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A B S T R A C T

Agricultural plastic waste (APW) poses a growing global environmental threat, with Europe generating over 1.3 
million tonnes annually. This paper presents a multidisciplinary scoping review of agriplastic waste management 
strategies, emphasizing policies, technological advancements, and socio-economic factors within the European 
Union. The novelty of this study lies in its integrated approach—bridging environmental science, engineering, 
policy analysis, and behavioral studies—to assess the effectiveness and feasibility of various APW strategies. 
While mechanical recycling remains cost-effective (€300–€600 per ton) for clean, homogeneous plastics, it is 
limited by contamination issues in mixed waste. Chemical recycling methods—such as glycolysis and meth
anolysis—are suitable for specific polymers like PET, with potential emission reductions up to 60 % compared to 
virgin plastic production, though economic viability remains a barrier. Energy recovery techniques, including 
incineration and pyrolysis, are applicable to heterogeneous waste but emit hazardous pollutants such as dioxins 
and furans. A key focus is on liquefaction, a promising but underexplored method, which can convert APW into 
low-carbon fuels with up to 70 % lower lifecycle emissions; however, its commercial scalability is currently 
constrained by high capital costs and technical challenges. The study highlights that optimal APW strategies 
depend on plastic type, intended product, environmental impact, and economic considerations. It also un
derscores the critical role of EU policy, producer responsibility schemes, and public awareness in fostering 
sustainable management. Ultimately, this work advocates for a tailored, holistic approach to APW, aligning 
technological innovation with regulatory and behavioral interventions.

Introduction

Given the escalating global environmental crisis, especially con
cerning agricultural plastic waste (APW), it is vital to re-evaluate waste 
management techniques. Agricultural plastics, including greenhouse 
films, silage bags and film mulching are, among others, crucial for 
boosting crop output and quality, but if they are not adequately 
controlled, they can also have a significant negative impact on the 
environment (Briassoulis, 2023). This type of waste (APW) is thought to 
account for around 14 % of all plastic waste generated globally (Wanner, 
2021).

Landfilling and incineration have historically been the two primary 

methods for managing APW. However, several environmental issues 
accompany these practices. For instance, the risk of soil and water 
contamination is increased by the leaching of hazardous compounds 
during landfilling (Kalmykova et al., 2018). Furthermore, many landfills 
are illegal and uncontrolled (Siddiqua et al., 2022). Globally, approxi
mately 53 % of municipal solid waste (MSW) is disposed of through 
uncontrolled methods, including open dumpsites and open burning. 
Breaking this down regionally, middle-income countries contribute 
significantly to uncontrolled waste disposal, generating approximately 
88.5 % of such waste globally. In these regions, open burning is notably 
prevalent, with its occurrence rising from 14 % globally to 37 % in 
lower-income countries (Siddiqua et al., 2022). Illegal landfills are 
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associated with numerous problems including air pollution from sus
pended air particles, odor from the deposited waste, and underground 
water pollution (Siddiqua et al., 2022).

The precious materials that are included within these polymers are 
also wasted as a result (Hodgkinson et al., 2022; Saner et al., 2011). 
Incineration, on the other hand, results in the formation of hazardous 
compounds such dioxins, furans and heavy metals that worsen air 
pollution and climate change (Yang et al., 2021).

Finding sustainable alternatives to traditional waste disposal 
methods is crucial given these challenges. Recycling (mechanical or 
chemical) and energy recovery methods, notably liquefaction, are 
promising strategies that may offer cost-effective and environmentally 
benign solutions for APW management (Levi and Cullen, 2018; Ragaert 
et al., 2017). The difference between chemical recycling and liquefac
tion stems from the fact that with chemical recycling, plastic is broken 
down into the molecular level, hence, facilitating the build-up of new 
materials, based on the molecules that have the potential for a wide 
range of applications (Laredo et al., 2023).

However, liquefaction constitutes the conversion of solid fuels into 
substitutes for liquid fuels, such as gasoline (Speight, 2016). Therefore, 
while chemical recycling focuses on generating new materials from 
plastics while liquefaction generates fuel from plastics and is an 
energy-recovery operation. The recycling and energy recovery strate
gies, according to the (Ellen MacArthur Foundation, 2017), not only 
have the potential to lessen environmental harm but also to create op
portunities for resource recovery. This promotes the growth of the cir
cular economy.

This research aims to shed light on the environmental implications of 
traditional incineration and landfilling practices, as well as the costs, 
benefits, and applicability of mechanical, chemical and energy recovery 
options for APW. Hence, the current review is guided by three core 
objectives. The first objective is to conduct a critical evaluation of the 
environmental consequences posed by the incineration and landfilling of 
APW. The second objective is to investigate the financial benefits of 
adopting recycling (mechanical and chemical) and energy-recovery 
techniques (liquefaction) for the management of APW. Finally, the 
third objective is to develop practical and actionable recommendations 
to help remove any barriers for the effective management of APW.

The following are the research questions for the study, which are 
guided by these objectives: 

RQ 1: What are the difficulties in substituting traditional landfilling 
and incineration of agricultural plastics in Europe with mechanical 
and chemical recycling and energy-recovery methods, such as 
liquefaction?
RQ 1.1: What are the technological, economical and legal obstacles 
so that landfilling and incineration could be replaced by mechanical 
and chemical recycling and energy-recovery methods such as 
liquefaction?
RQ 2: How acceptable are mechanical and chemical recycling pro
cesses and energy-recovery techniques, specifically liquefaction, for 
various agricultural plastics, including polystyrene (PS), polyamide 
(PA), polyurethane (PU), polyvinylchloride (PVC), polypropylene 
(PP), and polyethylene (PE)?
RQ 2.1: What are the exact short- and long-term investment, oper
ating and logistical costs of energy-recovery methods such as lique
faction in comparison to mechanical and chemical recycling of 
agricultural plastics?

These research questions seek to close knowledge gaps in the man
agement of APW and offer direction for the development of more 
effective and long-lasting waste management methods. The novelty of 
this work, mainly lies on the combining effort of addressing the agri
plastics waste management problem via a multidisciplinary approach 
accounting for technologies-techniques involved, sustainable pathways 
to consider, different types of plastics, economic cost and environmental 

impact, consumer and public awareness, giving a more specific focus on 
liquefaction.

Addressing barriers to recycling

Recycling techniques have been adopted gradually in the manage
ment of APW due to the significant constraints that still exist. Finding 
these barriers is the primary focus of this study’s research, particularly in 
the context of Europe. Despite the European Union’s efforts to promote 
circular economy, the recycling rate of agricultural plastics is still low. 
According to earlier research (Levi and Cullen, 2018; Pannell, 2017), the 
utilization of recycling techniques to replace conventional landfilling 
and incineration procedures may be impeded by technical, economic 
and regulatory concerns.

