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Highlights 

 Plastic waste recycling is currently facing a wide range of bottlenecks.    

 There is a need for a sufficient collection, sorting and recycling infrastructure. 

 Mechanical and aesthetic properties of the recyclates should be carefully considered. 

 Potential collaboration within industries may be proved a fruitful route.  

 A combined and aligned effort by all involved parties is a necessity.   
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Abstract 

Recycling of post-consumer plastic waste (PCPW) is increasingly promoted as the way to 

achieve circular economy (CE), by converting plastic waste into secondary materials that can 

be fed back into the system, for use in the same or in new components and products, with 

similar or lower functionality; hence “closing the loop”. Up until today, research on examining 

the environmental impacts, economic implications and technicalities of plastic waste recycling 

deals only with one particular aspect, or stage on the plastic value chain, lacking coherence and 

structure. To move this research forward, understanding the challenges and trade-offs in scaling 

up plastic waste recycling is necessary. Here, we bring together existing literature on the multi-

faceted aspects of closing the plastic loop, critically debating on the multi-stakeholder 

endeavours of promoting circularity in plastics. We present an overview of how design, 

production, collection and sorting of PCPW present challenges for its recycling, which in turn 

result to a number of trade-offs. We explain that the evaluation of the multi-dimensional 

implications of trade-offs, arising from the PCPW recycling, is essential in measuring the long-

term sustainability of such systems. This work scrutinises the sustainability of closing the 

plastic waste loops and sets a future research agenda. 

 

Keywords: plastics; plastic waste; closing the loop; circular economy; limitations and barriers;  

 

 

ABBREVIATIONS 

 

approx. Approximately 

CE Circular economy 

CVORR Complex value optimization for resource recovery  
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EU European Union 

HDPE High-density polyethylene 

LAs Local authorities 

MCPs Materials, components and products 

MRF Material recovery facilities 

NIR Near infrared  

PCPW Post-consumer plastic waste 

PET Polyethylene terephthalate 

PRFs Plastic recovery facilities  

R&D Research and development  

SuPs Single-use plastics 
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1. Introduction 

Circular economy (CE) is gaining global momentum. Its core idea of moving 

away from the current linear ‘take-make-use-dispose’ economy to one that is restorative 

and regenerative by design has been embraced by governments around the world [1-5]. 

There is now an abundance of definitions to describe CE [6, 7]. Our own interpretation 

is that CE is ‘a system that has the ability to restore, retain and redistribute materials, 

components and products (MCPs) in the best possible way and for as long as it is 

environmentally, technically, socially and economically feasible’. This stipulates a 

fundamental reconsideration of resource producing, consuming and recovering systems 

[8-11]. 

In our view, achieving CE is a global ambition, with regional variations. There 

is no one size-fits-all approach to its implementation. Consequently, local and national 

governments must come up with their own plans and frameworks for adopting the CE 

taking into account regional specificities, governance and organisational structures. In 

some cases, a complete revamping of the system might be needed. In the European 

Union (EU), this approach is increasingly embraced by both industry and policy 

spheres, as evident by the CE Action Plan [12], and the newly revised EU waste 

legislation and Directives which demonstrate EU’s commitment to promote sustainable 

management of its resources [13-15]. 

Better management of our resources entails better management of their 

embedded environmental (e.g. water, energy), economic (e.g. costs of design, 

manufacture and distribution), social (e.g. labour intensity), and technical (e.g. 

additives used to make a component or product stronger, colour, labels, coatings, etc.) 

values, and delays their wastage. Wastage of resources entails costs, i.e. via dissipation 

of embedded values and often the creation of negative values and other externalities 

[11]. Ultimately, all types of value stem from technical value; the set of inherent, 
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designed and created characteristics that render an MCP useful in the first place [11, 

16]. The weathering of these properties through the use and poor management of MCPs 

may reduce their technical value to the point that waste is created and ‘costs’ in the 

social, environmental and economic domains occur.  

Plastics, are a great example of MCPs of which technical value is largely 

destroyed in our current systems [16, 17]. This creates a swirl of negative impacts to 

the environment, society and economy, as evident by the large amounts of post-

consumer plastic waste (PCPW) that is littered and/or is lying unexploited in the 

landfills and open dumpsites around the world, polluting our terrestrial and marine 

environment [18]. According to recent estimates, 4900 Mt of the 6300 Mt total of 

plastics ever produced have been discarded either in landfills or elsewhere in the 

environment, and only 567 Mt (9%) have been recycled [19].   

A growing number of international agreements (e.g. UNEA-3) [20], EU policies 

and strategies (e.g. the Strategy for Plastics in a CE) [21], legislative initiatives on 

single-use plastics (SUPs), and voluntary agreements (e.g. UK Plastics Pact) [22], are 

calling for action in adopting better waste management measures and increasing 

recycled plastics demand [23]. This has placed increased focus on improving PCPW 

recycling rates. Years of research on the environmental performance of plastic waste 

management (e.g. landfilling, incineration), have shown that recycling results in net 

energy savings [24, 25], leads to a net reduction in the emission of CO2, carbon 

monoxide, acid gases, particulate matter, heavy metals and dioxins [26-28], and 

contributes less to acidification effects, nitrification of surface water [27, 28] and 

human toxicity [29]. 

