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Project summary

At STOPP, we're pioneering a transformative initiative to revolutionize the way
we approach food packaging by working with all the stakeholders in the value
chain to promote the "5 Rs™: Refuse, Reduce, Redesign, Reuse, and Recycle

Our main aim is to drastically reduce the environmental impact caused by
plastic waste in food packaging, aligning closely with the EU's Packaging and
Packaging Waste Directive. Our collaborative efforts encompass every facet
of the food packaging value chain.

We're set on creating circular strategies that not only appeal to plastic
production and processing but also drive awareness through a multi-actor
network. Our strategic actions include analysing plastic waste impact,
monitoring current usage, designing sustainable business models, boosting
recycling efforts, and understanding consumer attitudes through an in-depth
study.
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Executive summary

Plastic food packaging plays a vital role in preserving food and supporting
modern supply chains, but it is also a major contributor to global waste and
environmental pollution. In the deliverable, we examined various plastic food
packaging strategies that contribute to waste and litter generation within the
European context. We analyze the full lifecycle of packaging materials from
design and usage to disposal and end-of-life treatment and provide a
comprehensive review of traditional linear economy models, collection and
sorting systems, material reduction (downgauging), reuse and refill systems,
and different recycling methods including mechanical, chemical, and
biological recycling. The analysis identifies key challenges to effective
recycling, such as material contamination, the complexity of sorting multilayer
and colored plastics, and the degradation of material properties over multiple
cycles. We also assess the potential and limitations of bioplastics,
compostable packaging, energy recovery, and landfilling.

In addition, we explored relevant European regulatory frameworks, such as
deposit return schemes, extended producer responsibility, and the EU's
Packaging and Packaging Waste Regulation. Case studies from Coca-Colgq,
Loop, reCIRCLE, and REMONDIS illustrate practical implementations of circular
economy strategies. Special attention is given to persistent issues like
contamination, waste mismanagement, and microplastic pollution arising
from packaging use and recycling processes. The findings highlight
inconsistencies in waste management systems across Europe, especially in
bin color coding and emphasize the need for harmonized approaches. The
deliverable concludes with recommendations focused on innovation, policy
alignment, infrastructure improvements, and changes in consumer behavior
all aimed at supporting the EU’s goals for sustainable packaging, pollution
reduction, and circular economy transition.




Terms, acronyms and abbreviations

AGEC Anti Waste and Circular Economy Law
Circular It describes a closed-loop economic system involving a
economy | continuous flow of resources with the goal of halting waste
production.
CO, Carbon Dioxide

Downcycling

The recycling of waste where the recycled material is of
lower quality and functionality than the original material.

EPR Extended Producer Responsibility
FTIR Fourier Transformed Infrared Spectroscopy
HDPE High Density Polyethylene
LCA Life Cycle Assessment
LDPE Low Density Polyethylene
Linear Linear economy is a system in which people buy a product,
economy | use it, and then throw it away. The term linear refers to the
straight progression that a product can follow, with a
beginning, a middle and an end.
MPs Microplastics
MU Multiple-Use
N/A Not Applicable
NIR Near-Infrared
PBS Polybutylene succinate
PE Polyethylene
PET Polyethylene Terephthalate
PFP Plastic Food Packaging
PHA Polyhydroxyalkanoates
PLA Polylactic Acid
PMD Plastic Packaging, Metal Packaging, and Drinking Carton
PP Polypropylene
PPWR Packaging and Packaging Waste Regulation
PS polystyrene
PVC Polyvinyl Chloride
Recycling | “any recovery operation by which waste materials are

reprocessed into products, materials or substances whether
for the original or other purposes. It includes the reprocessing
of organic material but does not include energy recovery
and the reprocessing into materials that are to be used as




fuels or for backfilling operations” as defined in Directive
2008/98/EC.

Reduce Reducing the consumption of natural resources
Reuse The practice of utilizing a previously used item that is still in
good condition and capable of serving its intended purpose
Reusable | Packaging that allows either the business or the consumer to
packaging | put the same type of purchased product back into the
original packaging, is designed to be returnable and/or
refillable, is free of chemicals of concern, and accomplishes
a minimum number of reuses by being part of a system that
enables reuse (Sustainable Packaging Coalition, 2022).
rPET Recycled Polyethylene Terephthalate
SsuU Single-Use
TBD To Be Decided
Upcycling | The process of transforming by-products, waste materials,

useless, or unwanted products into new materials




1. Introduction

The exponential increase in plastic use has led to an unprecedented amount
of waste being released into the environment. Packaging alone accounts for
nearly half of the global plastic waste (United Nations Environment
Programme, 2018). There are various types of packaging, including food
packaging, beverage containers, cosmetics and personal care packaging,
household and cleaning product packaging, as well as e-commerce and
delivery materials. Among these, plastic food packaging (PFP) has evolved the
most, playing a crucial role in preserving food quality, extending shelf life, and
offering convenience. The modern food system relies heavily on plastic
packaging to function efficiently (Tajeddin and Arabkhedri, 2020).

Over the past few decades, plastic consumption has grown rapidly, resulting
in a parallel surge in plastic waste. A prime example is the fast-food industry,
which routinely uses single-use (SU) packaging to serve food quickly,
contributing significantly to PFP waste. This waste typically ends up in landfills,
recycling facilities, incinerators, or the environment. This population growth is
projected to drive a 50% increase in the demand for food supplies by 2050
(Guillard et al,, 2018), which will, in turn, increase the need for food packaging,
including PFP.

While plastic packaging provides critical benefits, its widespread use is a
major contributor to global plastic pollution, especially in urban and marine
settings. Developed countries generate more plastic waste due to higher
consumer purchasing power and extensive use of packaged products.
However, these countries often have more efficient plastic waste
management systems. In contrast, developing countries, with inadequate
infrastructure, are responsible for most of the mismanaged plastic waste, up
to 90% of it is improperly disposed of (Hannah Ritchie, Veronika Samborska,
n.d.). This pollution can clog sewers, be ingested by or entangle wildlife, enter
the human food chain, and release toxic chemicals into ecosystems.

Sustainable development has emerged as a guiding principle to address
current needs while preserving resources for future generations. This includes
reducing waste, promoting material reuse, and enhancing recycling efforts.
Traditional food packaging follows a linear economy model, which leads to
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solid waste accumulation, depletion of non-renewable resources, and
increased greenhouse gas emissions. The continued use of SU packaging in
the food sector results in massive volumes of PFP waste (Nilsson et al., 2024).

There is an urgent need to develop sustainable packaging solutions through
innovation, consumer education, and improved waste management systems.
This report explores how different PFP strategies contribute to waste and litter
generation, and it offers insights into effective mitigation approaches.

2. Packaging

In ancient times, humans consumed food directly at the source and only
hunted or gathered what they needed, eliminating any requirement for
packaging solutions. As the need for storing and transporting goods arose,
early packaging materials were derived from nature such as woven grass,
hollowed out logs, and animal organs. With the advancement of civilization,
new materials were developed to meet specific needs and functions. These
included metals, glass, ceramics, and paper, each offering tailored properties
for packaging. Today, packaging is essential throughout the entire life cycle of
a product, from production to consumption.

Packaging materials can generally be classified as rigid or flexible. Rigid
packaging includes items like bottles, cans, tins, and jars, while flexible
packaging encompasses materials such as paper, films, foils, cloth, and sacks.
In developing economies, packaging contributes approximately 2% to the
gross national product, with the food industry being the major contributor
(Grand View Research, 2023).

There are four main types of packaging: primary, secondary, tertiary, and
quaternary (Dixon-Hardy and Curran, 2009; Fowler, 2024).

e Primary packaging is in direct contact with the product and serves to
protect and preserve it. Examples include bags, pouches, bottles, and
jars.

e Secondary packaging groups together primary packages. It provides
additional protection and is often used for branding and display in retail
settings. Examples include consumer boxes and folding cartons.
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o Tertiary packaging is used to consolidate secondary packaging for
bulk handling, storage, and transportation, ensuring logistical efficiency
and protection.

e Quaternary packaging offers further protection through bulk
containers or specialized packaging, particularly for international trade
and large-scale shipping.

Anillustration of these different types of packaging is provided in Figure 1. (The
images below are sourced from the open access platform Pixabay)
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Figure 1. Types of packaging

2.1. Plastic food packaging

Plastics are lightweight materials that make them highly suitable for the
packaging industry, particularly due to their ease of transportation and
potential to reduce the volume of end-of-life packaging waste. A study by
Marsh (Marsh, 2016) found that using plastic bottles instead of glass for
beverage packaging saved over one million USD in fuel costs, highlighting the
economic and logistical benefits of plastic packaging. However, plastics are
derived from fossil fuels, accounting for approximately 10% of global oil
production. Of that, around 40% is used to manufacture SU plastics. It is
projected that global plastic consumption will reach 500 million tons by 2050
(Wang et al,, 2019).

