
Citation: Stasiškienė, Ž.; Barbir, J.;
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Abstract: In recent years, an increasing trend towards replacement of conventional fossil-based
plastics with bio-based plastics was noticed, i.e., production of plastics partly or fully made from
biomass is rapidly expanding. Currently, bio-based and biodegradable plastics have a very small
market size, approximately only 1% of all plastics produced. However, the forecast of the global
bioplastics production capacities predicts an increase from approximately 2.417 million tonnes in 2021
to approximately 7.593 million tonnes in 2026, more than three times the current capacity. Therefore,
it is necessary to assess the challenges and identify the barriers for bio-based and biodegradable
plastics for waste management and to evaluate the effectiveness of current plastic waste management
strategies for the efficient waste management of bio-based and biodegradable plastics. The main
barriers and motivators of the biodegradable and biodegradable plastics market that have been
identified include macroeconomic factors, regulatory factors, technological factors, and social factors.
The bio-based and biodegradable plastics have to be separately collected and treated under mostly
controlled, regulated conditions. However, currently, there are no legal provisions providing for the
separate collection of bio-based plastics, leading to their disposal with either hazardous waste, con-
ventional plastics, or municipal waste. Since the effective plastic waste management strategy relates
to good performance in each step of the waste management process, bio-based and biodegradable
plastic waste management could, therefore, be based on an effective strategy for the management
of plastic waste. However, there is a need for standardizing waste collection systems and creating
a harmonized waste collection infrastructure, which would lead to effective sorting of bio-based
plastic waste.

Keywords: bioplastics sector; bio-based and biodegradable plastics market; waste management
strategy; bio-economy

1. Introduction

Plastics have become one of the most pervasive materials used globally, and its
massive production has, on average, increased on a yearly basis by approximately 9% since
1950, reaching 359 million tonnes per annum in 2018 [1–3]. According to The European
Academies’ Science Advisory Council (EASAC) [4], this rapid growth has been driven by
two underlying trends: (1) the continued growth in population and consumers’ demand
exhibited in all markets, and (2) the replacement of other materials (e.g., paper, metals,
glass) due to superior costs, performance ratio of plastics, and by the addition of new
applications. It is particularly relevant, given the steady increase in the proportion of oil
and gas demand, which is driven by plastics production and consumption [5]. Plastic use
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was estimated to contribute 1.7 Gt of CO2-equivalent emissions throughout its lifecycle
in 2015 [6], and this value is predicted to quadruple by 2050 unless the current systems
are improved. Another study estimated the carbon footprint of plastics in 2015 to be
2 Gt CO2-equivalent or 4.5% of global carbon emissions [7].

Mismanaged plastic waste is recognized as a threat to the environment as well as
human health. Incomplete combustion of plastics can lead to a more hazardous threat to the
environment, releasing substances as volatile organic carbons (VOCs), furans, polycyclic
aromatic hydrocarbons, dioxins, and others, which have a negative effect on human health.
These toxins can cause cancer, serious respiratory and cardiovascular diseases, and damage
to immune and nervous systems [8]. In addition to macroplastics serving as a physical
hazard for marine life through entanglement, smothering, or ingestion [9], micro- and
nanoplastic particles resulting from the disintegration of plastic waste are proven to affect
the health of freshwater and marine fauna [10]. The effects on human health are still under
investigation, but risk factors exist due to the presence of plastic additives as well as plastics
being potential carriers of harmful chemicals. It is recognized that the plastic problem
management is a big challenge globally. As was reported by Jambeck et al. [11], the biggest
plastic waste producers are middle-income countries, such as China and Indonesia, who
have seen rapid economic growth, yet still lack a waste management infrastructure. This
leads to the leakage of the plastic to the environment (soil, marine, and fresh water) and
requires the implementation of an efficient waste management system. On the basis of
the results of the studies [12,13], the world plastic production and consumption can be
divided into two main flows—packaging and non-packaging plastic. Therefore, it can be
stated that the majority of plastic production can be treated as “short-term” or “single-use
plastic products” [14]. Therefore, one has to look for an integration of two ways for the
treatment of plastics—ensure efficient fossil-fuel-based plastic waste collection for recycling
and foster development of new bio-based plastics [15].