Technical difficulties are attributed to the difficulties of processing, 
sorting, and cleaning APW, which may contain dirt, plant residues and 
pesticides (Allesch and Brunner, 2014). Economic constraints are asso
ciated with the high costs of collecting and recycling APW making it less 
profitable than other types of waste (Briassoulis et al., 2015). Legal 
barriers can, also, be produced by insufficient regulations or enforce
ment methods that support recycling activities (Barros et al., 2020).

Suitability of recycling techniques

The second research question in this study deals with the application 
of mechanical and chemical recycling and energy-recovery methods, 
such as liquefaction for various types of agricultural plastics. Due to the 
variety of agricultural plastics, which vary from PU, PVC, PP, and PE to 
polyurea, PA, and PS, extensive research on these materials’ compati
bility with various recycling processes is necessary (Ragaert et al., 
2017).

The feasibility of liquefaction as an energy-recovery method will be 
thoroughly examined, along with the associated financial, logistical and 
operational costs. This study will examine if energy-recovery methods 
such as liquefaction can offer a workable strategy for managing APW, 
building on earlier research by Levi and Cullen (2018).

Petrochemical companies are investing in sizable pyrolysis units in 
the northern Europe (Quicker et al., 2022; Solis and Silveira, 2020). 
Although there are many drawbacks to this technique, it appears to be 
the predominant type of chemical recycling (Quicker et al., 2022; Solis 
and Silveira, 2020). These industrial-scale petrochemical companies are 
increasingly focusing on APW. Why then should we focus on two far less 
well-known chemical recycling processes? It is a very strong argument, 
and the pyrolysis industry is investing in these facilities because of their 
scalability, technological maturity and high-quality outputs. Plastic 
waste, among other types of waste, can be converted into oil, syngas and 
char via pyrolysis, which takes place in an atmosphere devoid of oxygen. 
However, as mentioned below there are various reasons to, also, 
consider thermal depolymerization, as an additional form of chemical 
recycling (Al-Salem et al., 2017; Bridgwater, 2012; Mukherjee et al., 
2020). 

• Variety of input materials: A wide variety of organic materials, 
including plastic waste, agricultural waste, municipal solid waste 
(MSW), and even sewage sludge, can be processed through thermal 
depolymerization. As a result, there are additional alternatives for 
feedstock.

• Energy efficiency: Because it occurs at lower temperatures and 
pressures than pyrolysis, thermal depolymerization is frequently 
more energy efficient. Heat and electricity produced by the process 
can also be used for other things besides powering it.

• Output Quality: High-quality oil, gas, and other compounds can be 
made through liquefaction and thermal depolymerization. These 
products frequently have higher quality than those from pyrolysis, 
which may need further processing or upgrading.
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• Impact on the environment: While all recycling methods have 
some negative effects on the environment, depending on the feed
stock and the particulars of the process, thermal depolymerization 
may emit fewer greenhouse gases (GHGs) than pyrolysis.

• Circular Economy: The concept of circular economy, which at
tempts to conserve resources for as long as possible, get the most 
value out of them while they’re being used, while recovering and 
regenerating goods and materials at the end of each useful life, are in 
line with thermal depolymerization.

Please note that choosing between pyrolysis, liquefaction, and 
thermal depolymerization is influenced by a number of different factors, 
including the precise waste types available, the intended products, the 
existing infrastructure and the relative regulations. It’s not always about 
selecting one method over another; rather, it’s about knowing each 
one’s advantages and disadvantages and using them in the most efficient 
and long-lasting way possible.

Detailed cost analysis of recycling techniques

Understanding the costs involved is crucial for the implementation of 
recycling strategies. This paper aims to give a complete economic 
analysis of mechanical and chemical recycling and energy-recovery 
methods such as liquefaction. Even though earlier studies, like 
(Ragaert et al., 2017), have explored the general cost-effectiveness of 
these methods, a more thorough understanding of the investment, 
operational and logistical costs associated with these techniques is still 
required, particularly in the context of APW. The liquefaction process 
used in plastic waste conversion has the potential to provide a sizeable 
cash flow that could be used to pay for operating costs (Levi and Cullen, 
2018). To ascertain the overall economic viability of this approach, it is 
important to carefully analyze the initial cost and logistical difficulties of 
building up and maintaining a liquefaction facility.

Recommendations for policy and practice

This review paper will also include practical recommendations for 
addressing obstacles to effective management of APW. These recom
mendations will be based on extensive understanding of the techno
logical, economic and legal circumstances learned through the 
formulated research questions. In addition to advancing academic un
derstanding, the goal is to provide policymakers, waste management 
specialists and the agriculture business with real-world insights. This is 
in line with calls for research from academics like (Kalmykova et al., 
2018) that can aid in creating and putting into effect sustainable waste 
management policies.

Scope of the study

The paper’s scope is established by its focus on APW in the context of 
Europe. Specifically in Europe, APW makes up a sizable portion of the 
world’s overall production of plastic waste with more than 430 million 
tons of plastics produced in 2022 and two-thirds often turning into waste 
(UNEP, 2023a). By concentrating on one specific waste stream, the study 
will shed light on one of the continent’s most pressing waste manage
ment issues.

A scoping review strategy will be used in the study; this method is 
particularly useful for identifying research subjects that are challenging 
or have not previously received a thorough analysis (Peters et al., 2017). 
By integrating information from various sources, this study will provide 
a thorough overview of the ecological effects of conventional waste 
disposal techniques, the cost advantages and barriers associated with 
various recycling techniques, and potential policy interventions that 
could improve the management of APW.

Finally, by providing a complete analysis of prior studies, the present 
work envisages in closing significant knowledge gaps and contributing 

to the body of knowledge on managing APW. The goals of this study’s 
research objectives are to identify obstacles to effective recycling of 
agricultural plastics, as well as potential solutions, while coming up with 
findings that will be helpful to waste management policymakers and 
practitioners.

Outline of the paper

This review has been structured according to the below format: 
Following this succinct introduction, we provide a comprehensive 
analysis of the literature on the consequences of traditional landfilling 
and incineration of APW on the environment, emphasizing pertinent 
research and flagging knowledge gaps. This section will include refer
ences to studies by Blanco et al. (2018), Yang et al. (2021) and Vox et al. 
(2016) that looked at how certain disposal methods affected the 
ecosystem.

The financial benefits and difficulties of recycling APW mechani
cally, and chemically are then discussed in the paper. This section ex
amines these recycling processes’ capital, operational and logistical 
costs in great detail, with liquefaction serving as the main point of in
terest. The discussion will be built upon studies that have focused on the 
financial aspects of various recycling systems, such as those by Levi and 
Cullen, (2018), Ragaert et al. (2017).

The next section of the present review paper examines the techno
logical, financial and legal obstacles that could prevent recycling prac
tices from displacing more traditional landfilling and incineration. Our 
research was built on studies by Levis et al. (2010), Pannell (2017), 
among others.