Plastic food packaging can be categorized into four types based on their
usage:

» Single-use plastics, such as wrappers, containers, cutlery, and straws,
which are typically discarded after one use.




o Multi layered plastics, used for products like chips and frozen foods.
These are difficult to recycle due to the combination of different
materials.

e Rigid plastics, including beverage bottles, jars, and tubs, are more
easily recyclable and durable.

o Flexible packaging, such as films and pouches, which are lightweight
and space efficient but pose recycling challenges.

The most used plastics in food packaging include Low Density Polyethylene
(LDPE), High Density Polyethylene (HDPE), Polypropylene (PP), Polyethylene
Terephthalate (PET), Polyvinyl Chloride (PVC), and Polystyrene (PS), as
illustrated in Figure 2.

Plastic Food Packaging

Figure 2. Different types of plastics used in food packaging

The widespread use of plastic packaging materials is largely due to their
excellent properties such as lightweight, strong mechanical performance, and
good barrier capabilities (Sangroniz et al,, 2019). However, most of the food
packaging is SU, and if it leaks into the environment or ends up in landfills, it
can take centuries to degrade fully. Plastic waste can be incinerated to recover
some energy, but this method has environmental drawbacks. Recycling is a
more sustainable option for reducing plastic waste, though it comes with
significant challenges. One major issue is maintaining low levels of
contamination so that recycled plastic can be safely reused for its intended
purpose. Collected plastic waste is typically a complex mixture that must be
sorted and separated before recycling. It often requires thorough washing to
remove residues and other contaminants. Moreover, harmful additives such
as phthalates can leach from plastic materials into packaged food and water,
raising serious health concerns (Luo et al,, 2022).

2.2. Food packaging waste




The most common types of PFP waste ranked by quantity, include drinking
bottles, bottle caps, food wrappers, grocery bags, lids, straws, stirrers, and
foam takeaway containers. When leaked into the environment, these
materials degrade very slowly, breaking down into microplastics (MPs) and
eventually into nanoplastics, which contribute significantly to environmental
pollution (Amobonye et al, 2021). The rising demand for SU plastic packaging
is largely driven by the growing trend of on-the-go consumption of food and
beverages. Most food packaging ends up as municipal waste, open litter, or in
landfills, with only a small percentage being recycled.

Multiple pathways contribute to littering, such as the limited availability of
public bins or overflowing waste containers, especially in areas where food is
consumed. An often overlooked but critical factor is human behavior, such as
improper disposal by consumers (e.g, street littering). Lightweight packaging
is also prone to being dispersed by wind or washed into sewers and water
bodies by rain. The issue is further exacerbated by poor waste management
infrastructure, lack of enforcement of environmental regulations, and the
absence of viable alternative materials. Moreover, plastic waste in landfills
releases greenhouse gases, contributing to global warming (Shen et al.,, 2020).

The PFP industry, valued at over $60 billion and growing at 4.9% annually, is
driven by demand for convenience and food preservation (Precedence, 2024).
Globally, over 141 million tons of plastic packaging waste are generated each
year, yet only around 14% is collected, and a mere 5% is effectively recycled
(Novakovic et al, 2023). In Europe, 23 million tons of plastic are produced
annually, a figure expected to rise to 92 million tons by 2050 (Guillard et al,,
2018). In response, the EU revised its Packaging Waste Directive, setting a goal
to recycle 75% of plastic packaging waste by 2030 (Kumar et al, 2017).
However, the OECD’s Global Plastics Outlook: Policy Scenarios to 2060 warns
that without stronger, globally coordinated action, plastic use and waste will
nearly triple by 2060, (Organisation for Economic Co-operation and
Development, 2022). Plastic packaging from the food service sector is
especially problematic, making up 75% of marine litter and posing serious
health risks such as MP ingestion. Despite the adoption of the 2019 Single-Use
Plastics Directive, more ambitious measures are urgently needed such as
binding reduction targets (e.g, 50% by 2030), mandatory reuse systems in
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restaurants and takeaways, and bans on unnecessary items like condiment
sachets (Surf Rider Foundation Europe, 2022).

3. Current plastic food packaging
strategies and their outcomes

The lifespan of plastic packaging ranges from just one day to up to three years.
SU plastics such as takeaway containers, disposable cups, and plates typically
have the shortest lifespan, often used only once before disposal. Several
strategies have been introduced to manage plastic packaging waste,
including bans on SU plastics, the implementation of taxes, and extended
producer responsibility (EPR) schemes. Given the widespread use of PFP,
recycling remains a viable option for reducing plastic pollution. Effective
recycling of PFP involves key steps such as collection, sorting, and processing,
all aimed at minimizing contamination.

A major challenge in recycling is the presence of colorants in plastics. A 2024
report revealed that over 3,600 different colorants can leach from plastic
materials, complicating the recycling process and raising questions about the
necessity of so many additives (Wagner et al, 2024). In addition, plastic
packaging waste often contains food residues, making it difficult to recycle
unless properly cleaned. Most plastic recycling currently relies on primary and
secondary methods, which often require improvements in efficiency. Over
time, plastic loses its physical and chemical properties through repeated
recycling, leading to lower quality end products.

Virgin plastic prices are falling globally due to oversupply, often making them
cheaper than recycled plastics and undermining recycling adoption. In late
2024, HDPE prices showed strong regional differences: in Asia, recycled plastics
were cheaper ($0.35/Ib vs. virgin at $0.46/Ib), in North America virgin plastics
were significantly cheaper ($0.58/Ib vs. recycled at $0.72/1b), while Europe was
closer to price parity ($0.60/Ib virgin vs. $0.56/Ib recycled). Although recycled
materials can be competitive, their costs are often raised by collection, sorting,
transport, and quality issues. A global cap on virgin plastic production would
likely raise virgin prices in the short term, improving the competitiveness of
recycled plastics and encouraging their wider adoption. (Sanzillo et al,, 2024).
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At the same time, limiting production would help reduce the current
oversupply of virgin plastics, which is already being squeezed by measures
such as recycled-content mandates, taxes on virgin materials, and other
regulations aimed at cutting virgin plastic use.

The U.S. Food and Drug Administration has expressed concerns about using
recycled plastic for food contact packaging (Wilcox, 2024). Due to
contamination issues and difficulties in sorting and reuse, primary food
packaging is often better suited for incineration or chemical recycling. On the
other hand, secondary and tertiary packaging, which is less likely to be
contaminated, can be more readily sorted and recycled. Generally, developed
economies have better plastic waste management systems compared to
developing countries, which often struggle with inadequate infrastructure. For
example, Europe has significantly improved its recycling and energy recovery
rates, leading to reduced reliance on landfilling. Canada boasts the highest
plastic waste recovery overall, while South Korea, Germany, and Austria have
some of the highest recycling rates globally (Government ofCanada, 2025).
The global fate of plastic packaging materials shows that approximately 40%
ends up in landfills, 32% leaks into the environment, and 14% is either
incinerated or collected for recycling (Ncube et al., 2021).

3.1. Traditional (linear) strategy

Most packaging materials follow a linear economy model due to their
properties and intended use. This model prioritizes convenience and low cost,
where packaging is designed, produced, consumed, and ultimately discarded
resulting in high levels of waste and litter, with little consideration for end-of-
life recovery (Otto et al., 2021).

3.2. Collection and sorting

The most important step in plastic recycling is the collection and sorting of
waste. Collection is typically carried out through “bring schemes” or kerbside
collection. Sorting may be performed manually or automatically to identify
and separate recyclable materials. This process can occur at the source using
separate collection systems or at recycling facilities, where mechanical
methods are employed to sort mixed waste. However, due to inefficient
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collection and sorting technologies, many recycling units currently operate at
only about 40% of their full capacity (Tsakona and leva, 2020). To improve
waste management and material recovery, it is essential to establish optimal
packaging and sorting plants.

There is an urgent need for fast, cost-effective technologies that enable easy
separation and sorting of plastic waste. Current techniques include Fourier
Transform Infrared Spectroscopy (FTIR), Laser-Induced Breakdown
Spectroscopy, Near-Infrared (NIR) Spectroscopy, X-ray Fluorescence
Spectroscopy, froth flotation, and ultrasound technology (Adarsh et al., 2022).
Despite these advancements, challenges remain, for example, black PFP is
difficult to detect due to the presence of carbon black (Wrap NGO, 2020).

Mixed plastic waste and multilayered plastic packaging are particularly
challenging to recycle (Tamizhdurai et al, 2024). The need for complex and
costly sorting makes these materials economically unattractive for recycling.
Therefore, source level collection and separation remain the most effective
methods. For example, household level waste separation significantly
enhances overall waste management outcomes.