Comprehensive reviews have been published on plastic waste management and op-
portunities for their recycling and valorization. Zhang et al. [16] reviewed the development
status of recycling technologies for plastic recycling and sub-grouped them into physical
recycling (i.e., mechanical recycling), resource recovery (i.e., pyrolysis), thermal recovery,
as well as biodegradation and oxo-biodegradation. Alassali et al. [17] focused on mechan-
ical recycling, the dominant material recovery process for plastics, and highlighted the
limitations due to material quality. Chemical recycling is, in turn, gaining momentum in
research, reviewed, for example, by Thionne and Smith [18] as an alternative to mechanical
recycling due to its limitations. For bioplastics, Lamberti et al. [19] discussed technically the
recycling routes available for bioplastics. The authors concluded that reuse and mechanical
recycling should be preferred for bio-based plastics, such as bio-polyethylene (bio-PE), as
well as biodegradable plastics, such as polylactic acid (PLA), until the quality is no longer
sufficient, after which chemical recycling methods can be applied.

From the perspective of handling the plastic waste, behavior related to recycling can be
well predicted in correlation with economic compensation (for example, a deposit system),
with social norms being less important. As reported in Leal Filho at al. [20], the social
factor is very important in littering, and this is in close correlation with cultural differences
and level of education; therefore, modifying people’s behavior on consumption of plastic
products and increasing the likelihood of their recycling requires more than one method
of engagement [12,21]. In fact, an integrated plastic waste management system—focused
on the four R’s hierarchy (reduce, reuse, recycle, recover) and improving the life-cycle of
plastics—should be the priority in striving toward the goal of reducing the consumption of
energy and resources, avoiding harmful emissions, and reducing quantities of mismanaged
plastic waste reaching the oceans.

In many countries, the overall situation shows that the problem awareness is high;
however, the behavioral change does not follow the awareness trend, automatically forming
a gap. Currently, an increasing trend towards replacement of conventional fossil-based
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plastics with bio-based plastics has been noticed, i.e., production of plastics partly or fully
made from biomass is rapidly expanding [22,23]. This was triggered by several causes:

- New legislation related to single-use plastic;
- Societal pressure;
- Depletion of non-renewable resources.

However, there is a faulty practice in many countries of using the term “bioplastics” for
two different things: bio-based plastics (plastics made at least partly from biological matter)
and biodegradable plastics (plastics that can be completely broken down by microbes in
a reasonable timeframe, given specific conditions) [22]. However, not all the bio-based
plastics are biodegradable, and not all biodegradable plastics are bio-based. Special concern
has been posed lately by the EU, since newest research shows that even biodegradable
plastics might not fully biodegrade if not in a suitable environment [24]. Therefore, many
issues still remain unsolved, even showing that bio-based plastics do not solve all of the
current issues and, in fact, may create new ones. On the other hand, bio-based plastics
generated from second or third generation feedstock could provide a promising solution
for replacing fossil-based plastics.

Therefore, this paper has two aims: (1) to assess the challenges and identify the
barriers for bio-based and biodegradable plastics for waste management and (2) to evaluate
the effectiveness of current plastic waste management strategies for the efficient waste
management of bio-based and biodegradable plastics.

2. Methodological Approach

The methodological approach applied in this research is described in Figure 1.
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To achieve the aims of this paper, the paper is structured into analysis covering the
production of bio-based and biodegradable plastics, their end-of-life management, as well
framework legal conditions. In the first two sections, published statistics on production and
waste management were reviewed to identify trends and insights on the main challenges
for bio-based and biodegradable plastics implementation. Legal landscape focuses on
mapping out relevant policies and legislations that regulate biodegradable and compostable
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plastics. This helps in identifying relevant policies and legislation and how they affect
responsibilities, impacts, and consequences to key stakeholder groups, including producers,
consumers, and waste managers. Special attention is given to analyzing the barriers and
motivators for bio-based and biodegradable plastics market growth and effective waste
management and how an increased presence of bio-based biodegradable plastics will
impact waste management.