Life Cycle Assessment (LCA), has been widely used in assessing the 

environmental performance of plastic waste recycling (focusing on a particular polymer 

type or mixed plastic) owing to its ability to include the collection, sorting, and 
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reprocessing phases [24-35]. The need to consider economic and social values accrued 

by the plastic waste recycling process, has led to combinations of environmental 

analyses with economic [27, 36-40], and social valuations [41]. These analyses, focused 

predominantly at the environmental feasibility and financial viability of the recycling 

process, looking at the impact of different regional collection schemes, segregation 

methods in the household, and the quality of the plastic waste material sorted, 

neglecting to account for wider systemic aspects [42].  

While environmental and economic aspects are important in assessing the 

sustainability of PCPW recycling, these are often the only aspects used to inform 

decision-making processes. This limited view encourages recycling in promoting CE, 

to the exclusion of sustainability, which bears the risk of creating problems to new 

points in the plastic value chain [43]. The recycling of PCPW is a complex process. It 

depends upon the numerous stages that precede it (e.g. production, distribution, use, 

disposal and sorting), the many stakeholders involved, and the political (e.g. taxation, 

incentives) and organisational structures (e.g. plastic waste collection schemes, 

financial structures, and supply-demand dynamics) of the system in which it is 

practiced. The literature that addresses this complexity is scarce [16, 44-48], and often 

incomplete. 

Here we revisit the concept of closing the PCPW loop and debate critically the 

multi-stakeholder endeavours in promoting the circularity of the PCPW [16]. Drawing 

on evidence from emerging literature on the technical feasibility of plastic waste 

recycling, we provide an overview of how the design and production of plastics and the 

collection and sorting of PCPW  present a number of challenges for its recycling, which 

in turn give rise to trade-offs. Our objective is to place emphasis on the need to 

understand the positive and negative value creation and externalities of recycling 

PCPW for capturing unwanted knock-on effects that will impact the long-term 
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sustainability of our systems. With this analysis we seek to contribute to the debate of 

scaling up the PCPW recycling option as the way forward in promoting CE. 

 

2. Recycling of plastic waste: the basics 

Plastic recycling is the process of recovering and reprocessing waste plastic into 

a new (secondary) material that can be used in the production of new components and 

products. There are four plastic waste recycling processes: i) primary recycling (re-

extrusion); ii) secondary recycling; iii) tertiary recycling (chemical or feedstock 

recycling); and iv) quaternary recycling (energy recovery), a description of which can 

be found elsewhere [49, 50]. Primary recycling is only used for the management of pre-

consumer (also known as post-industrial) plastic waste (e.g. fall-out 

components/products, cuttings, trimmings), due to the high level of homogeneity 

required; the rest of the recycling processes are commonly used for the treatment of 

PCPW. 

In this article we focus on secondary recycling, also known as mechanical 

recycling or plastics reprocessing. It is one of the most well-established and widely 

used methods of plastic waste recycling [51-56]. It includes the collection, sorting and 

pre-treatment, decontamination and reprocessing of sorted types of PCPW [56] into a 

secondary raw material for new products [57]. At global level, the mechanical recycling 

rate of plastic waste is thought to be between 14 and 18% [58]. The rest of the plastic 

waste is managed via energy recovery (24%), or is disposed of in landfill or the natural 

environment (58 - 62%) [59]. Generally, the proportion of PCPW that is recycled varies 

from one region to another, with Europe ranking third best in recycling [60], with a 

31% recycling rate [61]. According to Ragaert et al. [48] the largest share of PCPW is 

packaging waste [48]. In Europe, the recycling rate of packaging waste (40.8%) exceeds 

that of energy recovery by 2% [62]. 
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Mechanical recycling is distinguished into closed- and open-loop recycling, 

based on the quality of the secondary material produced. In closed-loop recycling, also 

known as ‘upcycling’, the recycled material is of equal or comparable quality to the 

original product. As a result the recycled material is used in the production of the same 

products as before, substituting an amount of virgin material (e.g. PET bottles into new 

PET bottles) [17]. 

In open-loop recycling, also known as ‘downcycling’, the quality of recycled 

material may be lower than that of its original product, due to erosion of the plastic 

properties. In this case the recycled material cannot be used in the production of the 

original product and in other, usually lower quality, applications (e.g. PET bottles into 

fleece or printer components) [17]. This type of recycling is a form of “cascading”. 

Where degradation of plastic material properties occurs, “cascading” is considered the 

optimal option for recovering plastic material value [11]. However, this does not 

necessarily imply that the new product is of lower ‘value’. For example, a PET bottle 

turned into a PET bottle will become waste in less than a year leading to a wastage of 

all embedded values, whereas bottle turned into products such as fibres for pillows, 

printers, car parts can extend the time that the new product spends in the system, 

delaying as such the time all embedded values become ‘waste’ [17]. 