An efficient recycling process relies on high quality feedstock, which enables
the production of high value, application specific recycled products. Plastic
waste characterization involves four main steps. First, plastics can be
identified using spectroscopic techniques such as NIR and FTIR. Second, visual
inspection can be used to determine the type of plastic product. If a product
contains parts made of different polymers, it can be categorized as either
multiple polymers separable or non-separable, depending on how the
materials are attached. Otherwise, it is classified as a single polymer item.
Finally, items are visually categorized by color, such as colored or black
plastics, which affects their sorting and recycling route (Eriksen and Astrup,
2019).

Different sorting methods and technologies are being optimized to improve
the separation of mixed waste. For example, Germany is developing a tracer-
based sorting technique for post-consumer packaging. This method involves
the use of photoluminescent tracer materials, such as trivalent lanthanide
elements, which emit distinct colored lines when exposed to electromagnetic
radiation. These tracers are added in parts per million and enhance the sorting
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capabilities of existing NIR/FTIR based systems. This technology can effectively
distinguish food packaging from non-food packaging, making the sorting
process more efficient and enabling the production of higher quality recycled
materials. Although, there are challenges for its commercial viability (Howard
et al, 2024).

3.3. Reducing materials

The goal of reducing materials in packaging is often referred to as
downgauging. It is done to lower the quantity of material used throughout the
packaging cycle. This reduction aims to maintain or even enhance the
packaging functionality and product protection, without compromising the
overall packaging system. Lower material consumption results in reduced
environmental impact. For example, Coca-Cola successfully minimized the
materials used in smaller bottles by redesigning the neck to be shorter (Halder
et al, 2016). Additionally, reducing the use of non-biodegradable materials
and promoting the adoption of biobased or biodegradable polymers can
contribute to a more sustainable, circular economy for PFP. However, recent
research highlights that material selection is crucial. Simply switching
materials, for instance, from PP to Polylactic acid (PLA) in disposable cups
(Figure 3.) does not automatically guarantee an environmental benefit
(Galafton et al., 2025).

Figure 3. Polypropylene and Polylactic acid cups with 500 mL capacity
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3.4. Reuse systems

Reusing packaging significantly reduces plastic waste by lowering the
demand for virgin plastic and extending the life of packaging that would
otherwise be discarded. This approach conserves resources, reduces energy
use, and cuts packaging costs. Plastic packaging can be reused multiple
times until it no longer meets functional requirements, at which point it is either
disposed of or recycled. However, each reuse cycle increases the risk of
contamination. Therefore, reused food packaging must be thoroughly washed
to prevent the leaching of harmful chemicals. In practice, reuse systems are
generally not applied to primary food packaging due to hygiene and safety

concerns.

A life cycle assessment (LCA) study by Olatayo et al. (Olatayo et al., 2021) on
PET bottles in Johannesburg, South Africa, found that reusable PET bottles are
more environmentally sustainable than SU alternatives. The study showed that
reusable bottles had lower environmental impacts across 13 categories,
including global warming potential, ecotoxicity, and energy use. Similarly,
Yadav et al. (Yadav et al, 2024) evaluated the environmental impact of
reusable versus SU food packaging containers and found that a reusable
container used at least six times had a lower global warming potential than a
SU container. However, factors such as consumer behavior, the efficiency of
return systems (e.g., transportation and distance), and the washing process

significantly influence environmental outcomes.

Both reusable and disposable packaging options have advantages and
disadvantages in terms of cost, environmental emissions, and logistics.
Bortolini et al. (Bortolini et al.,, 2018) developed a model to optimize logistics for
multi packing fresh fruits and vegetables. Applied in the Emilia-Romagna
region of Italy, the model demonstrated that using a mix of 47.1% reusable and
52.9% disposable packaging containers could achieve a 45.1% reduction in
carbon dioxide (CO,) emissions. Despite these promising findings, further
research is needed to develop models that integrate social dimensions,
product quality, and packaging choices.
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In Europe, reuse systems for food packaging are becoming increasingly
mainstream, supported by both regulation and business innovation. Under
the EU Packaging and Packaging Waste Regulation (PPWR), companies are
strengthening the culture of reuse. Reuse systems, including the definition of
reuse cycles and the treatment of reusable packaging, must comply with the
Food Contact Regulation to ensure material safety and limit migration. In
particular, the Commission Regulation on plastic materials and articles
intended to come into contact with food (Commission Regulation (EU) No
10/2011) sets specific and overall migration limits, restrictions, and detailed
specifications for plastic FCMs. The generic overall migration limit is 60 mg/kg
for all substances that may transfer from plastic food-contact materials into
food (EC, 2022).

PET bottles are the only example of a truly circular closed-loop system. For
example, ALPHA, Vilsa offers PET water bottles that can be washed and reused
up to 25 times before recycling. A report by the European Commission’s Joint
Research Centre evaluates the environmental impacts of SU and multiple-use
(MU) food packaging in the EU using LCA. The findings show that
environmental performance varies depending on product type, use scenario,
and impact category. While SU packaging often has lower climate impacts,
MU alternatives generally perform better in terms of water use and long-term
sustainability, particularly in controlled settings such as dine-in restaurants.
Key factors influencing results include reuse rates, washing practices,
transport methods, and the share of recycled content. The study highlights the
need for case-specific strategies and more reliable data to support EU
packaging waste reduction goals (Sinkko et al, 2024). Overall, Europe is
embedding reuse across beverages, takeaways, and retail through a mix of
policy mandates, deposit systems, and corporate initiatives, but successful
implementation will require systemic changes in business models and shifts
in consumer behavior

3.5. Refill systems

In Europe, refilling systems for plastic food packaging are emerging as a
promising way to reduce single-use waste. These systems allow consumers
to replenish products either in their own containers or in standardized reusable
ones, cutting the need for disposable packaging. Large retailers are testing
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supermarket refill stations: Carrefour in France offers pasta, rice, cereals, and
beverages in bulk dispensers, while Tesco and Asda in the UK have piloted refill
aisles for dry foods and sauces. Startups like Algramo, originally from Chile but
piloted in Spain, provide smart refill dispensers for food staples. Alongside
supermarkets, zero-waste stores across Germany, France, and the
Netherlands allow customers to refill dry foods, oils, and snacks in personal jars
or reusable plastic containers. In parallel, Loop has partnered with brands such
as Nestle and Danone to sell products like yogurt and sauces in refillable
packaging that is collected, cleaned, and refilled for resale. These examples
show how both mainstream retailers and niche innovators are embedding
refill into the food system.

Despite this progress, scaling up refilling faces several challenges. Food safety
and hygiene requirements under EU food contact material regulations limit
the kinds of containers that can be safely reused or refilled. From the consumer
side, single-use packaging is still seen as more convenient, slowing adoption.
On the logistical level, refill stations demand investment in infrastructure for
cleaning, standardizing, and transporting containers. Finally, the economic
feasibility of refill models remains uncertain without shared infrastructure or
stronger regulatory push. To address these barriers, the EU’'s PPWR encourages
refill alongside reuse, with ambitious targets for 2030 and 2040. Together with
corporate commitments and rising consumer awareness, this creates
momentum for refill systems to expand across supermarkets, foodservice, and

beverages, helping Europe transition away from disposable packaging.

3.6. Recycling

Recycling plays a crucial role in managing the plastic waste generated by
food packaging. The widespread use of SU plastics such as wrappers, bottles,
cutlery, and containers results in a large volume of short lifecycle waste.
Recycling helps address this issue by promoting sustainable practices and
reducing the environmental impact of the food industry. Several methods are
available for recycling PFP waste, each with its own advantages and
limitations. These include re-extrusion, mechanical recycling, chemical
recycling, and biological recycling (Kheirabadi and Sheikhi, 2022). Globally, the
highest recycling rates are for PET and HDPE, at 55% and 33% respectively
(Ghosh, 2021).
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3.6.1. Re-extrusion

Re-extrusion, also known as primary recycling, is one of the simplest and most
efficient methods for recycling plastic waste. It is particularly effective within
manufacturing facilities, where production scrap, unused trimmings, or
defective items are collected, cleaned, and shredded into smaller pieces.
These pieces are then melted and reprocessed through extrusion to form new
plastic products with similar quality and performance characteristics. This
method offers several advantages: it is a closed loop system ideal for internal
recycling, where the type and source of plastic are well controlled. Since the
material is clean and uncontaminated, the final products maintain high
quality. It is also cost-effective, reducing both raw material costs and waste
disposal expenses, and it provides environmental benefits by minimizing
waste and reducing the need for virgin plastic.