3. Prevalence of Plastics and Bio-Based Plastics

Plastic production and use continue to grow. It is, thus, unreasonable to imagine a
near-term scenario where all of the current plastic production is replaced by bio-based or
biodegradable plastics. Currently, bioplastics production has a very low share in the total
production of plastics, with bioplastics representing only approximately 1% of the about
368 million tonnes of plastic produced annually [24]. Analysis of the bio-based plastic
production volumes by regions revealed the correlation between countries’ leadership
in plastic production and prevalence in bio-based plastics production, as well as in the
total amount produced. In 2019, Asia remains the major production hub with more than
45% of bio-based plastics currently being produced there; the second is Europe with 25%,
third is North America with 18%, then South America with 12%. Thus, approximately
one-quarter of the production capacity is located in Europe. This share is predicted to grow,
reaching 30% by 2024 [24]. The global production capacities of biodegradable bio-based
and non-biodegradable bio-based plastic in 2018–2021, in 1000 tonnes, is presented in
Figure 2 [25].
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Thus, according to the “European Bioplastics” [25], global bioplastics production
capacity has increased from 2.087 million tonnes in 2020 to 2.417 million tonnes in 2021,
representing a 13.65% increase (Figure 2), and they provide the opportunity for the use of
non-fossil feedstocks. Based on the analysis of the types of raw materials for production of
bio-based polymers in 2018, biogenic by-products (46%) (mainly glycerol from biodiesel
production, used for epoxy resin production) are in the lead, followed by starches (20%)
and sugars (17%). Nine percent is cellulose for cellulose acetate production, and 7% is
non-edible vegetable oils, such as castor oil for the production of polyamides [13,26]. Bio-
based polymers can be used in almost all the market segments and applications: textiles,
automotive and transport, building and construction, consumer goods, flexible and rigid
packaging, and in other sectors [13]. Four main areas of the worldwide biomass demand in
2018 were identified as: feed 60%, bioenergy 16%, food 12%, and material 10% [26]. There
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are also niche applications where biodegradability might offer an advantage (particularly
in agricultural and related industries), and these plastics can otherwise offer interesting
material properties. This leads to the conclusion that plastic producers tend to consider
innovations and substitution of fossil-fuel-based plastics with a more environmentally
friendly material. It is important to note that the forecasted increase of bio-based biodegrad-
able plastic use highlights the need for research on and scaling up of production from
alternative feedstocks so as not to increase competition with food sources. The produc-
tion of prevalent bio-based biodegradable polymers, such as PBAT and PLA, is reliant on
food-crop-based sugars and starches [27].

The innovations implemented in practice are fostering more efficient plastic waste
management, with application of the circular economy concept, i.e., ensure high percentage
of collection and recycling of plastic waste [28]. It is important to point out that the
annual production of biodegradable plastics is increasing in various fields and becoming
an alternative for different sectors, such as packaging, agriculture, gastronomy, consumer
electronics, automotive, and many more [29,30]. Therefore, it can be expected that bio-
based plastics will play some role in the future plastics system, especially in the packaging
industrial, as the largest field for bioplastics application is in the packaging industry, with
almost 47% (0.99 million tonnes) of the total bioplastics market in 2020 [31].

The Forecast of Bio-Based Plastics Production

The comparison of the global bioplastics production in 2018 versus 2021 shows an in-
crease of only 17% (Figure 2). Thus, the forecast of the global bioplastics production capacities,
according to the “European Bioplastics” in cooperation with the “Nova-Institute”, should
increase from approximately 2.417 million tonnes in 2021 to approximately 7.593 million
tonnes in 2026, an increase of more than threefold [25]. It is expected that the share of
bioplastics in the total global production of plastics will surpass the two percent mark [32].
However, it is important to note that the presented forecast by the “European Bioplastics”
does not contain information on the methodology used. This means that it is unclear
which model was used to calculate the forecasts and which data and impact factors were
considered [33]. However, according to [34], it is very important to choose the system
dynamics (SD) model, which is useful for decision-makers to design strategies. Therefore,
on the basis of the presented comparisons of the global bioplastics production in 2018–2021
or 2019–2021 (Figure 2), reasonable doubts are raised. Meanwhile, three different growth
paths of global demand for bio-based plastics up to 2030 using a system dynamics model
are presented [15]. Three simulation scenarios are presented: baseline, the high oil prices,
and the “de-risking”. Two main criteria were chosen to model these different scenarios,
namely oil price developments and policy measures taken [15,35]. According to the base-
line scenario, the global demand for bio-based plastics should double between 2015 and
2030. In the case of the high oil price scenario, the demand should increase by 150%. Based
on the “de-risking” scenario, the demand for bio-based plastics should increase to more
than 6 million tonnes in 2030; when compared with the demand in 2015, it is more than
six times higher. Thus, in summary, the demand for bio-based plastics will increase in all
three scenarios [15,35]. The affective development of the bioplastics sector depends on a
number of policies and policy instruments that are applied in agricultural, R&D support,
trade, industry, and elsewhere. Thus, it can be argued that bioplastics will be an important
alternative in the future plastics system; however, it should be noted that they will not
play a major role in the near future. The use of the bio-based plastic in the global world
plastic context is also faced with barriers which highly impact the bio-based plastics market
growth and its waste management effectiveness.