The concept of cascading is depicted in Fig. 1. As illustrated in Fig.1, in 

cascading we have a sequential use of materials, of which quality continues to degrade 

over successive lifecycles, until it becomes too low for the materials to be used any 

further [63, 64]. In this cascade recycling system, a resource does not necessarily follow 

a “one-way” street and in many a cases, intermediate products cannot be further 

recycled. The majority of PCPW enters into a cascade recycling system, whereas 

closed-loop recycling accounts for only a small portion of all plastics recycled [65].  
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Generally, sorted plastic waste must be of good quality to be accepted for 

reprocessing. Quality, as explained in our previous work is one of the greatest 

challenges in promoting the mechanical recycling of PCPW [16, 17]. A number of 

factors are influencing the quality of PCPW and hampering progress towards a CE [16, 

17]. These include: application (e.g. packaging, food-contact, automotive, etc.), type of 

polymer, multiplicity of collection schemes, additives and others materials (e.g. inks, 

coatings, adhesives, caps labels) added on the polymer and fate thereof, impurities 

introduced (e.g. dirt, organic residues, dust, and soil) and degradation during the 

polymer’s service life (and over successive uses). 

In promoting the circularity of PCPW based on sustainability principles, we 

need to understand the way the above factors affect the efficiency of the mechanical 

recycling process and the ability of the system to return the polymer back to an 

appropriate quality. Some of the emerging challenges facing the proponents of 

mechanical recycling process seeking to close the PCPW loop are schematically 

depicted in Fig. 2. These are discussed in detail in the following section. 

 

3. Challenges and trade-offs in upscaling plastics recycling process  

A number of stages precede the mechanical reprocessing of PCPW. These are 

the: design, production, use/ handling, separation at source (i.e. industry, public sector, 

consumers), disposal, collection and sorting. Each stage creates implications in the 

mechanical recycling process, and must be taken into account when assessing the 

sustainability of the PCPW recycling. Here, we focus on the collection, sorting and 

reprocessing, as well on the design and production processes. The use/handling and 

separation/disposal stages are excluded from our analysis. It is our view that these two 

areas require special consideration, as consumers play a critical role in PCPW 

recycling. Their purchasing decisions, perceptions, behaviour and attitudes towards the 
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use and disposal of plastics, carry many implications for PCPW recycling and the 

environment, economy and human well-being. Nonetheless, implications of these 

stages in the wider system may be implied in our broader analysis. 

 

3.1 Collection and sorting 

The collection and sorting of plastic waste are processes with regional 

variations, supported by a diverse infrastructure that varies greatly amongst regions, 

countries and cultures [66]. While in the Global North plastic waste management is 

supported by a formal collection system and advanced waste management 

infrastructure, in many countries in the Global South recycling of plastic waste is often 

uncontrolled or underdeveloped, with miniscule environmental and human protection 

enforced [67, 68]. In informal recycling contexts, collection of plastic waste is not 

systematic and is often implemented by informal networks. The activities of the 

informal recycling sector are largely reliant on trade prices and demand for specific 

plastic types (mostly PET, HDPE and PP), which may fluctuate both over the course of 

the year and between locations. This results in significant fractions of plastic waste left 

uncollected, polluting the environment and creating a missed opportunity for their 

recycling. 

In the Global North plastics are often collected at kerbside, but household waste 

recycling centres (also known as ‘civic amenity sites’), and bring sites/banks may also 

support their collection. Kerbside is a commonly used option, where the collection of 

plastics takes place in containers (mostly boxes, bags or sacks); either mixed with other 

dry recyclable materials (e.g. metals, card, glass) or collected separately [47]. There is 

a variety of kerbside collection schemes implemented around the world and may 

involve the collection of mono-plastic (one polymer type, e.g. PET, HDPE) streams or 

mixed plastic streams. Usually all PCPW is mixed together and the resulting polymer 
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mix may include high value streams such as PET, PE, PP mixed with PVC (e.g. 

cosmetic packaging, inflatable pools), PS (e.g. egg trays, plastic cups, yoghurt pots), 

and small fractions of other polymers such as polycarbonate (PC), acrylonitrile 

butadiene styrene (ABS) and polyamide (PA) [48, 62]. 

The versatility and frequency of collection schemes currently implemented by 

local authorities (LAs) or municipalities around the world is another constraint to 

increasing the mechanical recycling of plastic waste [47, 69, 70]. While this may not 

be immediately perceived as a challenge, with people moving around constantly due to 

employment and other activities, differences in the collection systems can create 

confusion. This compromises the ability of people to dispose their plastic waste in the 

correct bin, which in turn compromises the quality of the resultant plastic waste streams. 

In addition, businesses that have the responsibility of placing plastic MCP in the wrong 

recycling receptacles are often not well aware on how to do this properly [16, 17, 47].  

This has a direct impact on the sorting process. 

The sorting process may take place in a material recovery facility (MRF), a 

plastic recovery facility (PRF), a sorting centre and/or in a reprocessing facility, 

depending on the context (i.e., developed vs developing country) and the source of 

plastic waste (e.g. consumer, commercial, construction). Sorting is a critical factor in 

the recycling of plastic waste, because it controls the material that is going to be 

transported (in bales) to reprocessors within the same or different regions or countries. 