Finally, the study concludes with workable recommendations for 
policy interventions and amendments to address the issues that have 
been identified to impede the effective management of APW. The main 
findings are described at the end, together with their implications for 
further research, law and practice in the area of managing APW.

Literature background

According to Briassoulis et al. (2013), agricultural plastics are 
essential to modern agriculture because they boost crop yields, improve 
resource efficiency, and enhance food production. By offering creative 
answers for a range of agricultural applications, including mulching, 
greenhouse covers, irrigation systems, and packaging, these materials 
have transformed farming methods (Choudhary et al., 2020). Mulch 
films, for example, are frequently used to control soil temperature, 
restrict weed growth and retain moisture, which improves crop pro
duction and lowers water needs (Kumar et al., 2018).

Agricultural plastics are being used more frequently, but this has also 
prompted questions about how they will affect the environment and 
how their waste will be handled. These plastics have the potential to 
contaminate soil, water bodies, and ecosystems for protracted periods 
due to inappropriate disposal and poor waste management practices 
(Kumar et al., 2018; Hahladakis, 2020). Sustainable agricultural activ
ities are severely hampered by the buildup of APW, which forces the 
development of efficient waste management techniques.

It is essential to create sustainable techniques for the management of 
agricultural plastics, including recycling and correct disposal, in order to 
reduce the detrimental effects on the environment (Briassoulis et al., 
2013; Kumar et al., 2018). Recycling programs can lessen the need for 
new plastics, conserve resources, and lessen the impact of agricultural 
activities on the environment (Briassoulis et al., 2013; Kumar et al., 
2018). In addition, proper waste management procedures guarantee the 
preservation of water resources, wildlife habitats and biodiversity, and 
soil quality, all of which support long-term environmental sustainability 
(Hahladakis, 2020). To offer insights into sustainable solutions for 
managing agricultural waste, this study intends to explore several ele
ments of APW, including varieties of agricultural plastics, treatment 
techniques, and relevant waste management practices.
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Agricultural plastic types

The following list of plastics with descriptions and possible quanti
tative information includes some of the commonly used ones in agri
cultural applications: 

- PP: PP is a strong plastic with good chemical resistance that can 
tolerate high temperatures. Ropes, twines and agricultural films 
frequently employ it. According to a Grand View Research estimate, 
the global demand for polypropylene in agriculture was roughly 3.7 
million tons in 2019.

- PS: In the agricultural sector, PS is a lightweight plastic frequently 
used for seedling trays, insulating panels, and protective packaging. 
According to a survey by Grand View Research, the size of the global 
polystyrene market for agricultural was estimated to be USD 1.1 
billion in 2019.

- PVC: PVC is a flexible material with outstanding chemical resistance 
and durability. It is frequently utilized in greenhouse films, fittings, 
and pipes for agriculture. According to PlasticsEurope, the demand 
for PVC in agriculture in Europe reached about 700,000 tons in 2019.

- Polyethylene terephthalate (PET): In agricultural packaging, such as 
bottles for fertilizers, insecticides and other liquids, PET is a trans
parent, lightweight plastic that is frequently employed. According to 
Grand View Research, the size of the worldwide PET market for 
agricultural packaging in 2019 was estimated at USD 2.9 billion.

- PE: The most popular plastic in agriculture is polyethylene. It is 
useful for a wide range of applications due to its flexibility, light
weight, and chemical resistance. The PlasticsEurope Market 
Research Group estimates that in 2019, 3.3 million tons of PE were 
consumed in agriculture throughout Europe.

- Ethylene vinyl acetate (EVA): A soft and flexible plastic called EVA is 
utilized in greenhouse covers and agricultural mulch films. It offers 
great thermal insulation and light transmission. There is a lack of 
easily accessible quantitative data regarding the use of EVA in agri
culture that hampers sustainability assessments, making it difficult to 
evaluate its environmental footprint, recyclability, and biodegrad
ability compared to other plastics. It also restricts market innovation, 
as opportunities for material alternatives and technological ad
vancements remain unclear and limits informed decision-making in 
agriculture and waste management. However, because of their ad
vantageous characteristics, EVA films are commonly used in 
agriculture.

Table 1 summarizes the numerical statistics for various agriplastics 
types:

Types of agriculture plastics in application

Mulch films
Mulch films, one of the most often used agricultural polymers, are 

used primarily to control temperature, prevent weed growth, and save 
moisture (Maraveas, 2019, 2020a; Kumar et al., 2018). According to 
Maraveas (2019), these films are commonly constructed of low-density 
polyethylene (LDPE), linear low-density polyethylene (LLDPE), or 
high-density polyethylene (HDPE). Depending on the qualities of light 
transmission and heat absorption, they can be black, transparent, or any 
other color, and each serves a particular purpose (Kumar et al., 2018).

Greenhouse films
Films used in greenhouses provide a regulated environment for plant 

growth and are crucial for protected horticulture. According to Brias
soulis et al. (2013), these films are commonly produced from co
polymers of ethylene and vinyl acetate (EVA), LDPE, or LLDPE. 
Depending on the unique requirements of crop cultivation, films can 
have a variety of qualities, such as light transmission, diffusion, UV 
resistance, and thermal insulation).

Irrigation systems
To ensure effective water distribution to crops, agricultural irrigation 

systems frequently include plastic pipes, fittings, valves, and drippers 
(Kumar et al., 2018). According to Kumar et al. (2018), these compo
nents are frequently composed of PVC, high-density polyethylene 
(HDPE), or polypropylene (PP). According to Kumar et al. (2018), 
characteristics like robustness, resistance to chemical deterioration, and 
compatibility with irrigation water quality affect the choice of material.

Materials for packaging
The packaging and transportation of fruits, vegetables, and other 

agricultural products are two examples of the many uses of plastic 
packaging materials in agriculture (Choudhary et al., 2020). According 
to Choudhary et al. (2020), common packaging materials include 
polyethylene terephthalate (PET), polypropylene (PP), and polystyrene 
(PS). According to Choudhary et al. (2020), these materials shield 
products from physical harm, preserve product quality, and lengthen 
shelf life.

Other agricultural plastics
Silage films, bale wraps, seedling trays, and pesticide containers are 

some further examples of agricultural plastics. These plastics are used 
specifically in agriculture to maintain the quality of feed, safeguard 
bales while they are being stored, promote seedling growth, and safely 
store and administer pesticides (Briassoulis et al., 2013). To create 
efficient waste management plans and treatment procedures tailored to 
each type of agricultural plastic, it is essential to understand the many 
types of agricultural plastics.