4. Waste Management of Fossil-Based and Bio-Based Plastics in Europe
4.1. Plastic Waste Main Sources and Management

The major source of plastic waste comes from packaging due to its short lifespan
compared with non-packaging applications, such as in the construction or automotive
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sector, although the total consumption in all non-packaging sectors is higher. In Europe,
plastic demand from plastic converters was the highest in the packaging sector (39.6%)
in 2020, followed by building and construction (20.4%), automotive (9.6%), and electrical
and electronics (6.2%) [36]. Major polymer types include polypropylene, polyethylene,
polyvinyl chloride, polyurethane, and polyethene terephthalate [2].

Figure 3 shows the estimated amount of plastic consumed in Europe during 2018
compared with the amount of plastic waste generated and collected for treatment [12].
Plastic packaging waste generated was 83% of consumption in 2018, compared with 35% for
non-packaging. Plastic packaging, thus, made up 61% of the total plastic waste generated
in Europe.
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In Europe, 97% of the waste generated for both packaging and non-packaging were col-
lected for treatment in 2018. The fate of the remaining 3% is unknown and can be attributed
to either leakage or improper disposal [12]. The presence and type of bioplastics in the
European waste stream will highly depend on the market penetration in each application
area. Figure 1 shows a trend of increasing quantity as well as the share of biodegradable
plastics produced, which are used mainly in packaging [24]. Taking into account the high
share of packaging in the waste stream, integration is, thus, particularly needed in the
packaging waste management system for a holistic implementation of bioplastics. A waste
management system includes the following elements: source separation, collection and
transport, sorting, and, finally, reuse, recycling, energy recovery, treatment, and disposal
(Figure 4). Source separation is commonly carried out in order to separate recyclables
from non-recyclable waste for recycling. After consumption, the source-separated waste
will need to be collected and transported to waste management facilities. After collection,
sorting may be carried out to separate different collected materials that have commingled.
In the case of plastics, further sorting based on polymer types is needed for recycling. Lastly,
waste can either be sent to be reused, recycled, treated energetically, or disposed of.

The collection rate of plastic waste in Europe is high (approximately 97%) compared
with the estimates for the world (approximately 70%) [12]. However, collection differs from
region to region and highly depends on the plastic application area. Due to the widespread
extended producer responsibility systems (EPR) for packaging in Europe [37,38], the
separate collection of packaging for recycling is often in place. In addition, EPRs shift the
burden of packaging waste collection to producers. Packaging can be either collected door-
to-door or via drop-off systems at collection points [39]. Nevertheless, a portion of plastic
packaging waste can be expected not to be source-separated and, instead, collected with
mixed household waste [40–42]. Another major form of a separate collection method is the
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deposit–return system, which is common for PET beverage bottles and boasts higher take-
back rates for the packaging involved, compared with countries without a DRS system [43].
In a DRS system, consumers pay a deposit when purchasing products included in the
system, and the deposit is refunded with the return of the packaging at collection points [44].
Unlike plastic packaging waste, which often has targeted collection systems for recycling,
other non-packaging household plastic waste is often disposed with mixed household
waste or bulky waste. Sometimes they are delivered to civic amenity centres [39].
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After collection, sorting systems are employed to sort plastic packaging from commin-
gled collected waste for recycling [45–47]. In automated systems, two-dimensional plastic
films are sorted out by wind-sifting or air classifiers. Three-dimensional packaging made
of PET, PE, PP, and PS are sorted out via NIR-based sorting systems and sent to recycling
plants. However, a portion of the targeted plastic packaging are not separated into the
correct fractions but instead fall into either the mixed plastics fraction or the sorting residue
fraction. The reasons for this include complex multipolymeric packaging designs, surface
dirt, deformation, and limitations of the sorting system [48]. These account for a loss of
recycle output from the higher quality single polymer fractions, as is the case for Germany
and the Netherlands [48]. Unlike regranulate from fractions of a single polymer type, the
regranulate from the mixed plastic fraction has a limited application area.