It can be a step of its own, but also in combination with collection, which depends on 

the infrastructure that is in place and vice versa, and reprocessing. The latter is an 

additional step to retain the quality of the high value plastic waste streams that are to 

be recycled.  

Sorting can be performed via automated machinery, as well as manually. In 

technologically advanced facilities, near infrared (NIR) technology is used. This optical 
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surface technique is the most widely used method for the automated sorting of plastics 

but involves a number of limitations. The sensor ‘reads’ what it ‘sees’; and the sensor 

is blind to “carbon black” [71, 72]. This implies that false readings may often occur as 

the sensor detects a label made of PP instead of the bottle made of PET, or a tray made 

of PP which may include multiple layers of other materials including non-polymers (i.e. 

multilayer plastics). Carbon-black pigments confound the spectroscopic scanners used 

to sort plastic materials, and the sensor cannot ‘read’ the material, e.g. black PET, 

leading to its rejection [71]. 

For this reason NIR technologies are often coupled with different physical based 

sorting machines for plastics such as the sink-float process or hydro-cyclone process 

[73], or even manual sorting, to ensure that high purity levels can be achieved especially 

for high value plastics e.g., clear polyethylene terephthalate (PET) and high density 

polyethylene (HDPE). However, in less advanced facilities the sorting process can be 

less efficient resulting in a rejection of target plastic waste materials of approx. 13% to 

18% [47]. This is in addition to other losses due to non-target plastic waste materials 

that are discarded, which account for another 12% to 15%. In informal contexts, sorting 

is largely dictated by the personnel, equipment and space available in addition to the 

selling price and the buyers with which they trade.  

Sorting is largely affected by the composition of PCPW. Mixed PCPW streams 

may include multi-layered plastics, flexible plastics (i.e. films and bags), black plastics 

and bio-based plastics that are currently non-NIR identifiable and thus not recycled 

[48]. Plastic films account for a considerable fraction of plastic packaging waste, which 

in developed countries is between 40-50% of PCPW. Plastic films have the potential to 

be recycled, but their low bulk density causes technical issues during the conventional 

recycling processes making them uneconomic for sorting and mechanical reprocessing 

[74, 75]. Similarly, multilayer plastic components are difficult to recycle due to the lack 
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of economically viable systems for segregating the various materials they are made of 

[76]. Accordingly the presence of these components in the sorting process is a sign of 

potential contamination as they may end up in the single polymer streams [77-79].  

Compostable and oxo-degradable plastics are designed to break down rather 

than be recycled, and their intrusion into the conventional plastic waste streams can 

compromise the quality of the resulting recycled plastic. Other, bio-based plastics, such 

as bio-PE and bio-PET, which are identical to their petrochemical-based counterparts 

and can be used in exactly the same applications (called ‘drop-in’ materials), can be 

easily integrated into the existing system. This implies that bio-PE and bio-PET can be 

recycled together with their conventional counterparts (e.g. bio-PE in the PE-stream or 

bio-PET in the PET-stream), which maximises the recovery of their value [80-82].  

Polylactic acid (PLA) can also be recycled. Mechanical recycling of PLA is 

considered the best valorisation option for PLA from an environmental point of view. 

This is because it reduces the consumption of raw materials; hence it lowers demand 

for arable land and contributes lees to carbon emissions and energy consumption [83, 

84]. At present this material is not properly sorted for mechanical recycling. It requires 

the adaption of the existing equipment in the sorting and reprocessing facilities to 

introduce a new stream line for PLA. The economic feasibility of doing so based on 

supply-demand dynamics currently hampers development in this area. Therefore, the 

presence of PLA in the PCPW can contaminate the high-value plastic waste streams 

(e.g. PET, HDPE), affecting their recyclability [16].  

In the study of Beltran et al. [83] it was reported that PLA can be degraded 

during its service life and the mechanical recycling can deteriorate further its key 

properties (e.g., viscosity, thermal stability and mechanical properties) [83]. 

Karamanlioglu et al. [85] reported that PLA although biodegradable, it presents a high 

risk of environmental contamination due to its stability in terrestrial and aquatic 
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environments at ambient temperatures [85]. Dedicated commercial composting 

facilities with controlled temperatures can reduce this risk. Nonetheless, the future and 

sustainability of PLA is highly uncertain. 

Labels and sleeves often cover more than 60% of the plastic component. This 

may also lead to errors in the identification of the polymer type by the sorting 

equipment. If the sleeve is made by a different polymer type than of the component it 

is wrapped on, it will either be rejected (if made by a polymer that is not sorted) or end 

up in another polymer’s stream (if made by a polymer that is sorted). This results in 

cross-contamination of the plastic waste streams [72]. If the sleeve is made from the 

same polymer as the components it is wrapped on, it will lower its quality, especially 

if the sleeve is coloured [72]. 

