of plastic recovered from the digestates
that pass the 2mm sieve (Kristina Borg Olesen, 2018;
Serranti et al., 2019; REA, 2021). Currently, the FTIR spectral
imaging has been applied to determine microplastic content
but it only detects conventional plastics and has not yet
been optimized to detect biodegradable or compostable
microplastics. NIR and HIS combined with machine learning
algorithm is a potentially more accurate and effective
technology (Li et al., 2021). Further work needs to be done
to improve automatic identification of biodegradable and
compostable microplastics.
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