Thus, the plastic waste is one of the most complex mixture of materials from a re-
cycling perspective. Therefore, the recycling effort includes various methods, such as
chemical recycling (pyrolysis, gasification, and depolymerisation), mechanical recycling,
biotechnological processes, as well as integrated upgrading options, such as direct, ex situ
catalytic pyrolysis (Figure 5) [49,50].
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Currently, most of plastic waste is incinerated or placed in landfills since collection and
sorting is costly and produces contaminated and mixed plastic waste streams. However,
this raises another huge problem, i.e., the distribution of CO2 emissions resulting from
plastic waste streams [49], as seen in Figure 6.
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Figure 6. CO2-equivalent emissions of different end-of-life treatment technologies applied to various
plastic waste streams, expressed in relative emissions indexed to incineration (100%).

The advantages of incineration are a reduction of waste volumes by 90%, adaptation to
large deposits of waste, energy recovery, and the recovery of metals for recycling. However,
the disadvantages of incinerators include the formation of polluting waste (ashes), a low
profitability of the equipment for small units, and high investment costs. In addition,
operating costs are rising sharply, social opposition is growing, and a significant amount of
greenhouse gases is released.

• Case Study: plastic waste treatment rates in Sweden

Approximately 1.7 million tons of plastic waste is generated in Sweden, and only
8% of the total generated amount of plastic waste is estimated to be recycled Figure 7.
This consists primarily of PET beverage bottles within the deposit refund system, plastic
packaging, and plastics in WEEE that are currently recycled. A minor share of the total
amount of generated plastic waste is sent to landfills [51].
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However, more than 75% is sent to energy recovery (Figure 7). It is important to
point out that plastic waste for energy recovery is found in mixed waste fractions from
households and businesses, which have not been separately sorted for recycling, and from
sorting operations. Thus, better techniques for collection and sorting of plastic waste, which
facilitate chemical and/or mechanical recycling, need to be developed, as these recycling
techniques have less CO2 emissions in comparison with incineration [52].
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4.2. The Main Factors Influencing Effective Plastic Waste Management

Effective plastic waste management requires good performance in each step of the
waste management process. This includes high participation rates in the collection, correct
source separation behaviour, good sorting efficiencies in the case of commingled collection,
and having effective treatment or recycling processes in place.

• Collection and source separation

High collection rates for recycling will reduce the risk of mismanaged waste, which
leads to environmental plastic pollution [53]. For example, deposit–return systems for PET
beverage bottles have shown to be able to achieve high take-back rates. For commingled
collection, the system design affects the collection rate. In the UK, a survey reported that
collection schemes that accept more material types have higher participation rates [53].
Another study found that a combination of door-to-door collection and drop-off systems
achieved higher collection rates and lower contamination rates compared with drop-off
systems alone [54].

• Sorting of commingled fractions

Effective sorting of commingled collected waste is important, as polymeric separation
is essential for mechanical recycling. In the case of packaging, design is important to
ensure correct sorting of each item into their respective polymeric streams by NIR-based
sorting systems. Black plastics, surface dirt, and multipolymeric packaging contribute to
sorting errors [48]. In addition, the risk and reward of introducing non-standard polymer
types to the commingled stream need to be assessed. For example, PLA contamination in
the PET stream poses a risk to the quality of PET recycling [55]. For chemically distinct
biodegradable plastics (i.e., PLA), the implementation of a separate sorting stream depends
on the economics for the sorting plant [56].

• Effective waste treatment systems

In the case of biodegradable plastics, it is evident that integration efforts or separate
waste management systems are needed for successful recycling or treatment. Despite the
available standards for certification (i.e., for industrial compostability), they are still not
universally accepted in organic waste treatment facilities. In Germany, the composting
industry states the lack of benefit to the plant, and in Sweden, where anaerobic digestion
is the most common organic waste treatment method, the feasibility of treating certified
compostable plastics in anaerobic conditions is not guaranteed.