Other factors at the sorting stage that may impede the efficiency of the 

mechanical recycling process, include the storage time of recyclates (i.e. raw material 

sent to, and processed in, a waste recycling plant or materials recovery facility)  before 

sorting, types of materials mixed with plastic waste (e.g. glass, paper, metals), and the 

waste flow on the conveyor belt. 

 

3.2    Sorting and mechanical reprocessing of plastic waste 

Effective recycling requires an effective separation of plastic waste from the 

other material streams [86]. To achieve that, mechanical recycling process consists of 

a number of steps to ensure good quality material at the end of the process. First, sorted 

plastic waste goes through a dry treatment process where they are cut into small flakes. 

This process aids the decontamination of flakes; a process that removes other types of 

material or impurities, such as dirt, adhesives, labels and other residues, via a cyclone. 

Usually, losses at this stage are approximately 20% [73]. After decontamination, the 

plastic flakes are further processed based on their physical and chemical properties to 
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meet defined quality criteria. Separation based on their density (by the use of floating), 

grain size (milling process), dirt and residual moisture (via caustic wash for removing 

any persistent contaminants and glues, and drying) occurs, and then the plastic flakes 

are re-melted. In this reprocessing stage additives are added into the plastic melt, which 

is then extruded to strands and pelletized to produce a single-polymer. The granulates 

are water-cooled and finally sold [56]. Detailed description of this process can be found 

elsewhere [48, 50]. 

In practice, when plastics enter the reprocessing stage, a number of mechanisms 

take place. Plastic waste materials undergo mechanical (i.e. shear forces effects) and 

thermal (i.e. high temperature effect) degradation during the melting and extrusion 

process leading to thermal-mechanical degradation [17, 56, 87-89]. Both mechanisms 

occur simultaneously during the reprocessing stage. Thermal-mechanical degradation 

can cause chain scission and chain branching that affect the characteristics of the 

polymer and cause the release of low-molecular volatile compounds. The release of 

low-molecular volatile compounds from the polymers implies changes to their 

molecular structure, which in turn affects their rheological and mechanical behaviour 

[17, 56, 87-89]. The changes in the mechanical properties (e.g. elongation at break, 

impact strength) are polymer dependent ranging from considerable reductions to small 

changes. Thermal (e.g. melting temperature, crystallisation) and physical (e.g. colour 

and surface) properties are also affected, but these effects can be lessened by the 

addition of different additives (e.g. heat stabilisers, fillers, pigments, caustic soda) [48].  

The composition of polymers, their designed and created attributes, partial 

degradation during their service life, sorting efficiency, and manifestation of their 

designed and created attributes also come into play during reprocessing, determining to 

a large extend the success of the recycling process. Polymers may degrade during their 
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service life, due to exposure in certain environmental conditions such as heat, oxygen, 

light, ionic radiation, moisture and mechanical shear [48]. Mechanical recycling can 

deteriorate this degradation, lowing the quality of the resultant material. 

Contamination induced by the designed (e.g. labels, adhesives, additives) and 

created (e.g. dust, organic residues, soil) attributes at the collection, sorting and 

recycling of plastic waste streams (e.g. PET, PE, PP), can complicate or severely affect 

polymers reprocessing [97, 98]. Designed contamination (i.e. contaminants) can be 

grouped into: i) designed contaminants that are embedded in the plastics, e.g., additives, 

coatings, inks [90, 91]; and ii) designed contaminants that are non-embedded (attached) 

to the plastics, e.g., caps, adhesives and labels (can be plastic and non-plastic materials). 

Created contamination (i.e. impurities) can be grouped into: i) created contamination at 

the use/handling and collection, e.g., dust, soil, organic residues, grease, etc.; and ii) 

created contamination at the sorting stage, e.g., by non-targeted polymeric material in 

the sorted plastic waste streams (e.g. PET with PVC or PLA) [17].  

Contaminants may not always be completely removed at the washing stage, 

complicating the process of mechanical recycling. For example:  

 Coating and inks (designed contamination) can affect the gloss of the final 

product and can restrict the use of recyclates to certain applications (i.e. when a 

matte finish is required) [72, 92]; 

 Additives (e.g. phthalates) (designed contamination) used during plastic 

manufacturing, but also present in labels and adhesives used on the final 

product, can persist in the recycling process, resulting in the spreading and 

accumulation in the recycled polymer [93];  

 Aluminium residues (could both designed and created contamination) can be 

converted into aluminium hydroxide (by the action of caustic wash during 
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reprocessing) which contaminates the recycled material and prevents its 

suitability as a food grade material (in the case of PET) [72]. 

 Mixed PCPW collection and sorting increases the risk of cross-contamination 

(created contamination) of one polymer by another (e.g. PVC with PET) which 

can cause changes in the recycled polymers structure and release substances that 

may cause damage (e.g. corrosion) to the reprocessing equipment [72, 92, 94, 

95]. 

In Table 1, we present the challenges associated with the mechanical 

reprocessing of PCPW, as construed based on our understanding of the system. We 

provide a short description of these challenges and their associated trade-offs. In the 

trade-offs we often refer to positive and negative value creation, and externalities.  