However, re-extrusion has some limitations. It often requires cleaning and, in
some cases, sorting before processing. It is not suitable for post-consumer
plastic waste due to the risk of contamination. Additionally, repeated re-
extrusion can degrade the quality of plastic, which may require blending with
virgin plastic or incorporating additives such as titanium dioxide, zinc oxide, or
nanocellulose to restore performance. Overall, re-extrusion is a valuable
method for managing industrial plastic waste and promoting circularity.
However, its application in food contact materials, especially primary
packaging which is limited due to stringent safety and contamination
concerns (Jakié¢ et al., 2023).

3.6.2. Mechanical recycling

Mechanical recycling is one of the most widely used methods for managing
plastic waste and plays a crucial role in addressing the environmental
challenges posed by SU plastics. The process involves several steps: collection,
sorting, washing, shredding, melt processing, and remolding. Initially, post-
consumer or industrial plastic waste is collected and sorted by polymer type
(e.g., LDPE, HDPE, PP, PET) and color, a critical step to ensure the quality of the
final product. The plastic is then thoroughly washed to remove contaminants
such as food residues, adhesives, and labels, ensuring compliance with health
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and safety standards. After cleaning, the plastic is shredded into flakes or
granules and then melted and extruded into pellets, which are used to
manufacture new plastic products (Ragaert et al., 2017).

Mechanical recycling offers multiple advantages: it is cost-effective, reduces
landfill waste, supports a circular economy, and emits fewer greenhouse
gases, resulting in a lower carbon footprint. However, it also faces some
challenges. Contamination from food residues and chemical additives can
affect the quality of recycled plastics. Repeated recycling may degrade the
material’s physical properties, and multilayer packaging complicates
separation and recycling. Moreover, recycled plastics intended for food
contact applications must meet strict health and safety regulations (Schyns
and Shaver, 2021).

Mechanical recycling remains an essential strategy for managing PFP waste.
It is especially effective for clean, single polymer plastics but poses limitations
when dealing with contaminated or mixed materials. Future progress will
depend on innovations in packaging design, sorting technology, and
purification processes to enhance the efficiency and safety of recycled
materials. A study by Masmoudi et al. (Masmoudi et al,, 2020) investigated the
optimization of blends of virgin and recycled PET for food contact applications.
The results showed that a blend containing 70% pristine and 30% recycled PET
improved both mechanical and thermal properties. Migration tests confirmed
its suitability for primary food packaging according to European Food Safety
Authority standards.

3.6.3. Chemical recycling

Chemical recycling is an emerging approach to managing plastic waste in
the food packaging industry. Also known as tertiary or feedstock recycling, it is
particularly effective for processing complex, contaminated, and multi-layer
plastics that are difficult or impossible to recycle mechanically. This method
breaks down polymers into their original monomers, which can then be used
to produce virgin quality plastic that is safe for direct food contact.

There are four major types of chemical recycling technologies. The first is
pyrolysis, in which plastic waste is heated in the absence of oxygen to produce
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fuels or chemical feedstocks. The second is depolymerization, where plastics
are broken down into monomers using solvents, heat, or catalysts. The third is
gasification, a process that converts plastic waste into synthesis gas (a
mixture of carbon monoxide and hydrogen), which can be used to create new
chemicals or fuels. The fourth is solvolysis, which decomposes plastics into
reusable components through processes such as glycolysis or methanolysis
(Ragaert et al,, 2017).

These technologies enable the conversion of highly contaminated, mixed, and
multi layered plastic waste into valuable raw materials, supporting circularity
in ways mechanical recycling often cannot. Chemical recycling can produce
high purity plastics suitable for food grade applications, reduce landfill use,
and minimize the need for incineration. However, several challenges remain.
One of the biggest barriers is the high cost and energy consumption
associated with chemical recycling on a commercial scale. Limited
infrastructure, technical complexity, and the need for controlled conditions
and sophisticated equipment further hinder its broader adoption. Plastics
derived from mixed waste streams also require rigorous quality checks before
being approved for use in food packaging.

Despite these challenges, chemical recycling offers a transformative solution
for the food packaging industry by enabling the recovery and reuse of plastics
that mechanical recycling cannot handle. Currently, its use is largely limited
to condensation polymers such as PET. Further research is needed to expand
its application to a broader range of polymers. Continued advancements in
technology, supportive policy frameworks, and investment in infrastructure will
be essential to realize the full potential of chemical recycling in creating a
circular and sustainable economy for PFP (Peti et al., 2025).

3.6.4. Biological recycling

Biological recycling, also known as enzymatic or organic recycling, uses
enzymes or microorganisms to break down plastics into monomers that can
be reused to produce new materials. This process involves two main
approaches: enzymatic degradation, where specific enzymes break down
polymers, and microbial degradation, where bacteria or fungi are used for
decomposition. Biological recycling is primarily applicable to bioplastics such
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as PET and PLA. Compared to chemical recycling, biological recycling operates
under milder conditions, requires less energy, functions in a closed loop
system, and helps reduce MP pollution through complete biodegradation. It
also produces high purity plastic suitable for food grade recycling (zhu et al,,
2022).

However, the approach faces several challenges. These include slow
degradation rates, high costs associated with enzyme production, the need
for bioreactor infrastructure, and limited scalability. While biological recycling
is not yet capable of replacing other plastic recycling methods, it holds strong
potential as a complementary technology, particularly for achieving high
purity plastic recovery in a sustainable and environmentally friendly manner.

3.7. Biobased, biodegradable and
compostable packaging

In the European Union’s policy framework, biobased plastics are defined as
plastics that are wholly or partly made from biological (non-fossil) resources
such as biomass, rather than fossil raw materials. Being biobased does not
automatically mean a plastic is biodegradable or compostable, and EU
guidance requires that claims specify the measurable share of biobased
content while ensuring that biomass is sustainably sourced, with priority given
to waste and by-products. Biodegradable plastics, in turn, are designed to
break down at the end of their life through the action of microorganisms,
converting into natural substances such as water, CO,, biomass, and mineral
salts, and possibly methane under anaerobic conditions. Their
biodegradability depends on the right environment such as soil, compost,
water, or industrial facilities and a defined timeframe, which must be clearly
indicated. These plastics can be made from fossil based as well as biobased
feedstocks, but their labelling must not be used to justify littering or misuse. A
subset of these materials is compostable plastics, which are specifically
designed to biodegrade under controlled composting conditions, typically in
industrial composting or anaerobic digestion. Compostable plastics must
comply with harmonised standards, such as EN 13432, which set requirements
for degradation rates, conditions, and limits on harmful residues, and any
claim must indicate whether the product is suitable for industrial or home
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composting (European Commission Directorate-General for Environment,
2022).

The terms “biobased,” “biodegradable,” and “compostable” are often
incorrectly used interchangeably. This confusion can mislead consumers,
resulting in improper disposal and increased environmental impact
(Lavagnolo et al, 2024). More generally, the EU warns against the unqualified
use of the broad term “bioplastics,” since it can misleadingly refer to biobased,
biodegradable, or compostable plastics without distinction. To prevent
confusion, the EU requires that all labelling and marketing claims be
transparent, precise, and verifiable, and stresses that the use of these plastics
must not undermine higher priorities in the waste hierarchy such as reduction,
reuse, and recycling (European Commission Directorate-General for
Environment, 2022). We are currently measuring the MP content in the
compost (Figure 4). The detailed results will be included in Deliverable D2.2:
Indirect Plastic Pollution of the Environment.

Figure 4. Microplastics extracted from compost

There are several common types of biobased, biodegradable, and
compostable packaging materials, each with distinct properties and uses. PLA
is industrially compostable and widely used for cups and containers, although
it can deform under heat. Polyhydroxyalkanoates (PHA) are compostable in
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both home and industrial settings and are suitable for products like films and
straws, with the added advantage of degrading in natural environments.
Starch based films are also compostable at home and ideal for applications
such as bags, although they tend to lack water resistance. Cellulose films are
semi compostable and provide benefits like transparency and breathability.
Polybutylene succinate (PBS) is used for coatings and foams, is compostable
in industrial settings, and can be either biobased or derived from fossil fuels.
Paper with biopolymer coatings is commmonly used in items like takeout cups;
however, its compostability often depends on the ability to properly separate
the layers of materials involved. Each of these materials contributes to more
sustainable packaging options, but understanding their differences is
essential for proper use and disposal. The below Table 1. list the common types
of biobased, biodegradable, and compostable packaging.