Agricultural plastics treatment processes

Mechanical recycling
For agricultural plastics, mechanical recycling is a frequently used 

treatment method to recover and reuse plastic components. Suzuki et al. 
(2022) posit that mechanical recycling is the most widely adopted 
technology for large-scale recycling of plastic solid waste where 
methods such as milling, washing and pelletizing are utilized. Costa 
et al. (2023) add that with the primary or mechanical recycling method, 
there is a focus on grinding down and reprocessing the generated ma
terial. As a result, the waste plastics are processed in a stepwise manner 
that involves collection, cleaning, chipping, agglomeration, extrusion, 
and the manufacture of the final end product (Phanthong and Yao, 
2022). Ragaert et al. (2017), support Phanthong and Yao (2022) who 
postulate that the processes involved in mechanical recycling may occur 
in order and in multiple times depending on the origin of the waste. A 

Table 1 
Numerical statistics for various types of agriplastics.

Plastic 
Type

Description Quantitative Data

PP Durable, heat-resistant, used 
in films, twines, and ropes

Global demand: 3.7 million tonnes in 
2019 (Grand View Research)

HIPS Lightweight, used for 
seedling trays and insulation

Global market size: USD 1.1 billion in 
2019 (Grand View Research)

PVC Versatile, durable, used in 
pipes, fittings, and films

European demand: 700,000 tonnes in 
2019 (PlasticsEurope)

PET Transparent, used in 
packaging for liquids

Global market size (agricultural 
packaging): USD 2.9 billion in 2019 
(Grand View Research)

PE Widely used, lightweight, 
flexible, chemical-resistant

European demand: 3.3 million tonnes 
in 2019 (PlasticsEurope)

EVA Soft, flexible, used in mulch 
films and greenhouse covers

Specific quantitative data not readily 
available
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negative consequence of mechanical recycling is that the process gen
erates a large amount of untreated wastewater containing marked 
quantities of microplastics that are a threat to aquatic ecosystems 
(Suzuki et al., 2022). Therefore, the regulation of mechanical recycling 
is advocated as well to reduce pollution of water sources.

Chemical recycling
Agricultural plastics that are difficult to mechanically recycle due to 

contamination or degradation can be treated instead via chemical 
recycling. Through depolymerization, pyrolysis, or gasification, poly
meric polymers are broken down into their chemical constituents 
throughout this process. In the process of depolymerization, the poly
mers in plastic are broken down into monomers or smaller molecules 
that can be utilized to create new plastics. Plastics are gasified into 
syngas, a feedstock for chemical production or a source of fuel 
(Briassoulis et al., 2013; Maraveas, 2020b). Lin et al. (2021) however 
argue that the oil generated from the contaminated plastic waste contain 
hazardous elements such as N, S and heavy metals which cause envi
ronmental pollution when emitted after combustion.

The following Figure illustrates a process diagram for waste treat
ment of agricultural plastics.

The flow diagram contained therein represents an ideal APW man
agement scheme; however, in each of the stages of the aforementioned 
flow diagram, several inefficiencies or external factors could impact the 
respective processes, thus hindering the overall goal of reducing 

agricultural plastic waste and/or properly recycling those. Below is a list 
of possible “disruptions” on the ideal APW management infrastructure 
presented in Fig. 1. 

1. Collection
• Inefficient Collection Systems: Inadequate systems to gather plastic 
waste could result in incomplete recovery of waste.
• Contamination of Waste: Mixing plastic with other types of waste 
or organic matter could complicate recycling efforts.
• Remote Locations: Farms and greenhouses in remote areas may 
face challenges in waste transportation to recycling facilities.
2. Sorting
• Incorrect Sorting: Misidentification of plastic types (LDPE, HDPE, 
PVC, etc.) could prevent optimal recycling, leading to reduced 
quality in recycled materials.
• Labour or Automation Shortages: Dependence on manual labour or 
technology could lead to disruptions if there are shortages in work
force or equipment failure.
3. Cleaning
• High Contamination Levels: If plastic is heavily soiled with organic 
matter, pollutants, or chemicals, cleaning may become difficult, 
making recycling inefficient or impossible.
• Water Usage: Insufficient availability of clean water for washing 
plastics could hinder the cleaning process.
4. Mechanical Recycling

Fig. 1. Process diagram for treatment of agricultural plastics.
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• Shredding and Melting Machinery Failures: If equipment used for 
shredding, melting, or forming plastic breaks down, the recycling 
process could come to a halt.
• Energy Consumption: The mechanical recycling process can be 
energy-intensive, and power disruptions could severely affect this 
stage.
5. Chemical Recycling:
• Complexity in Process Control: Chemical recycling involves com
plex processes like depolymerization, gasification, and pyrolysis. 
Mismanagement of these processes can lead to inefficiencies or 
hazardous outcomes.
• Toxic Emissions or By-products: Improper handling during chem
ical recycling could release toxic substances, affecting both the 
environment and worker health.
6. Product Distribution
• Market Demand Fluctuations: If demand for recycled plastic 
products decreases, there could be delays or disruptions in product 
distribution.
• Logistical Delays: Transportation issues, such as fuel shortages or 
shipping restrictions, could slow down the distribution of recycled 
products.
7. End-of-Life Management
• Inadequate Disposal Techniques: If the end-of-life management 
techniques are not environmentally friendly, this could lead to 
increased plastic pollution.
• Poor Waste Management Infrastructure: Limited infrastructure for 
further recycling or disposal of plastic after its second life could 
contribute to plastic waste re-entering the environment.

Methodology

For this scoping review investigation, the PRISMA systematic review 
framework provided by Tricco et al. (2018) was applied. Liberati et al. 
(2009) claim that PRISMA focuses on the methods that authors can use 
to ensure accurate and comprehensive reporting of systematic reviews. 
In accordance with Arksey and O’Malley’s methodology, we used a 
variety of search terms to completely cover the body of published 
literature. A university librarian was enlisted to develop and enhance 
the critical search words and offer aid in finding the database that would 
produce the results. A filter was then developed by the study team to 
only contain the desired results. A preliminary, unstructured search was 
first carried out using Google Scholar to ensure that the papers the study 
team discovered also appeared in the formal search and that the key 
phrases were properly producing the articles intended to be included in 
the review. We first looked for pertinent publications to manage and 
recycle APW for environmental sustainability. Sections 2.1 to 2.4 discuss 
the detailed process and steps involved in conducting this scoping re
view. The research question posed by the authors for this scoping review 
considering the issues related to APW discussed earlier are given in the 
introduction section.

Justification for the scoping review

A scoping review approach was preferred over systematic reviews 
because the former was suitable for mapping existing literature on a 
subject of interest and exploring heterogeneous subjects (Pham et al., 
2014). The mapping of literature delineated the core outcomes in the 
primary research. The arguments made by Pham et al. (2014) in favor of 
scoping review were corroborated by Peters et al. (2021), who noted 
that the approach helped develop a comprehensive overview of the 
evidence. In the current case, the scoping review approach enabled the 
researchers to present an overview of current research on thermal, 
chemical, and mechanical recycling, liquefaction of agricultural waste 
and existing challenges and opportunities.