Positive value creation refers to the potential increase in employment due to 

decentralisation and increases in recycling activities, decrease in fossil fuel dependence, 

reduction in resources (e.g. land, energy, water, chemicals) and pollution induced by 

other treatment options (e.g. landfill and incineration) due to preference in recycling, 

as well as net economic savings achieved by the recycling process. With negative value 

creation we may refer to the: disruption of plastics circularity potential; rejection of 

recycled plastics and disposal to landfill which leads to dissipation of all values 

embedded in them (e.g. energy and water consumption, chemical compounds used, 

embodied emissions, labour, costs involved, etc.); negative net energy and cost savings 

from the recycling process; safety concerns associated with the use recycled plastics 

content; and other ex-post environmental, economic, technical and social impacts 

arising by the distribution and use of recycled plastic content. With negative 

externalities we refer to the transformation of something with a positive value 

(reprocessing of PCPW into a stable secondary material) into something that involves 

a significant cost (e.g. damages to the reprocessing equipment, bias towards the 
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recycling of black plastic waste, restrictions in the sale of secondary plastic material, 

and so on). 

As shown in Table 1, the majority of challenges presented is associated with 

decisions made upstream of the system, at the design/production and use stage. 

Plastics are rarely used in their pure polymeric form. Polymers are usually mixed with 

additives such as plasticizers, flame retardants, antioxidants, acid scavengers, light 

and heat stabilizers, lubricants, pigments, antistatic agents, slip compounds and 

thermal stabilizer [89]. These additives can create implications during the mechanical 

reprocessing of PCPW. There is very little information regarding the presence, 

behaviour and fate of additives during the reprocessing stage [25]. 

Lack of information regarding the chemical composition of additives (some of 

which can be potentially hazardous) used in different plastic waste fractions and their 

fate during reprocessing, can delimit the displacement of virgin plastics with recycled 

ones [69, 71]. Increasing the recycled plastic content is also hampered by the lack of 

information on the mechanical properties, colour limitations, as well as on several other 

technical challenges involved. Manufacturers find it easier and safer to design products 

using virgin plastics, safeguarding that the right strength and properties for a specific 

application are attained [71]. In general, the recycled plastic content of a certain plastic 

product needs to be assessed on a case by case basis, as the quality specification are 

often product specific. 

The trade-offs associated with the mechanical recycling challenges have far 

reaching consequences, affecting the sustainability of the entire plastic value-chain, and 

effectively the circularity potential of PCPW. To that end, it is clear that for the plastic 

value chain to come full circle, a multi-dimensional valuation of recycling is required 

and the concept of ‘design out the plastic waste’ needs to be revisited and reconsidered. 

Complex-value optimisation for resource recovery (CVORR), a novel, multi-
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dimensional valuation approach that goes beyond conventional methods of estimating 

value [103], can aid the multi-dimensional valuation of PCPW recycling. 

CVORR combines scientific and engineering methods with a socio-political 

narrative in assessing resource recovery from waste systems, and connects bottom-up 

and top-down approaches in identifying and measuring multi-dimensional value (i.e. 

environmental, economic, social and technical positive and negative impacts) [104]. It 

can address systemic challenges through transparency and flexibility, while accounting 

for the dynamic and non-linear nature of commodities flow and the interdependencies 

and trade-offs between different structures and processes. This approach highlights key 

areas of concern (where negative value is created), and opportunities (where value is 

captured or positive value is created) generating insights on system dynamics and 

creating sustainable pathways towards circular economy [103]. 

 

3.3. Design of plastic MCPs 

Poor plastic components and products design can have a huge impact on their 

recyclability. Plastics can only be recycled economically if recycling is built into their 

design. As evidence gathered in this study shows, recycling becomes very complex 

when dealing with the multiplicity of plastic components and products (e.g. multilayer 

plastics, flexible plastics, coloured plastics) that are already in widespread use in the 

market. The “design for recycling and from recycling” is the new concept-strategy put 

forward by the Ellen MacArthur foundation in their latest report on “rethinking the 

future of plastics” [65]. According to this new challenge the recyclability aspect should 

be incorporated as one of the top performance criteria, together with e.g. product safety, 

performance, marketing and branding, etc. A balance between all those objectives, 

prioritising the recyclability of a plastic product, should be achieved.  
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For designers, determining which guidelines should be put on top is a 

challenging task that depends largely on the way the product is recovered. Any 

advances in the technologies implemented in MRFs could potentially alter the MCP’s 

end-of-life scenario; thus, what is considered a good design today may not be the case 

tomorrow [105]. Furthermore, designing with the intention to achieve an easy 

disassembly often comes in conflict with other critical product requirements. 

Companies may be reluctant design their MCPs in order to obtain recovery value if they 

consider that the economic benefits of this action are harvested by other stakeholders 

[66]. Nonetheless, it is the responsibility of brand owners to redesign their products in 

an easy-to-recycle way. 