Table 1: Common types of biobased, biodegradable, and compostable

packaging
Material Compostable Common Remarks
Uses
Polylactic Acid (PLA) Yes (Industrial | Cups, lids, [Made from
only) salad corn starch;
containers brittle in heat
Polyhydroxyalkanoates | Yes (Home & | Films, trays, Biodegrades in
(PHA) industrial) straws soil & water
too
Starch based Films Yes (Home & Bags, liners, Not water
industrial) produce resistant
packaging
Cellulose Films Yes (Some Window film, [Transparent
are) wrappers and
breathable
Polybutylene succinate Yes Coatings, Fossil or
(PBS) (Industrial) foams biobased
versions exist
Paper + Biopolymer Varies Coffee cups, |Must separate
Coatings takeout layers to
containers compost
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3.8. Landfilling

Landfilling is one of the most common and often cost-effective methods of
managing solid waste. A significant portion of this waste comes from plastics,
particularly packaging materials. Like any method, landfilling has both
advantages and disadvantages. One of the main benefits of landfilling is its
relatively low operating cost compared to recycling or incineration, especially
in regions with ample available land. It is also relatively simple to implement
and requires only basic infrastructure. Additionally, landfills can handle a wide
variety of waste types, including hazardous, contaminated, or non-recyclable
materials. They also offer a quick solution to reduce surface litter.

However, there are notable drawbacks. Landfills can lead to the leaching of
harmful chemicals into the soil and groundwater, as well as the emission of
methane, a potent greenhouse gas. Although modern landfill facilities can
capture methane produced during the decomposition of organic waste and
convert it into electricity, this is not always feasible or efficient. Moreover,
landfilling is not a practical option in densely populated urban areas due to
space constraints. Unlike recycling or composting, landfills do not allow for the
recovery of valuable resources (Kurniawan et al, 2024).

3.9. Energy recovery

Energy recovery refers to the process of converting plastic waste into usable
forms of energy such as electricity, heat, steam, or fuel through various
chemical or thermal methods. The primary techniques include thermal
processes (e.g., incineration, pyrolysis, and gasification), chemical methods
(such as esterification), biochemical processes (like anaerobic digestion and
fermentation), and co-processing in cement kilns. This approach offers
several advantages. It reduces the volume of plastic waste and decreases the
demand for landfill space. Energy recovery is especially useful for handling
contaminated or non-recyclable plastics, and it contributes to energy
generation, offering a potential solution to the dual challenges of increasing
global energy demand and plastic pollution.

Plastics such as PE, PP and PS all derived from crude oil have high calorific
values of 44.9 MJ/kg, 46.5 MJ/kg, and 41.9 MJ/kg, respectively, compared to
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42,5 MJ/kg for petroleum (Panda et al., 2010). Once plastic has undergone
multiple recycling cycles and no longer retains its structural properties,
incineration becomes a viable end-of-life solution. It can reduce the volume
of plastic waste by up to 99%, while simultaneously contributing to energy

supply.

However, energy recovery is not without its drawbacks. Incineration can lead
to air pollution, including the release of greenhouse gases and carcinogenic
substances, if not properly managed. Modern incinerators, however, are
equipped with advanced pollution control technologies to minimize harmful
emissions. Despite these advancements, energy recovery systems can be
costly and complex to install. It is important to note that energy recovery
should not replace efforts to reduce or recycle plastic waste. Instead, it should
be viewed as a last resort solution within the waste hierarchy, applied only
when reuse and recycling are no longer feasible (Hasan et al.,, 2025).

4.  Plastic packaging regulation in Europe

Different types of plastic packaging are regulated across Europe through
broader policy tools such as EPR, eco modulation, national plastic bans, and
plastic taxes. EU member states adhere to overarching directives on plastic
packaging while implementing additional national level measures to reduce
waste, enhance circularity, and encourage recyclability. The EU has banned
several key SU plastic items, including straws and cutlery. Countries like France
and Spain have gone further, extending bans to include plastic packaging for
fresh produce and toys in children’s meails.

The EU PPWR is a comprehensive legislative framework that aims to reduce the
environmental impact of packaging by addressing the entire lifecycle of
packaging within the EU. Unlike previous directives, it is a binding regulation
that applies directly across Member States. The PPWR emphasizes reduction,
reuse, and recycling to support a circular economy. Key provisions include
mandatory recyclability for all packaging by 2030, minimum recycled content
in plastic packaging, compostability standards, and strict rules on packaging
minimization. Targets include reducing per capita packaging waste by 5% by
2030, 10% by 2035, and 15% by 2040. It also introduces reusable packaging
targets, bans certain SU plastic formats, and mandates harmonized labelling
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and deposit return systems. Implementation will follow a phased timeline, with
most core measures becoming applicable between 2026 and 2040. Member
States retain flexibility in achieving objectives but must adhere to minimum EU
wide standards (Journal and Parliament, 2025).

Reuse mandates vary across Europe. France and Germany, for example,
require reusable options for dine-in and takeaway services, respectively, while
other countries simply encourage reuse without mandating it. All EU countries
are expected to meet targets for recycled content specifically, 25% recycled
PET (rPET) in plastic bottles by 2025 and 30% by 2030 (ICIS, 2024). France,
however, is pushing for even more ambitious goals, aiming for 100%
recyclability of plastic packaging. Plastic taxes are applied in countries like
France and Spain (€0.45/kg on non-recycled plastic), while others, such as
Germany and Italy, rely on EPR systems or offer incentives for bioplastics
instead of direct taxation.

France has taken a particularly progressive approach through its Anti Waste
and Circular Economy Law (AGEC), enacted in 2020, with the goal of achieving
a complete ban on SU plastic by 2040 (Ministere de la Transition Ecologique,
2020). The law aims to reduce plastic waste and promote sustainable
alternatives. Initial bans began in 2020, targeting plastic plates, cups, and
cotton buds. In 202], the ban expanded to include cutlery, straws, stirrers,
balloon sticks, and PS containers. By 2022, further restrictions were imposed on
plastic tea bags, plastic packaging for fruits and vegetables under 1.5 kg, and
toys included in fast-food meails.

From January 1, 2023, a new requirement came into force mandating that
restaurants with seating capacity over 20 must use reusable dishes, cutlery,
and cups for on-site dining. This marks a significant shift, especially for fast-
food chains, which are required to transition from disposable to washable
tableware. Looking ahead, France has set a target for 2025: a 20% reduction in
SU plastic packaging, with more than half of that reduction expected to come
from reusable alternatives. Additionally, all SU plastic packaging must be fully
recyclable and free from materials that hinder the recycling process. The goal
is to phase out SU plastics from the market entirely.

The AGEC law represents a major step forward in combating plastic pollution,
with clear targets and implementation timelines. It is expected to eliminate
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over 1 billion plastic packages annually. While challenges remain in its

enforcement, France strong commitment to reducing SU plastic and

promoting sustainable practices is both significant and commendable. The

below Table 2. shows the comparison on plastic packaging regulation across

Europe.

Table 2: Plastic packaging regulation comparison in Europe

Country Single-Use Recycled Reuse/Refill | Plastic Tax
Plastics Ban Content |Requirements
Targets

EU Straws, cutlery, | 25% rPET in  |With PPWR, No EU wide

(Directive) plates, cotton PET bottles refill and reuse [tax
buds, stirrers, by 2025; 30% |mandatory
etc. by 2030 {from Feb 2027

and Feb 2028
respectively.

Belgium Same as EU Follows EU; Encouraged at |No direct tax

regional retail
pilots (Flanders)

France Same as EU; Same as EU  |[Mandatory €0.45/kg tax
Extra bans: + national reusable on non-
<1.5kg produce | focus on tableware in  |recycled
packaging, 100% dine-in (2023) |plastic
toys in meals recyclability

Germany Same as EU; Follows EU;  |[Mandatory No direct tax;
EPS food strong PET reuse for strict EPR fees
containers bottle takeaway
banned recycling (2023)

system

Italy Same as EU; Follows EU; No national No tax;
compostable | supports mandate incentives for
bioplastics compostable bioplastics
allowed

Netherlands | Same as EU Advanced Strong focus  [No tax: EPR

deposit via contributions
system for supermarket |apply
bottles pilots
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4.1.

Deposit return schemes

Many European countries have implemented Deposit Return Schemes (DRS),
where consumers pay a small deposit when purchasing plastic bottles and
receive it back upon returning the empty containers to a collection point or
reverse vending machine. Over a dozen European nations have adopted DRS
for plastic bottles, with countries like Germany, Norway, and Lithuania leading
the way by achieving return rates exceeding 90%. These systems incentivize
consumers by adding a small deposit fee (€0.10-€0.25) to beverage
containers, which is fully refunded upon return. Countries such as Finland,
Sweden, and Denmark also report high return rates, supported by long
established and efficient DRS infrastructure.