Search strategy

The search strategy focused on the extraction of key literature from 
scholarly journals, including Elsevier, Springer, ASCE, Nature, IEEE, 
SPIE Digital Library, Taylor and Francis and Web of Science. Following 
the identification of the appropriate databases, manual, automated and 
snowballing strategies were employed. Bogner et al.’s (2021) proposed 
the adoption of manual, automated, and snowballing search methods to 
optimize the selection of publications. Pre-defined searches were 
employed in the automated search process, while manual searching 
encompassed hand searching of the hard-copy books and articles and 
analyzing the reference lists of the seminal research articles. The use of 
manual searches was supported by Vassar et al. (2016), who argued that 
manual searches are supplemental approaches to database searches to 
identify additional primary studies for reviews. The search was confined 
to articles published in the past decade, but exceptions were made for 
seminal research relating to thermal, chemical and mechanical recycling 
of agricultural plastics.

Study selection

The primary keywords were: agricultural plastics, liquefaction, 
thermal, chemical, and mechanical recycling, landfilling, incineration, 
agricultural plastics, and waste management. The keywords were com
bined to create new search phrases using AND/OR Boolean operators. 
For instance, ‘mechanical and chemical recycling’ AND ‘plastic agri
cultural waste’ were merged to form an extended search phrase. The 
extended search phrases were suitable for extracting additional litera
ture from Elsevier, Springer, ASCE, Nature, IEEE, SPIE Digital Library, 
and other databases.

The inclusion criteria requirements are the research studies based on 
thermal, chemical, and mechanical recycling, landfilling, incineration, 
agricultural plastics, and waste management as well as research on 
chemical and mechanical recycling of PS, PA, PU, PVC, PP, PE. More
over, the exclusion criteria requirements are the studies that were not 
specific to thermal, chemical, and mechanical recycling, landfilling, 
incineration, agricultural plastics, and waste management as well as the 
research that was not relevant to the countries and regions of interest 
(Europe, Middle East, Asia, Africa, and the US) and duplicate articles 
and grey literature. Even though the standard inclusion/exclusion 
criteria were vital, it was necessary to adopt supplemental approaches 
such as the PRISMA framework to illustrate the search process, 
including the number of publications drawn from different sources. 
Peters et al. (2021a) research supported the use of the PRISMA-ScR tool 
customized for scoping reviews. The illustration in Fig. 2 indicates that 
20 articles were drawn from scholarly databases. Six articles were 
sourced from websites, and national and international organizations 
with interest in agricultural waste management, including FAO. The 
inclusion of the six articles was necessary to support the key observa
tions made in peer-reviewed sources.

The steps to conduct PRISMA-ScR flow diagram are as follows: 

- A total of 300 studies were identified through various databases and 
registers, as mentioned in Fig. 2, out which 20 records were excluded 
on the basis of ineligibility and 15 based on duplication. 12 records 
from other unidentified sources were also included in the study.

- Of the 300 identified records, 255 were screened, after which 220 
records qualified for retrieval. Among the 12 records chosen from 
other sources, 8 were sought for retrieval.

- In the second step of screening, 10 reports were not retrieved hence 
210 remained eligible.

The records that qualified from screening, were then moved to the 
last step of PRISMA-ScR flow diagram, in which 157 records entered as 
20 records were excluded owing to scope, 15 due to relevance, and 25 
due to breadth of relevance.
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The PRISMA-ScR framework was adapted from Page et al. (2021). 
The 20 core articles were drawn from the key publications as illustrated 
in the PRISMA diagram, and six reports were identified using other 
methods (excluding scholarly databases and registers). The inclusion of 
peer-reviewed data and selected non-peer-reviewed articles was in line 
with (Peters et al., 2021; Pham et al., 2014), who observed that scoping 
review incorporated both empirical research and non-research evidence 
and policy documents to address broader questions about the topic of 
inquiry. Forward and backward snowballing was conducted on all ar
ticles, and the method was in tandem with Wohlin et al. (2022). The 
suitability of the selected articles was determined via an iterated 
snowballing process.

Data extraction and synthesis

The data extraction and synthesis process were conducted by the 
researcher without external assistance. Past studies proposed in
terventions employed in the data collection process to minimize biases 
(Drucker et al., 2017; Mullane and Williams, 2013). However, in the 
current case, the risk of bias in data collection and synthesis was mini
mized, considering the researcher had no vested interests in the subject. 
The purpose of the inquiry was to contribute new knowledge on thermal, 

mechanical, and chemical recycling of agricultural plastics compared to 
landfilling and incineration. The researcher screened the title, abstract 
and full-text version of each article, after which it was ranked. The 
ranking defined the extent to which the outcomes resolved the study 
questions and themes. The evidence relating to APW management in
terventions was subjected to thematic analysis in line with Kiger and 
Varpio, 2020; Vaismoradi et al., 2013). A thematic analysis established 
patterns in emerging research upon analyzing the results presented in 
the results and discussion section. The primary themes were landfilling 
and incineration, mechanical recycling, chemical recycling, and energy 
recovery (liquefaction) of APW. Each theme was appraised under sec
tion 4.2.

Results

Although the use of plastics in agriculture has increased crop yield, it 
has also produced a significant amount of plastic waste (Food and 
Agricultural Organization of the United Nations, 2021). In this results 
section, we give a thorough examination of the current methods for 
disposing of APW, paying particular attention to the environmental ef
fects of conventional landfilling and incineration methods. We look into 
the difficulties in putting other recycling methods, like mechanical, 

Fig. 2. PRISMA-ScR diagram illustrating the article selection process. The illustration was adapted from Page et al. (2021).
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chemical, and thermal recycling, into practice. These recycling pro
cedures are suitable for a variety of agricultural plastics, including PS, 
PA, PU, PVC, polypropylene PP and PE. The financial advantages of 
various energy-recovery techniques are also examined, with an 
emphasis on the liquefaction-related investment, operational, and 
logistical expenses (Riggi et al., 2011). Our final recommendation is to 
improve APW management techniques for environmental sustainability 
based on the findings and policy interventions.

Environmental effects of APW incineration and traditional landfilling

Landfilling and incineration of APW are two traditional waste 
management methods that have been linked to serious environmental 
issues. As the primary method of waste disposal, landfilling causes an 
environmental build-up of non-biodegradable conventional plastics, 
which in turn causes soil and groundwater pollution, odor, and air 
pollution (Siddiqua et al., 2022). Similar to burning, incineration is 
another often-used approach that releases dangerous chemicals into the 
air and can harm refractory materials. The incineration process gener
ates compounds that pollute the environment such as dioxins and furans 
in the flue gas that have an adverse impact on health, causing cancer and 
reducing immunity (Mukherjee et al., 2016). Similar to the incineration 
process, liquefaction, which is an energy-recovery method, also releases 
harmful pollutants such as dioxins, dioxin-like polychlorinated bi
phenyls (DL-PCBs), polycyclic aromatic hydrocarbons (PAHs) and hex
achlorobenzene (HCB) (Huang et al., 2023).