4.3. Bio-Based Plastics Waste Management

Like conventional plastic waste management, the management of bio-based and
biodegradable plastics depends on the application area and the polymeric composition
of these plastics. However, waste statistics for bio-based and biodegradable plastics are
currently limited. In the Netherlands, selected small-scale waste-sorting studies from
2010 to 2012 indicated a low fraction of bio-based or biodegradable plastics in waste streams.
For example, 0.3% of polylactic acid (PLA) and polyurethanes (bio-PUR) were found in
municipal solid waste in 2012 and 0.12% of starch films in sorted mixed plastic waste
(DKR-350) in 2010 [57]. An Italian study from 2016 to 2019 reported approximately 1.4%
of compostable plastics, mostly waste bags, found in bio-waste sent to organic recycling
plants [58].

Bio-based plastic that are chemically similar to conventional plastics, such as Bio-PET
and Bio-PE, can be recycled together with PET and PE from fossil sources [55]. Thus,
packaging products from Bio-PET or Bio-PE can be collected, sorted, and treated through
the PET and PE packaging waste management route, assuming that consumers dispose of
them in the recyclables bin.

The current management of chemically different plastics, such as PLA or PBS, which
are bio-based and biodegradable plastics, differs from region to region and presents more
challenges. Biodegradable plastics certified as industrially compostable could be disposed
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with separately collected bio-waste and treated in industrial composting plants. In Italy,
a survey showed general acceptance of compostable plastic complying with EN 13432,
certified by the Italian Consortium of Composters (CIC) [59]. In Germany, the waste
management industry discourages the disposal of biodegradable and compostable plastic
waste with biowaste, quoting concerns about compost quality. However, the bio-based and
biodegradable bags for biowaste collection may be used if the local biowaste treatment
plant operator agrees. The German Environmental Agency urges consumers to dispose
of packaging made from biodegradable plastics with other packaging in the recyclables
bin [60]. However, since there are no dedicated sorting streams for biodegradable plastics,
this fraction is not recycled but ends up with other sorting residues, which are sent for
thermal recovery [61].

Below is a review of the acts pertaining to plastics, plastic waste, waste management,
marking, and bio-based plastics, starting with the main pillars of the legislative framework
shaping EU policy on plastics and plastic waste.

5. Policies, Legal Actions, and Regulations

In the light of the climate crisis, there were numerous legislative acts adopted around
the world. Some of them were new, responding to the newly arisen issues or situations
requiring a solution; others were crafted as amendments to the previously adopted acts,
as those covered the main principles but needed some alterations and updates to meet
the demand of the current environment concerned society and policy makers. The United
Nations agrees that financial incentives need to be introduced to change consumption
habits, production, and consumption with higher attention to research and development
of alternative materials that are more sustainable and environmentally friendly [62]. Gov-
ernments around the world have scaled up the attention to the global plastic problem
management by issuing and adopting numerous legislative acts. The main pillar of the
legislative framework for EU policy on plastics and plastic waste management is the Basel
Convention [63], the most comprehensive global environmental treaty on hazardous and
other wastes, with a focus on plastic waste prevention and minimization. Sustainable
Development Goals (SDGs) also refer to the plastic problem in the Agenda 2030 for Sus-
tainable Development [64], where SDG 12 aims to ensure sustainable consumption and
production patterns. The Circular Economy Action Plan introduced in 2015 [65] covers the
whole cycle from production and consumption to waste management with one of the focus
areas on plastics, aiming to accelerate transitioning to circular plastics economy. The New
Circular Economy Action Plan [66] is included in the European Green Deal package [67],
focusing on sectors that use most resources with high potential for the circularity (including
packaging and plastics). Directive (EU) 2019/904 on the reduction of the impact of certain
plastic products [68] regulates single-use plastic products, giving a priority to non-toxic
and re-usable products and systems. EU rules on single-use plastic products have specific
targets to increase the separate collection of plastic bottles to 90% by 2029 and incorporate
30% of recycled plastic in PET beverage bottles by 2030 [69]. The latest General Report
on the activities of the EU is expected to cut littering of the top-10 single-use plastic items
and reduce it by more than 50% [70]. However, the bio-based plastics are not included
in the latest General Report. The EU is still developing a regulatory framework, which
would address the sustainability challenges. The EU notes that the clear policy framework
is needed on the use of bio-based, biodegradable, and compostable plastics [71]. The
EU recognizes that their full life-cycle environmental impact should be clear, including
land-use change, impacts on biodiversity and climate, and littering. It is also noted that
biodegradability should be properly verified; only then can the role of such materials in the
circular economy benefit the environment [71].