Several other countries including Austria, France, Spain, and the United
Kingdom plan to launch national DRS programs in 2025, while Italy is currently
testing regional pilot schemes. DRS is widely recognized as one of the most
effective tools for reducing plastic litter by 66%, lowers municipal costs,
increasing recycling rates, and supports circular economies by providing high
quality recycled materials (TOMRA, 2021). However, DRS primarily targets PET
beverage bottles and does not yet extend to broader categories of plastic
packaging. In line with the EU Directive on SU plastics, another important
measure has been introduced: plastic bottles sold in Europe must now have
caps that remain attached after opening, to prevent them from being
discarded separately and contributing to plastic litter (Larsen et al,, 2024). The
below Table 3. Represents the DRS status for plastic bottles in Europe.

Table 3: Deposit return schemes for plastic bottles in Europe

Country DRS Status Deposit Plastic Return Rate
Amount Bottles
Included

Launched in To Be Decided Not Applicable
Austria January, 2025 | (TBD) Yes (N/A)
Croatia Operational €0.07 Yes ~84%
Denmark Operational €0.13-0.40 Yes ~92%
Estonia Operational €0.10 Yes ~87%

Fully
Finland operational €0.10-0.40 Yes ~94%
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In planning

France stages TBD Planned N/A
Operational

Germany since 2003 €0.25 Yes ~98%

Iceland

(EEA) Operational €0.15-0.20 Yes ~85%
Operational

Ireland since 2024 €0.15-0.25 Yes N/A
Regional pilots

Italy only TBD Partially N/A

Lithuania Since 2016 €0.10 Yes ~93%
Expanded to

Netherlands | plastic (2021) | €0.15-0.25 Yes ~80-90%

Norway Long standing

(EEA) system €0.10-0.25 Yes ~97%
Launched in ~70-80%

Slovakia 2022 €0.15 Yes (growing)
Under

Spain discussion TBD Proposed  |N/A

Sweden Operational €0.10-0.20 Yes ~86%

UK Planned for

(England) | October, 2027 | £0.20 Yes N/A

5. Case studies

5.1. Coca-Cola

Coca-Cola has faced significant global scrutiny for being the world’s top
plastic polluter for several consecutive years. The company produces over 3
million metric tons of plastic annually, including more than 200 billion PET
bottles each year. In response to mounting criticism, Coca-Cola has made
several commitments under its “World Without Waste” program, aimed at
reducing its environmental footprint. Key goals include collecting and
recycling 100% of the packaging it sells globally by 2030, making all packaging
100% recyclable by 2025, and selling 25% of its beverages in refillable or
returnable containers by 2030. Coca-Cola is also partners with local
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governments and NGOs such as The Recycling Partnership, Keep Britain Tidy,
and the Ellen MacArthur Foundation to support deposit return schemes and
recycling infrastructure (Laville, 2019).

The company is experimenting with sustainable packaging alternatives,
including a paper-based bottle prototype developed in collaboration with
Paboco, a paper bottle company based in Hungary. Coca-Cola has also
transitioned into 100% rPET bottles in several markets. Sweden became the first
country in 2019 where all locally produced bottles were made from rPET,
followed by Norway and the Netherlands in 2021. Since 2021, all 500mL PET
bottles sold in the UK are made from rPET, with significant adoption also seen
in Germany and Spain.

In another maijor shift, Coca-Cola replaced its iconic green Sprite bottles with
clear PET bottles, as green plastic is less recyclable and often ends up
downcycled into lower grade products (Figure 5.). Clear PET is more easily
recycled into food-grade packaging, making it a better fit for circular
packaging systems. Although the rebranding move impacts Sprite's iconic
identity, it has been praised for setting a precedent and putting pressure on
other brands such as 7UP (PepsiCo) and Dr Pepper (Keurig Dr Pepper) to follow
suit.

Figure 5. Green and transparent Polyethylene terephthalate bottle
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Coca-Cola has publicly acknowledged its contribution to global plastic
pollution and is responding to increasing regulatory pressure and public
demand with various sustainability initiatives. However, debate continues
among scientists, regulators, and consumers over whether these efforts reflect
genuine progress or are largely public relations strategies. While positive steps
have been taken, the effectiveness and sincerity of the company’s actions
remain under scrutiny (Ding, 2024; France 24, 2025).

5.2. Loop reusable platform

In 2019, TerraCycle launched Loop, a retail refill system designed to reduce
plastic waste by replacing SU packaging with durable, reusable alternatives.
Loop aims to minimize plastic litter while maintaining high packaging quality
and product integrity. Loop partners with major global brands and retailers,
including Coca-Cola, PepsiCo, Unilever, Procter & Gamble, and Nestle. It has
launched pilot programs with leading retailers such as Carrefour (France),
Tesco (UK), Kroger and Walgreens (USA), Loblaws (Canada), AEON (Japan),
and Woolworths (Australia).

The system focuses on reusable packaging solutions, encouraging brands to
redesign products like detergents, shampoos, and food items for refillable
formats. Loop also integrates with delivery services: customers can order
products online, use them, and return the empty containers. These containers
are then collected, sanitized to food grade standards, and refilled by the brand
for reuse completing the circular loop.

Loop manages the reverse logistics, handling the collection, cleaning, and
redistribution of containers, creating a closed loop system that significantly
reduces reliance on disposable plastic. It plays a crucial role in tackling
packaging waste, especially for commonly littered items such as bottles and
containers, by extending their lifecycle through reuse.

Moreover, Loop promotes consumer engagement in sustainable habits by
making reuse easy and convenient, while also increasing brand accountability
for packaging waste. Through these efforts, Loop is driving systemic change in
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how products are packaged, sold, and returned, contributing meaningfully to
reducing plastic pollution and fostering a circular economy (Terracycle, n.d.).

5.3. reCIRCLE reusable food containers

reCIRCLE is a Switzerland based company offering a reusable packaging
system designed to eliminate SU packaging waste in the foodservice and
takeaway industry. The company uses glass enforced polybutylene
terephthalate containers (Figure 6.), which are microwave, dishwasher, and
freezer safe, making them durable and practical for repeated use. The
portfolio also includes bowls and cups made from Tritan, which is a very high
quality transparent material. All the lids are made from PP. The system
operates on a deposit model: users pay a small deposit and return the
containers to any participating restaurant or cafe to receive a refund. This
convenient return and reuse model encourages consumer participation while
reducing disposable packaging waste.

reCIRCLE currently partners with over 1,800 businesses in Switzerland and
around 200 across Europe. Its environmental impact is substantial; each
container can save up to 30 kg of packaging waste during its lifetime. (200
uses per container with an average of 150 g per SU container). In the last two
years (2023 & 2024), the system helped avoid the use of 40 million SU
packages and reduced approx. 2,600 tons of CO, emissions. Those numbers
derive from a survey which is conducted annually among all reCIRCLE partners
and extrapolated by customer segment. With its scalable and practical
approach, reCIRCLE combines deposit-based reusability with efficient
logistics, offering a viable circular solution to the problem of disposable
packaging. As of June 2025, reCIRCLE has produced 1,065,795 bowls since 2016,
of which 24,912 have been returned for recycling. Out of 183,630 cups produced
since 2021, 1,697 have been returned for recycling. It stands as a strong model
for reducing plastic waste in the hospitality sector and promoting sustainable
consumption habits (reCIRCLE, n.d.).
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Figure 6. reCIRCLE BOX and reCIRCLE ISY Cup

5.4. REMONDIS recycling services

REMONDIS is a leading German multinational company that provides waste
management services, including the collection, recycling, and disposal of both
regular and hazardous waste. In the context of plastic recycling, HDPE
generally has a longer service life than PP, with HDPE enduring approximately
7-10 mechanical recycling cycles compared to PP’s 3—-6 cycles. However, each
recycling cycle reduces the mechanical performance of these materials.
While additives can sometimes be used to compensate for this degradation,
such measures are typically seen as temporary or emergency solutions.

In Germany’s Gelber Sack (yellow bag) collection system, identifying whether
a plastic item has already been recycled is particularly challenging. During
processing, items lose their shape and often their labels are problematic since
many manufacturers indicate recycled content on the label. Without this
information, it becomes nearly impossible to trace the recycling history of a
given product, presenting a significant challenge for implementing effective
“design for recycling” strategies. This issue was highlighted in a study
conducted by REMONDIS Recycling, which examined incoming “natural”
(unpigmented) HDPE (Figure 7.). The study found that only 1.79% of bottles had
legible labels indicating recycled content. While label removal is essential for
processing, it severely hinders traceability, posing a barrier to transparent and
verifiable recycling systems.
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Figure 7. High density polyethylene samples at REMONDIS recycling facility

Colored polyolefins introduce additional complications. Their practical
recycling lifespan is often shorter than that of unpigmented HDPE or PP
because pigments may degrade at high processing temperatures, such as
those found in extruders, potentially producing harmful substances. This is
particularly concerning the applications involving cosmetics or food
packaging. Unfortunately, the current lack of comprehensive research limits
our ability to assess the full impact of pigments on recyclability and safety.