However, modern incinerators are equipped to minimize environ
mental pollution where emissions are continually monitored (Tait et al., 
2019). In their report, Tait et al. (2019) posit that older incineration 
technologies generated harmful pollutants leading to negative human 
and environmental consequences. The report further revealed that 
modern incinerators run more cleanly and with minimal environmental 
impact despite being associated with higher installation costs (Tait et al., 
2019). Conca et al. (2020) supported Tait et al. (2019) where they re
ported that modern incinerator plants were equipped with efficient 
systems to facilitate removal of pollutants hence leading to low gas and 
particle emissions. Zhao et al. (2018) also postulate that the adoption of 
hydrothermal treatments for organic materials in modern plants is ad
vantageous in comparison to pyrolysis techniques due to lower opera
tional temperature and emission of fewer gaseous products.

Cost-benefit analysis of APW recycled mechanically and chemically, and 
using liquefaction

Due to the environmental issues with conventional landfilling and 
incineration, the management of APW has shifted toward recycling 
technologies, such as mechanical recycling, chemical recycling, and 
energy recovery (e.g., liquefaction). These technologies do, however, 
come with a unique set of technological limitations and financial 
ramifications.

Despite being a widely used technique, mechanical recycling has 
drawbacks, including crop wastes, added colors, and contamination of 
agricultural plastics with other polymers (Cabrera et al., 2022). These 
impurities gravely jeopardize the recycling process and have an impact 
on the caliber of recycled materials. Furthermore, as different polymers 
have different melting points and mechanical properties, the presence of 
various classes of plastics in the waste stream can impact the effective
ness of mechanical recycling (Bahl et al., 2020; Qureshi et al., 2020, 
2019).

On the other side, chemical recycling encounters comparable diffi
culties. For instance, the recycling process for plastics may be hampered 
by the presence of halogens and other pollutants (Shen et al., 2016). 
Managing APW by energy-recovery methods, specifically liquefaction, 
offers a promising solution. Owing to the various mechanical, optical, 
and thermal properties of agricultural plastics, this technology may also 
have drawbacks (Kavya et al., 2020). In addition, it is important to 

evaluate the method’s economic viability in terms of financial, operating 
and logistical expenses, especially in light of competing recycling 
strategies.

In addition, mechanical recycling and hydrothermal liquefaction 
(HTL) differ significantly in their operating costs for processing plastic 
waste. Mechanical recycling is relatively cost-efficient, with typical 
operating costs ranging between €300 to €600 per ton, depending on the 
plastic type and level of contamination. For instance, recycling flexible 
polyethylene (rPE) costs approximately €566/ton, while polypropylene 
(rPP) films may reach up to €735/ton, mainly due to sorting and pre
processing requirements (Larrain et al., 2021). In contrast, HTL is 
notably more expensive to operate, with estimated costs ranging from 
€700 to over €1000 per ton. This is attributed to its energy-intensive 
nature, requiring high temperatures (250–550 ◦C) and pressures (5–25 
MPa), along with additional processing for bio-oil products (Tsongidis 
et al., 2021). While HTL offers the advantage of processing mixed and 
contaminated plastics—unlike mechanical recycling—this flexibility 
comes at a higher operational expense. On average, mechanical recy
cling proves to be 30–60 % more cost-effective per ton than HTL, making 
it the more economical choice for clean and sorted plastic waste streams.

Despite having potential advantages over conventional landfilling 
and incineration, each of these recycling processes comes with its own 
set of difficulties and compromises. Mechanical recycling is often 
effective and reasonably priced, although it can lose efficiency due to 
contamination from other plastics and wastes (Cabrera et al., 2022). The 
extra cost and labor needed to separate and clean the plastic waste could 
potentially cancel out the financial advantages of this approach.

Contrarily, chemical recycling typically has greater costs due to the 
requirement for specialized equipment and more complicated proced
ures, despite being better suited to handle mixed and contaminated 
plastic waste. A promising process called energy-recovery, which in
volves the liquefaction of waste plastic, has the potential to turn a va
riety of plastic waste into useful goods. The necessity for cutting-edge 
technological equipment and the high energy requirements, however, 
may dramatically increase operating costs (Anuar Sharuddin et al., 
2016). Traditional incineration typically consumes 0.2–0.4 MJ/kg of 
plastic waste while recovering energy, but much of it is lost as heat, 
making it less efficient. In contrast, hydrothermal liquefaction (HTL) 
requires higher input energy, averaging 1.5–2.5 MJ/kg, due to 
high-pressure, high-temperature water processing. However, HTL con
verts a significant portion of waste into liquid fuels with higher energy 
recovery efficiency (up to 80 %). Despite its higher energy demand, 
liquefaction offers a more sustainable output in the form of usable fuel, 
whereas incineration yields fewer valuable products and emits more 
greenhouse gases (Laredo et al., 2023).

The impact of each method on the environment is another consid
eration. For instance, mechanical recycling can lessen the environ
mental impact of managing plastic waste, but poor treatment might 
result in microplastic pollution. Chemical recycling may be able to 
recover more valuable resources from plastic waste, but if the process is 
not adequately managed, it could result in dangerous emissions (Cabrera 
et al., 2022). On the other side, liquefaction offers the ability to turn 
waste plastic into energy, lessening the need for fossil fuels.

From a life cycle analysis (LCA) perspective, mechanical recycling of 
plastics generally demonstrates a lower environmental impact 
compared to chemical recycling. Mechanical processes consume less 
energy, produce fewer greenhouse gas emissions, and generate minimal 
toxic by-products, especially when dealing with clean, homogeneous 
waste streams. In contrast, chemical recycling, such as pyrolysis or hy
drothermal liquefaction, requires high energy input and often involves 
complex processing with catalysts, leading to higher CO₂ emissions and 
potential secondary pollution. However, chemical methods offer ad
vantages in handling contaminated or mixed plastics that mechanical 
recycling cannot process. According to recent LCA data, mechanical 
recycling can reduce GHG emissions by up to 1.5–3.0 kg CO₂-eq per kg of 
plastic, while chemical recycling typically saves less—around 0.5–1.0 kg 
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CO₂-eq per kg, depending on the feedstock and technology used. Thus, 
while chemical recovery broadens recycling options, mechanical re
covery remains more favorable environmentally under current techno
logical and energy efficiency conditions (Hulst van der et al., 2022; 
Jeswani et al., 2021).

In conclusion, while each of the processes has pros and cons of its 
own, the most sustainable way to handle APW should be determined by 
performing a thorough cost-benefit analysis that takes into account both 
the financial costs and the environmental implications. To assess the 
long-term economic viability and environmental sustainability of 
various recycling systems, more research is required.