 

4. One for all and all for…plastics! 

The collection, sorting, mechanical reprocessing and redistribution of PCPW 

back into the system appear to streamline the process of recycling PCPW, but low 

recycling rates suggest otherwise. Design, production, use, disposal, collection, sorting 

and reprocessing of PCPW inhibit the success of the recycling process and create a 

number of challenges in maximising the recovery of value from PCPW. This is partly 

attributed to a highly fragmented value chain and an underdeveloped market for 

recycled plastics, as well as the lack of traceability and transparency in the system 

[106]. Whereas virgin plastic suppliers are worldwide well-connected, recycled plastic 

suppliers, as well as reprocessors are often small, operating regionally or nationally 

[107]. Moreover, collection, sorting and reprocessing industries operating in the same 

system, are often controlled by different organisations with different interests adding 

further complexity to closing the plastic material loops.  

Increasing the plastic waste recycling rates necessitates institutional, 

organisational and technological changes and a transparent communication and 
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collaboration between all stakeholders (e.g., raw plastic material providers, plastic 

component and product manufacturers, retailers, consumers, waste managers, LAs, 

governments, regulators and non-governmental organizations) involved in the plastic 

value chain. Improved communication between all stakeholders can help align their 

interests, and incentivise manufacturers to change plastic components and products 

design. In turn this can increase PCPW recyclability and reduce externalities 

accumulated along the value chain [106]. A combined effort in improving the 

communication and coordination between all stakeholders and resolving the challenges 

related to closing the plastic materials loops, is urgently needed. This will ensure that 

the quality, quantity and procurement of recycled plastics remains consistent over time, 

supporting improvements in the supply and demand behaviour of the system. It is 

anticipated that as the plastics industry places more attention to increasing the plastic 

waste recycling, producers of virgin plastics, as well as waste collection companies will 

transform their own practices in order to rise to the occasion [107].  

An inventory of design guidelines should be created, considering also any end-

of-life scenarios (e.g. the guidelines for designing recyclates developed by Partners for 

Innovation) [108]. For designers, it is fundamental to comprehend which are the priority 

design guidelines. Industrial sector should improve and balance the supply and demand 

through e.g. online platforms. Local governmental entities can stimulate closed loop 

recycling of plastics, through various initiatives and campaigns, as well as through 

setting restrictions and fees on landfilling, and incineration, reducing at the same time 

taxes for recyclates use. Governments should also direct investments towards plastics 

recycling facilities and relative research & development (R&D) technologies.  

 

5. Conclusions 
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Increasing the amount of plastic waste recycled is currently a priority area at the 

European agenda [21, 109-111], yet we are still far from its implementation. Wider 

systemic issues, which are often overlooked or looked in isolation, are hampering the 

PCPW recycling process. Gaining insights into the multiplicity of challenges associated 

with the mechanical recycling of plastic waste, we unearthed a number of trade-offs 

that should be measured against environmental, economic, social and technical values. 

This will facilitate a deeper understanding of the positive and negative value creation 

in scaling up the PCPW recycling, and contribute to an emergent but increasingly 

urgent need for scrutiny in the sustainability of closing the plastic waste loops, setting 

up a future research agenda. 
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Table 1 

Challenge Description Trade-off(s) 

Compositi

on 

Petrochemical-based: the 

incompatibility between the different types of 

polymers, in regards to structure, melting points 

and processing temperature, can cause changes in 

the recycled polymers structure when one 

polymers ends up in another polymer’s stream, 

and may release substances that may cause 

damage (e.g. corrosion) to the reprocessing 

equipment [69, 72, 92, 94-96]. 

 Promotes rejection of recycled plastic due to 

deterioration of material properties (e.g. PVC 

in PET or PP) - leads to negative value 

creation  

 Negative externalities due to equipment 

corrosion  

 Generates unwillingness in reprocessors to 

take in waste that is not well-sorted 

 Increases the potential of polymer blending 

(e.g. PP in PE streams) that has reduced 

mechanical properties [97, 98] - leads to 

cascade recycling 

Bio-based: the increasing variety in 

bio-based plastics that are often misplaced in the 

mixed PCPW stream cannot be effectively 

separated from the petrochemical-based plastics, 

can compromise the recyclability of the 

petrochemical-based plastic waste stream, and 

causes problems in the equipment [16].  

 Promotes rejection of recycled plastic due to 

deterioration of material properties - leads to 

negative value creation  

 Negative externalities due to equipment 

corrosion  

Sorting 

ability 

Material focused: currently only rigid, 

high value, mono-polymer type of plastics (e.g. 

PET, PE, PP) are sorted for reprocessing [48, 69].  

 Excludes the recycling of plastics that are of 

low bulk density (i.e. films and carrier bags), 

light-weight (e.g. PS) or have a low market 

value (e.g. PS) [71] – leads to negative value 

creation 

 Creates a lock-in effect to already pre-

established recycling systems 

 Colour focused: carbon black pigments 

absorb the infra-red light and cannot be sorted 

[71, 72]. Not all coloured plastics are sorted. 