Finally, it is important to note that polyolefins collected through household
streams like the yellow bag system are generally unsuitable for direct food
contact applications. Since food and non-food packaging are mixed in this
system, the risk of cross contamination is high. This limits the potential for high
quality, closed loop recycling of these materials in sensitive applications such
as PFP.

6. Mismanagement of plastic waste

Waste management across the EU relies heavily on color-coded bins to
support efficient sorting and recycling particularly for plastic packaging
waste, which remains one of the most prevalent and persistent forms of
municipal solid waste. Although the EU has expressed a commitment to
harmonizing waste separation systems, significant variation still exists
between countries, and even between regions within the same country. Table
4. below shows the color-coded bins mostly used for waste collection across
Europe. It is important to note that these can vary by region or municipality.
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Table 4: Color codes used for waste collection bins in Europe

Paper and Plastic and

Count
ountry Cardboard Metal

Glass Organic Waste | General Waste

Austria

Belgium

Bulgaria
Croatia

Cyprus

Czech Republic
Denmark
Estonia

Finland

France

Germany
Greece
Hungary
Ireland

Italy

Latvia
Lithuania
Luxembourg
Malta
Netherlands

Norway

Poland
Portugal
Romania
Slovakia
Slovenia

Spain

Sweden

United
Kingdom

Plastic packaging, often grouped with metals under the category of “plastic
and metal” (PMD), is typically collected in yellow bins in countries such as
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Germany, France, Poland, and Austria. Other member states adopt different
color schemes: for example, the Netherlands uses orange bins specifically for
PMD, while Ireland utilizes green bins to collect all recyclable materials,
including plastics. In Belgium, blue bags are commonly used for PMD instead
of rigid bins, depending on local regulations. In Italy and Spain, bin color codes
for plastic packaging often differ by municipality, making it difficult to establish
uniform recycling instructions for the public. This lack of consistency is
especially problematic for multilayer plastic packaging, which requires
precise sorting for effective recycling.

While color coded systems are widely used for collecting plastic packaging,
inconsistencies across the EU can lead to confusion, lower participation rates,
and reduced sorting accuracy. Managing plastic waste is especially
challenging due to its volume, material diversity, and frequent food
contamination. When clearly implemented, color coded bins play a crucial
role in source separation, which significantly improves the efficiency of
downstream recycling.

The below Figure 8. depicts the waste management systems, color coded bins
at airports. For example, Heathrow Airport in London (a) uses red bins for
plastic bottles and green for mixed recycling, Thessaloniki (b) uses yellow
while reserving red for metals, Amsterdam (c) uses orange, Venice (d) uses
green for mixed recyclables and Helsinki (e) uses orange for plastic bottles
and yellow for other plastic. This inconsistency causes confusion among
travelers and reduces proper waste sorting. A harmonized EU wide bin color
code would improve recycling performance, reduce contamination, and
enhance public understanding, especially in high traffic, international
environments. Standardization is a simple yet powerful step toward advancing
the EU's circular economy goals and minimizing plastic pollution.

Efforts needed at the EU level to harmonize waste separation systems. These
initiatives aim to simplify recycling, enhance material recovery rates, and
support the broader transition to a circular economy. Standardizing bin color
codes for plastic packaging across member states would represent a
significant step toward improving recycling performance and reducing plastic
pollution.
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Figure 8. Recycling bins at (a) London airport (b) Thessaloniki airport (c)
Amsterdam airport (d) Venice airport and (e) Helsinki airport

6.1. Microplastic Pollution

Plastic pellets are identified as the third largest source of unintentional MP
pollution in the EU, with billions of pellets estimated to enter the ocean each
year due to losses across the supply chain, particularly during land and sea
transport. Although pellets represent only 0.05% of plastic pieces in surface
waters, they account for approximately 70% of plastic ingested by seabirds
and have been found in the stomachs of 63 out of roughly 250 seabird species.
These pellets are highly persistent in the environment, remaining for decades,
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and contribute to climate change through greenhouse gas emissions and
ecological pressure. Additionally, they can carry toxic chemicals and
pathogens, posing further environmental and health risks. A notable incident
in 2023, the Toconao accident off the coast of Spain led to the loss of six freight
containers, including one with 1,000 sacks of pellets (each weighing 25 kg),
resulting in millions of pellets polluting the Galician coast. In response, the EU
regulation targets operators handling over 5 tons of pellets annually, with
stricter certification requirements for those exceeding 1,500 tons. Operators
must implement risk management plans, estimate and record annual losses,
and undergo periodic certification and internal assessments. Member States
are required to collect and report qualitative and quantitative compliance
data, including the number of operators, installations, inspections, and
incidents, as part of broader efforts to reduce MP pollution and enforce
environmental protection standards (EUROPEAN COMMISSION, 2023).

We conducted an experiment and detected MPs released from the pellets. MPs
can be generated during production and processing at manufacturing plants
and recycling facilities. For 1 kg each of black and white PE pellets, we found
35.0 mg and 12.2 mg of MPs, respectively. The below Figure 9. shows images of
the MPs released from the pellets, which can easily enter the environment
during processing.

L- ot ~
- ¥
T R
(a) (b)

Figure 9. (a) Microplastic released from black pellets (b) While pellet with
flake at edge
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6.1.1. Recycling

Plastic recycling is seen as the preferred method of sustainable reuse for the
increasing quantities of plastic waste modern society produces. It is the center
piece of the circular economy and efficient resource use that should
significantly improve the environmental balance of plastics. However, a study
of plastic waste pathways for all plastics produced between 1950 and 2015 by
Geyer et al (Geyer et al, 2017) estimated that 9% of all plastic waste generated
in this period has been recycled once whereas only 10% of this amount has
been recycled twice. To improve the environmental balance of plastics a
significant increase in plastic recycling is proposed.

An analysis of the fate of plastics used in packaging in 2013 revealed that 14%
were collected for recycling, from which 2% were recycled in a closed loop (for
the same or similar quality application without downcycling) and 8% were
recycled for a lower quality application—downcycling). It is significant that
4% are lost during processing as “process losses” (World Economic Forum Ellen
MacArthur Foundation and McKinsey & Company, 2016)

Europe in particular aims to become a circular economy. To reach this goal
the EU has set ambitious targets for the 27 Member States (EU-27) to increase
recycling and reduce landfilling. Specifically, by 2025, 55% of municipal waste
and 65% of packaging waste must be prepared for re-use or recycled. In 2023
the European Environmental Agency noted that “Plastic packaging is the most
demanding packaging waste stream to recycle. 19 Member States struggle to
meet the 50% recycling target in 2025” (Agency, 2023). The recycling target for
plastic packaging has since been raised to 55% which is to be reached by 2030
according to the EU PPWR further raised targets which are described in Table
5.

Table 5. Plastic packaging recycling targets by Packaging and Packaging
Waste Regulation

Percentage to Percentage to
Type of packaging be recyclable for | be recyclable by
1January 2030 | 1January 2040
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Contact-sensitive packaging
made from PET 30% 50%
Contact-sensitive packaging
made from plastics other than PET 10% 25%
Single-use plastic beverage
bottles 30% 65%
Other plastic packagin

P P ging 35% 65%

To support plastics recycling the PPWR also sets requirements for post-
consumer recycled content. The binding requirements presented above
illustrate the increasing legislative push toward a much greater recycling of
plastics in the future.

Recycling of plastics can be performed in several ways that can be separated
into mechanical recycling where the polymer structure of the material is
preserved and only mechanical operations are used in the process and
chemical recycling in which the chemical structure of the base polymers is
completely altered to yield chemicals which may be used in different
applications (thermal processes such as pyrolysis and gasification can be
considered as chemical recycling methods). Mechanical recycling is by far the
prominent method used to recycle plastic waste while chemical recycling
remains a niche method applied to only several types of polymers. For all
practical purposes “recycling” is synonymous with mechanical recycling.

During mechanical recycling, the plastic waste undergoes several operations
during which the plastic waste is separated, washed, homogenized, reduced
in size, sieved, dried transported etc. In large recycling installations these
operations are performed by in line continuous or batch operated machinery.
Manual intervention by humans is performed only in visual inspection
although this is increasingly performed by automated machinery equipped
with sensors and even robotic actuators. The process routinely involves water
that is used for washing plastics. Water may be recycled in the process,
however additions and releases will occur more or less frequently, depending
on the technology.
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Although plastic particles are released from every step in the process of
plastic waste handling, the critical step is size reduction through grinding,
crushing or shredding. This step normally follows the manual or automated
separation of plastic waste items by material type, color or form. The items are
then reduced in size typically to particles up to 10 or 15 mm in size that may at
a later point be fed into an extruder to be re-melted and pelletized—
transformed into pellets that are the ready-to-use final product of the
recycling process.