Legal issues are equally as important to consider when choosing APW 
management techniques as technical and economic factors are (Pereira 
et al., 2021). The handling of plastic waste is governed by a number of 
laws, including the UK’s Agricultural Waste Regulations of 2006 and the 
Directive 2008/98/EC. The problems have not totally been resolved 
despite these initiatives (Preventing Plastic Pollution, 2021).

Single-use agricultural plastics are not subject to strict controls, 
which encourages their use and increases the amount of plastic waste. 
Furthermore, because there are no stringent enforcement mechanisms in 
place under the current law, stakeholders might not be compelled to 
adopt more sustainable practices.

Additionally, flaws in current legislation, such as a lack of emphasis 
on the use of recycled or biodegradable plastics, limit the potential 
development of the recycling sector. The efficiency of recycling initia
tives is also hampered by a lack of incentives for farmers and other 
stakeholders to sort and clean the plastic waste before disposal. To 
address this, governments should implement structured incentive 
mechanisms, including direct subsidies, tax reductions, or payment-for- 
recovery schemes, to encourage farmers’ active participation in the 
collection and pre-treatment of agricultural plastic waste. Such eco
nomic incentives can offset labor and equipment costs and make proper 
disposal practices more appealing to the farming community. It is 
essential to update present regulations and implement more thorough 
and efficient procedures to solve these challenges. Johnson put forth 
several proposals, including a complete prohibition on single-use agri
cultural plastics, a large increase in the commercial usage of agricultural 
plastics and increasing use of recycled plastic items. However, due to the 
complexity of the APW management problem, achieving these lofty 
goals may be difficult. For instance, just 1 % of the global market is 
occupied by bioplastics (biodegradable plastics) (Vanderreydt et al., 
2021), indicating that enormous investments would be required to 
significantly boost their use. The use of bio-based plastics is advocated as 
a replacement for conventional plastics due to their minimal environ
mental impact. However, biodegradable plastics are only considered 
viable in areas where high financial support is available, unlike con
ventional plastics that are cheap to produce and use. Furthermore, 
Rahman and Bhoi (2021) argue that most bioplastics are not biode
gradable and cannot be handled easily when disposed into the marine 
environment. Additionally, the degradation rates of biodegradable 
plastics vary significantly under different environmental conditions, 
leading to contradictory conclusions in various studies. For instance, 
polylactic acid (PLA) may degrade completely within 70 days under 
industrial composting conditions but shows minimal degradation over 
extended periods in natural freshwater environments (Wang et al., 
2022). This inconsistency underscores the need for standardized quality 
evaluation methods that accurately reflect real-world scenarios. Devel
oping and implementing such standards would enhance the reliability of 
assessments and support the effective utilization of biodegradable 
plastics in environmental applications (Afshar et al., 2024).Therefore, 
challenges are still associated with the use of bioplastics.

Although policy interventions can significantly contribute to the 
promotion of more environmentally friendly methods of managing 
APW, they must also be designed with practical implementation in 
mind. Clear compliance frameworks, region-specific adaptability, and 
stakeholder consultation are critical to ensure that policies are not only 

well-intentioned but also actionable at the farm level. To fully under
stand the potential policy measures and their effects in this situation, 
more research is required.

Practical solutions to current challenges and recommendations

A diversified strategy is needed to solve the complicated problem of 
managing APW. According to Mukherjee et al. (2019), Riggi et al. 
(2011), the inherent characteristics of various polymers used in agri
cultural applications, such as PP, PS, LDPE, HDPE, PVC, and polyolefins, 
present special challenges for waste management. The issue is made 
more difficult by the variety of ways these materials are used in agri
cultural activities such as exclusion nets, integrated pest management, 
packaging agricultural products, and crop production and the additives 
they contain (Hahladakis et al., 2018; OECD/FAO, 2021).

However, the R&D industry is producing promising solutions. For 
instance, improvements in recycling technology might make com
mingled plastics and additive pigments less problematic (Cabrera et al., 
2022; Shen et al., 2016). To create effective processes for eliminating 
impurities from plastics before recycling, more study is required.

The economic viability of recycling processes, the availability and 
cost of feedstocks for the production of bioplastics, and the current 
policy and regulatory environment are some of the obstacles to the 
development and implementation of these technologies despite the po
tential environmental benefits (Gerassimidou et al., 2021). Conse
quently, a comprehensive plan that takes into account technical 
advancement, economic factors, and regulatory interventions is 
required.

Promoting the creation and use of biodegradable plastics where 
financial support is available, putting in place better sorting and 
cleaning procedures to enhance the quality of plastic waste for recycling, 
and creating laws to encourage sustainable agricultural practices are all 
feasible solutions to these problems. However, the large-scale produc
tion of bio-based plastics also presents key feasibility challenges, 
particularly regarding raw material supply. Many bioplastics are derived 
from feedstocks such as corn, sugarcane, or starch, which may compete 
with food production or require significant land and water use. Addi
tionally, global disparities in biomass availability and processing infra
structure hinder scalability (Stasǐskienė et al., 2022). These limitations 
must be addressed through investment in second-generation feedstocks, 
such as agricultural residues or non-food biomass. Any proposed rem
edies must be carefully analyzed for their potential social effects, 
long-term effects on the environment, and economic sustainability.

In conclusion, a comprehensive strategy that incorporates techno
logical advancement, economic and policy considerations, and a dedi
cation to environmental sustainability is needed for effective 
management of APW. Future studies should concentrate on creating and 
analyzing workable solutions that balance these elements.

Discussion

Sustainability implications of APW management strategies

We delve into the sustainability ramifications of the various APW 
management techniques examined in our study in this section.

Environmental sustainability
A key component of APW management systems is environmental 

sustainability. Understanding the greenhouse gas (GHG) emissions and 
landfill degradation rates for plastics is essential for assessing the envi
ronmental impact of these techniques.

The amount of GHG emissions linked to various waste disposal 
methods varies greatly. For instance, the manufacture of 1 t of virgin 
fossil-based plastic results in the release of 2.9 t of GHGs, and the 
incineration process results in an additional 2.7 t of emissions 
(Vanderreydt et al., 2021). This is in contrast to Eriksson and 
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Finnveden’s estimates from 2009, which varied from 0.6 to 4.6 kg of 
CO2 per kg of burnt plastic. The discrepancies may be related to the 
origin of the materials, with Eriksson and Finnveden’s (2009) study 
focused on plastic waste from MSW and Vanderreydt et al. (2021) study 
concentrating on virgin plastics.

Significant environmental challenges are, also, posed by how quickly 
plastics degrade in landfills. According to Dwivedi et al. (2019), con
ventional plastics take more than 100 years to disintegrate, which in
creases the amount of waste in landfills and raises the risk of 
environmental pollution. Contrarily, according to Moshood et al. 
(2022), biodegradable plastics can dissolve into liquid water and carbon 
dioxide within 45 days, demonstrating the potential for environmentally 
benign substitutes, subject to the availability of microorganisms, oxy
gen, and humidity.