Due to the lack of legislative framework for bio-based plastics, there is a need for legal
regulation, harmonizing definitions, terminology, and methodologies on identification of
bio-based plastics, and their clear and ultimate distinction from other materials, leading to
tailor-made treatment (e.g., production, marking, use, collection, recycling, monitoring, and
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reporting) both by Member States, regional and national authorities, producers, sorting,
and recycling entities, as well as the end consumers. Legislation should outline the latest
tendencies in materials, replacing conventional plastic in order to promote innovative
solutions both on materials and their collection/sorting/waste management systems.

Regarding the ambiguity in marking/labelling bio-based plastics and products, there
is a lack of a comprehensive and legally binding bio-based plastics (among others) identifi-
cation system (marking), which leads to their wrongful treatment and, hence, often leads
them to landfill waste. Therefore, introducing a standardized obligatory marking/labelling
of bio-based plastics would help to clearly distinguish them from other materials, drive
consumer’s choice of the packaging when relevant, and allow both consumer and sort-
ing/recycling/waste management entities contribute to plastic waste minimisation by
proper management of the used bio-based plastics. Marking/labelling should clearly
separate bio-based plastics from other materials (as these can be visually look alike) and
emphasize the less harmful impact on environment.

Regarding loopholes in bio-based plastics waste management, currently, there are
no legal provisions providing for the separate collection of bio-based plastics, leading
to their disposal either with hazardous waste, conventional plastics, or municipal waste.
There is a need for standardizing waste collection systems and creating harmonized waste
collection infrastructure, which would lead to effective sorting of bio-based plastic waste.
Local and regional authorities must play a key role in implementation, administration, and
monitoring of such systems. In order to promote bio-based plastics and products thereof,
certain financial incentives could be introduced.

6. Barriers and Motivators for Bio-Based and Biodegradable Plastics Market Growth
and Effective Waste Management

Directions towards circular economy in EU set forth in the EU Action Plan for Circular
Economy and EU Strategy for Plastics clearly indicate the need for conventional plastic use
and plastic waste reduction and welcome environmentally friendly alternatives. There is a
growing interest in the development of comprehensive bio-economy strategies in many
countries, with scope for targeted bioplastics initiatives with them. Key messages can be
summarised as follows [72]:

• Bio-based and biodegradable plastics are important elements of bio-economy due
to their potential to mitigate environmental impacts across the whole value chain,
contributing to sustainability aspects through additional development of social and
economic values.

• Similarly, the development of the bio-based and biodegradable products can be seen
within the logical context of bio-economy strategy, considering the life cycle approach
from biomass growth to the end-of life options;

• More joint efforts are needed to overcome existing barriers on regulatory, social, and
economic level for more rapid growth of bio-based and biodegradable materials.

However, complexity of the alternative materials cause ambiguity in their recycling,
and waste management makes the achievement of the set goals rather
sophisticated [73]. There are four main factors that can impact bio-based and biodegradable
plastics market [21,74]:

• Macroeconomic factors, such as crude oil prices, building on GDP, and feedstock costs;
• regulatory factors, such as taxes, subsidies, and bans;
• technological factors, such as scale effect, learning rates, and production costs;
• social factors, such as awareness, customer’s attitude, and switching intention.

The main barriers and motivators for bio-based and biodegradable plastics market are
presented in Table 1.
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Table 1. Barriers and motivators for bio-based and biodegradable plastics market.

Factor Barriers Motivators

Economic

• Potential competition with
food feedstock

• Increase in feedstock production costs
• Higher manufacturing cost in

comparison with fossil-based plastics

• Reducing dependence on oil cost
• Higher investments to

bio-based economy

Regulatory

• No provisions for separate collection
of bio-based plastics

• Lack of legislative framework for
bio-based plastics

• Implementation of taxes for
fossil-based goods

• Subsidies for bioplastic manufacturers
• Bans/prohibition of fossil-based goods
• Development of supportive policy

framework for the circular and
bio-based economy

Technological

• Lack of bio-based plastics
identification system

• Low level of bioplastics
production volume

• Low level of separate collection
of bioplastics

• Increase in the volume of
bioplastics production

• Additional waste management options
• Effective sorting for bio-based

plastic waste

Social
• Low customer awareness about

bio-based and biodegradable products

• Increase in customer awareness about
bio-based and biodegradable products

• Changes in mentality and behaviour
of society

Regarding economic factors, the main barriers for bio-based and biodegradable plastics
are connected with the food feedstock and its production costs. If the price for primary
production of bioplastic components increases, it will raise production costs of bioplastics
and impact the market price. The biorefinery concept has potential to reduce bio-based
material production costs, ensuring alternative feedstocks, or obtaining more valuable
organic materials [34,75].