During grinding process, a large number of plastic particles are created which
differ in size from those that are suitable for further processing to dust particles
that are problematic for the further process and will be removed. The ground
plastics are then normally washed by water that may contain washing agents
which remove soluble contaminants such as remains of dirt, food etc. The
washing process will also remove insoluble dust particles including many
plastic particles (MPs) created during the grinding process which are
unsuitable for further processing.

Washed plastics will typically undergo a drying step, significant transportation,
further separation (if required and depending on the desired product quality)
storage in silos or big bags until they will be finally fed into an extrusion process
where they are transformed into pellets. Each and every step in this process,
from agitation during washing, to pneumatic transportation in closed tubes to
cutting of the extruded mass is intensive in mechanical stress and produces
small plastic particles. Depending on the technology, large numbers of plastic
particles will be released into the air, water and surroundings (for example
through spills of material during handling). It is in fact very difficult to prevent
MPs emissions from the recycling process.

The first reports on MPs emissions from recycling were published by Suzuki et
al. (Suzuki et al, 2022) and Guo et al. (Guo et al,, 2022) in 2022. Suzuki et al.
looked at emissions from three different recycling operations in Vietham that
do not use any emission reduction in their water emissions. They estimated
that MP effluent concentrations from 1.1 x 105 to 2.0 x 108 MP particles/m?3 which
results in annual MP emissions from these facilities from 0.014 to 5.8 t/year.

Guo et al. (Guo et al, 2022) focused on emissions from a PET recycling facility
and followed the distribution of emissions from internal wastewater to
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wastewater sludge and discharge (water) effluent. They concluded that
wastewater treatment can eliminate significant amounts of MPs (53 to 100%
by mass, and 90 to 100% by number) which are then mainly found in sludge.
Their study did not analyze particles smaller than 100 pym in size.

Following these initial reports, Stapleton et al. (Stapleton et al., 2023) correlated
MPs emissions with plastic type and weathering. They concluded that more
brittle plastics and more environmentally degraded plastics generate larger
amounts of MPs.

Brown et al. (Brown et al,, 2023) were the first to investigate the potential for
reducing MP emissions from a UK mixed plastic recycling operation through
the use of filtering. They concluded that emissions can be substantially
reduced to approximately 5 pm. Still, they concluded that sub 5 um particle
emissions can amount to 59-1184 tons annually. They suggested that filtering
should be routinely introduced into recycling operations if emissions are to be
reduced.

Duong et al. (Duong et al., 2023) performed an interesting study which showed
that MP emissions from PET recycling greatly increased biomass formation in
water. The effect was most pronounced by particles smaller than 100 pm. The
study indicates that small particle emissions can significantly influence
environmental waters into which they are released. Combined with the results
of Brown et al. (Brown et al,, 2023) who showed that it is difficult to stop very
small particle emissions, this might have serious implications for the
environmental effects of MP emissions from recycling.

Staplevan et al. (Staplevan et al,, 2024) explored the use of two conventional
coagulants to help remove MP particles from PET and PC recycling water. They
concluded that very high removal rates can be achieved.

Focusing on PVC MPs from a recycling operation Han et al. (Han et al., 2024)
showed that recycled PVC MPs show a higher toxicity than virgin PVC. These
results suggest that “recycled PVC MPs pose a greater environmental risk than
pristine PVC MPs, offering reference for assessing the risks of recycled plastics

in freshwater ecosystems”.

Concluding this short review, in 2024 Suzuki et al. (Suzuki et al,, 2024) published
a calculation of estimated global MP emissions from recycling operation
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based on results of crushing tests performed with 13 different types of plastics.
They concluded that MPs emissions in 2017 accounted for 3.1% of all MPs
emissions. However, the emissions should increase from 0.017 Mt in 2000 to
0.749 Mt in 2060 due to the increased attention given to plastics recycling.

Based on the growing evidence of MP emissions from plastic recycling
operations it may be concluded that:

e Mechanical recycling operations are a significant single-point source
of MP generation and emissions into the environment.

e Emissions can be greatly reduced by the introduction of MPs capturing
steps such as filtration and coagulation.

e Small MPs in the micrometer range are difficult to eliminate from
effluents by standard methods.

e MPs and especially small MPs (below 100 um) pose significant risks to
the environment into which they are released.

e There is currently no available information about MP emissions through
air and the effect of solid waste from recycling operations.

Finally, it should be emphasized that efficient recycling is animportant method
to reduce plastic waste and improve resource use efficiency, however
indications imply that it is urgent that in the future recycling operations should
be equipped by MP emissions reduction technologies.

7. Recommendations for reducing waste
and litter

The management of plastic waste is of utmost importance in today’s world.
Countries around the globe are taking action to curb the growing problem of
plastic pollution. This includes changes in policies and regulations, such as
banning or taxing SU plastic packaging, implementing EPR schemes, and
mandating clear labelling and recyclability standards. For example, in the UK,
a tax was introduced on plastic carry bags. As a result, consumers began
reusing bags instead of purchasing new ones, leading to a reduction of more
than 16 billion bags (Takeaway Packaging, 2022). A recent study also
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confirmed that plastic bans and fees resulted in a 47% drop in litter on
shorelines (Papp and Oremus, 2025).

OECD proposed two policy scenarios: Regional Action, which halves leakage
with moderate ambition, and Global Ambition, which nearly eliminates plastic
pollution through coordinated global efforts. Both approaches show that
comprehensive policies across the plastics lifecycle can significantly reduce
environmental harm at modest global economic cost, though greater support
is needed for developing countries (Organisation for Economic Co-operation
and Development, 2022).

Solutions include standardizing nontoxic reusable containers, expanding
deposit schemes, and aligning public procurement with circular economy
goals. There is a strong need for innovation and shifts within the industry to
invest in recyclable or refillable packaging and to develop scalable, closed
loop systems for reuse to drive systemic change (Surf Rider Foundation
Europe, 2022).

Human behavior also plays a critical role in combating plastic pollution
through reducing consumption, minimizing littering, reusing materials,
participating in recycling programs, and adopting sustainable habits. To
effectively reduce plastic waste, it is important to strengthen both public
engagement and infrastructure. Educational campaigns that promote waste
reduction, reuse, and refill practices can be highly effective. Additionally,
improving waste collection and recycling infrastructure such as installing
more public bins and encouraging take back programs can significantly
contribute to reducing plastic pollution.

8. Conclusions

Plastic food packaging, while vital to modern food systems, is a major
contributor to global waste and pollution. Short-term strategies prioritizing
convenience over sustainability have only worsened the problem. This
deliverable has examined the complex challenges posed by PFP, highlighting
its significant role in environmental degradation. The PFP waste reduction
strategies such as reuse, recycling, and regulatory interventions make it clear
that a transition to circular economy principles is urgently needed. Traditional
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linear economy models are still prevalent but are increasingly being replaced
by deposit-return schemes, reuse platforms, and advanced recycling
technologies. However, these emerging solutions face systemic obstacles,
including material contamination, inadequate sorting infrastructure,
regulatory inconsistencies, and limited consumer awareness.

Addressing plastic pollution requires a paradigm shift in how plastic is
produced, used, and managed. A circular economy focused on reducing,
reusing, and recycling materials is essential to mitigating environmental
impact. Governments must introduce and enforce policies that drive
innovation, while research institutions should advance sustainable
technologies. Individuals, too, play a critical role through conscious
consumption and participation in reuse and recycling systems. Harmonized
efforts across all sectors are needed to strengthen waste management
infrastructure and reduce the leakage of plastic into the environment.
Standardizing bin color codes across the EU, for example, would simplify
sorting, improve recycling rates, and help build public understanding.

Case studies such as Loop and reCIRCLE demonstrate that scalable, real-
world circular solutions are viable. Yet their long-term success hinges on
consistent commitment, collaborative policymaking, and shared
responsibility across the value chain. Although recycling remains a central
strategy, concerns about MP emissions from recycling processes highlight the
urgent need for technological improvements and stricter operational controls.
As the search for environmentally friendly packaging alternatives continues,
adopting the "refuse, reduce, redesign, reuse, and recycle" hierarchy provides
an immediate and practical path forward. Achieving the EU’s zero-pollution
and circular economy targets will depend on a holistic strategy one that
integrates policy coherence, innovation, public engagement, and corporate
accountability. Only through such coordinated action can we meaningfully
reduce PFP related waste and litter, protect ecosystems, and ensure long-term

environmental resilience.
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