 Increases the rejection of black and other 

coloured plastics – leads to negative value 

creation 

 Hinders the level of recycled content in 

coloured plastics (they can only be turned 

black) - leads to negative externalities and 

negative value creation [72] 

 Technology focused: the use of near 

infrared (NIR) technology and accompanied 

techniques for plastic sorting are not sufficient to 

ensure that contamination is circumvented [90]. 

 Reduces the amount of plastics sorted for 

recycling – leads to negative value creation 

 Introduces contamination in the plastic 

streams – leads to negative externalities 

 Promotes advances in technologies ability to 

recognize waste that centralise the recycling 

process and overcome market failures [99] - 

leads to both positive and negative value 

creation 

 Fosters local growth by reintroducing 

manual sorting and promoting employment - 

leads to positive value creation 

Contamin

ation 

Designed contaminants: they can 

spread, accumulate and affect the mechanical 

(e.g. tensile strength, impact) and rheological 

properties of the polymers, affecting their 

recyclability potential [16, 71]. They may remain 

in the plastic even after the reprocessing stage 

[89, 100, 101].  

 

 Prevents closed-loop recycling – leads to 

cascade recycling 

 Promotes rejection of recycled plastic due to 

deterioration of material properties [72] – 

leads to negative value creation 

 Restricts the use of recycled plastic content 

in new products – leads to negative 

externalities 
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 Negative externalities due to equipment 

corrosion  

 Increases the risk of concentration of 

substances in recycled materials (‘legacy 

substances’) [23, 71] - leads to negative value 

creation  

 Created contaminants (i.e. impurities): 

they can create small imperfections on the 

plastic’s surface, leading to an uneven surface, 

creating splays and poor scratch resistance, which 

can impact the final appearance of the recycled 

material, [91, 102] 

 Promotes rejection of recycled plastic due to 

deterioration of material properties - leads to 

negative value creation  

 Increases the potential of creating blends 

(e.g.  PP in PE stream) that have reduced 

mechanical properties, and lower the quality 

of the polymer [97, 98] - leads to cascade 

recycling 

Degradati

on at reprocessing 

Plastic waste materials undergo 

mechanical (i.e. shear forces effects) and thermal 

(i.e. high temperature effect) degradation that 

change their molecular weight, molecular weight 

distribution, crystallinity and chain flexibility of 

the polymer [17, 56, 87-89]. 

 Results in instability of material properties 

[17, 48, 89, 92] – leads to cascade recycling 

 Leads to shorter overall life each cycle [17, 

48, 89, 92] 

Degradati

on at service life 

Aggravates degradation at mechanical 

reprocessing; the presence of oxygen in the air 

leads to the formation of low-molecular 

compounds that are released during the 

reprocessing and may diffuse through the melt 

and compromise the processing efficiency, 

corrode the processing equipment and induce 

structural changes in the final properties of the 

material [48, 69] 

 Yields a low quality material – leads to 

cascade recycling 

 Promotes rejection of recycled plastic due to 

deterioration of material properties – creating 

negative externalities and value creation 

Compatibi

lization 

Enables the blending of polymers (two 

or more) that are often incompatible by the use of 

a compatibilizing agent in order to enable 

interfacial adhesion between immiscible 

polymers, and obtain the desired performance 

against the effect of thermal-mechanical 

degradation during reprocessing [17, 48]. 

 Permits only one cycle of plastic materials in 

the economy [17, 56] – leads to negative 

value creation 

 Creates uncertainty in the quality of end-

material which restricts its potential use – 

leads to negative externalities and negative 

value creation 

Substitute 

ability 

(in new 

component/ 

product) 

Involves the use of an amount of 

recycled plastic materials to be blended with 

virgin polymer in the production of new products 

at varying concentration; generally less than 50% 

[96]. 

 

 

 Results in instability of the blend which may 

affect the durability of the material over its 

use [96] - leads to fast degradation and 

wastage 

 Increases the risk of circulating potentially 

hazardous impurities above regulatory limits 

- leads to negative value creation 

Marketabi

lity 

Price fluctuations between virgin and 

recycled materials, and supply-demand dynamics 

for different types of plastics (e.g. PET, HDPE, 

PP, PS), as well as other market forces governed 

by regulations (e.g. EPR), infrastructure 

availability and asymmetric information [99, 

102]. 

 Affects the demand of recyclable plastics 

[99] – leads to negative externalities 

 Increases the risk of reprocessors not 

generating revenue (from selling the 

materials) – leads to negative externalities 

 Suppresses the maximization of plastics 

recycling by expanding to other types – leads 

to negative value creation  

Feasibilit

y 

Efficiency of the recycling process 

from an economic and environmental point of 

view. Involves the availability and overall costs 

of techniques and processes implemented to 

obtain the final product (separation, purification, 

etc.); ecological aspects (generation of dust, noise 

pollution by grinding, energy consumption, 

toxicity of applied solvents). 

 

 Pauses investment and scaling up of the 

reprocessing facilities. 

 Requires additional resources to reprocess 

the material due to the designed complexity 

– leads to negative value creation 

 Enables the development of local recycling 

systems to emerge  - leads to positive value 

creation 
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