In the regulatory framework, there is a need for legal regulation, harmonizing defi-
nitions, terminology, and methodologies on identification of bio-based plastics, and their
clear and ultimate distinction from other materials, hence, leading to tailor made treatment
(e.g., production, marking, use, collection, recycling, monitoring, and reporting) both by
Member States, regional and national authorities, producers, sorting and recycling entities,
as well as the end consumers. Legislation should outline the latest tendencies in materials
replacing conventional plastic, in order to promote innovative solutions, both for materials
and their collection/sorting/waste management systems.

The main technological barrier is the lack of a comprehensive and legally binding
bio-based plastics (among others) identification system (marking) which leads to their
wrongful treatment and, hence, often leads them to landfill waste. Therefore, there stan-
dardized obligatory marking/labelling of bio-based plastics should be introduced, which
would help to clearly distinguish them from other materials, drive consumer’s choice
of the packaging when relevant, and allow both consumer and sorting/recycling/waste
management entities to contribute to plastic waste minimization by proper management of
the used bio-based plastics. Additionally, there is a need for standardising waste collection
systems and creating harmonized waste collection infrastructure, which would lead to
effective sorting for bio-based plastic waste. Local and regional authorities must play a key
role in implementation, administration, and monitoring of such systems.

Furthermore, there is ambiguity not only with producers or entities responsible for
waste management but also with consumers who might be unaware of the variety of
alternative plastics on the market, and may have a lack of knowledge on materials markings
and are often confused regarding sorting of waste. Therefore, raising the awareness among
customers of bio-based and biodegradable plastics will definitely have a positive impact on
bioplastic market.
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7. Conclusions and Discussion

To effectively manage bio-based and biodegradable plastic waste streams following
influencing factors, such as effective collection and sorting separation, further appropriate
treatment options must be considered. However, currently there are still economical, regu-
latory, technological, and social barriers, which hinder bio-based and biodegradable plastic
waste management. One of the challenging factors is connected to the food-feedstock-
related problems, which were highlighted similarly in other research papers [30,76]. To
mitigate the impact on the food feedstock, the focus can be shifted from growing biomass
and land use to the application of organic waste (agricultural and forestry) for bioplastics
production. Another point of concern highlighted in current studies is low collection rates
for the bioplastics, which were similarly reported by other authors [77–79]. This can be
explained by consumer behaviour and their awarness of the law surrounding bio-based
and biodegradable plastics properties and their treatment options [51,80].

In the research [81] of Fredy and Dorigato, recycling options for bio-based and
biodegradable plastics were investigated. They divided recyling options for bioplastics
into four main routes: mechanical recycling, chemical recycling, enzymatic recycling, and
biodegradation, including composting and anaerobic digestion. The most promising op-
tions for biodegradable polymers, such as PLA and PHAs, were found in mechanical and
chemical recycling, which coincides with the work of other authors [3,82,83].

Degradation of biodegradable plastics in different environmental media, such as
marine, soil, and fresh water, depends on the chemical composition of the polymer and
charcteristics of the media. However, degradation rates of bioplastics in different environ-
ments were very low: PLA blends took 4–5 years to degrade in soil and, in comparison, up
to 12 years to completely degrade in aquatic media [73]. This leads to the understanding
that bio-based and biodegradable plastics have to be separately collected and treated mostly
under controlled, regulated conditions.

The effective plastic waste management strategy relates to good performance in
each step of the waste management process; therefore, the identified barriers to the post-
consumer management of bio-based and biodegradable plastics must be based on an
effective strategy for the management of plastic waste. Thus, it is necessary to combine
legal and other measures—efforts to improve the production process of the product, to
create products with a longer life cycle, and to encourage the population to purchase
and use ecological, environmentally friendly, and long-lasting products. The experience
of the European Union member states shows that economic benefits, dissemination and
adaptation of good practices, consumer habits, and other social changes have a significant
impact on waste reduction.
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