Given that conventional waste management practices like incinera
tion and landfilling have major environmental effects, this section of the 
discussion emphasizes the necessity for efficient waste management 
strategies. Future studies ought to concentrate on methods that support 
the ideas of environmental sustainability, such as lowering (GHGs) 
emissions and encouraging the use of biodegradable materials.

Economic sustainability
The feasibility and long-term viability of these techniques are 

impacted by the economic sustainability of APW management strate
gies, which is an important factor to take into account. It should be noted 
that each method—mechanical recycling, chemical recycling and en
ergy recovery—presents distinct economic benefits and bottlenecks.

Managing APW through mechanical recycling, which entails phys
ical operations like sorting, washing and melting, is typically regarded 
as a cost-effective strategy. Using recyclates to produce brand-new 
plastic materials, components and products, it lessens the demand for 
virgin plastic production by converting plastic waste into a secondary 
material that can be fed back into the system (Ragaert et al., 2017; 
Hahladakis and Iacovidou, 2019). However, the market demand for 
recycled plastic items, which can vary depending on a number of factors, 
including consumer perception and policy requirements, is largely 
responsible for the economic sustainability of this technology (Ragaert 
et al., 2017).

Plastic waste can be recycled chemically to create useful goods like 
fuel, chemicals, and monomers using processes like pyrolysis and 
depolymerization. However, compared to mechanical recycling, these 
procedures frequently demand substantial energy input and cutting- 
edge technological infrastructure, which raises operational costs 
(Al-Salem et al., 2017). Therefore, the market value of the produced 
outputs, as well as the accessibility of technology and energy resources, 
are all necessary conditions for the economic sustainability of chemical 
recycling.

The costs related to waste collection, transportation, and pre- 
processing must, also, be taken into account when evaluating the eco
nomic viability of these techniques because they have a substantial 
impact on the overall economics of waste management (Kedzierski et al., 
2020).

Additionally, the availability of regulatory incentives, such as tax 
breaks or subsidies, can significantly increase the economic viability of 
more environmentally friendly waste management techniques. De Jong 
and Mellquist (2021), for instance, emphasized the beneficial effects of 
legislative interventions in Sweden, where a platform connecting 
different parties in the supply chain for plastic waste secured a ready 
market for recovered plastic waste.

In conclusion, it is apparent that for a full circle plastics value chain, 
a multi-dimensional analysis is required where resource recovery from 
waste systems should be assessed via scientific, engineering and socio
political methods and frameworks that measure multi-dimensional 
value (Iacovidou et al., 2017a). A conceptual framework that can 
address systemic challenges with transparency and flexibility, account
ing alongside for the dynamic, non-linear flow of commodities and the 

interdependencies between structures and processes. Thus, major areas 
of concern (where negative value is created) and opportunities (where 
positive value is created) can be identified and captured, so that sus
tainability and circularity might be obtained (Iacovidou et al., 2017b).

Sustainability through resource recovery
Another crucial component of sustainability is resource recovery 

from APW. For their management, procedures such as liquefaction have 
been suggested (Huang et al., 2022; Lange, 2021). A benefit of lique
faction is the recovery of plastic waste from the feed and the production 
of bio-oil through the thermal cracking of polymers in the presence of 
super critically heated water (Panda et al., 2010; Miandad et al., 2016; 
Singh and Ruj, 2016; Al-Salem et al., 2017).

However, the procedure is not without its difficulties, and one of 
them is the requirement for heterogeneous catalysts in order to guar
antee effectiveness, enhance the reaction, and stop corrosion of metallic 
components (Huang et al., 2022). Xiao et al. (2020), who investigated 
the liquefaction of agricultural plastics to synthesize bio-composite 
wallpapers, showed that this technology has potential, despite the 
paucity of research on the subject.

Recycling is a significant resource recovery approach. Several Eu
ropean nations have implemented labeling programs like Label Agri- 
Waste to enhance the management of plastic waste (Briassoulis et al., 
2012; Briassoulis et al., 2013). Such tactics highlight the need for better 
APW collection, sorting and recycling to maintain sustainability.

To overcome technical obstacles and assure efficient and effective 
resource recovery, more research is nonetheless required.

Polymer waste management techniques for agricultural plastics

The novel waste management and interventions needed in this sector 
are reviewed in this section and are aligned with the circular economy 
model (Matuszewska et al., 2022). Matuszewska et al. (2022) and Eu
ropean Parliament (2015) supported the circular economy model, which 
committed the member countries to increase resource efficiency and 
re-utilization of polymers by 30 % over the next 15 years.

The European Green Deal has been a transformative force in shaping 
EU policies regarding the management of agricultural plastics. Aiming 
to make Europe climate-neutral by 2050, the Deal emphasizes reducing 
pollution, promoting circular economy principles, and ensuring the 
sustainable use of resources across sectors—including agriculture. As 
part of this broader strategy, the EU Plastics Strategy (2018) marked a 
significant policy milestone by highlighting the need to rethink the 
production and consumption of plastics, with special attention to waste 
prevention and improved recyclability (EU Plastics strategy, 2018).

Building on this, the Circular Economy Action Plan (2020) provided 
targeted actions to improve the sustainability of plastic use in agricul
ture, encouraging the development of closed-loop systems for plastic 
materials like mulch films, greenhouse covers, and silage wraps 
(Circular Economy Action Plan, 2020). A notable development was the 
2022 EU policy framework on bio-based, biodegradable, and compost
able plastics, which aims to replace conventional plastics with envi
ronmentally preferable alternatives in agriculture, while setting clear 
conditions to avoid greenwashing and ensure proper waste management 
(Biobased, 2022).

Collectively, these initiatives reflect the EU’s commitment to inte
grating environmental sustainability into agricultural practices. They 
push for reduced reliance on fossil-based plastics, greater use of recy
clates, and innovation in end-of-life solutions—directly aligning agri
cultural plastics management with the core objectives of the European 
Green Deal.

The circular economy principles encompassed the judicious use of 
raw materials, adoption of designs, and manufacturing principles that 
minimize the negative ecological impact (see Fig. 3). Even though there 
was a compelling argument in favor of the circular economy by 
Matuszewska et al. (2022) and European Parliament’s (2015) recent 
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findings raise concerns about its viability in the long term. From the 
argument by Jee (2019) there was no practical alternative to the circular 
economy considering less than 10 % of global plastics were recycled. Jee 
(2019) supported the European Parliament’s (2015) report where 
recycling and reuse were considered vital because the percentage of 
APW generated annually was on the rise.

Both Miskolczi et al. (2009) and Briassoulis et al. (2012) concur that 
increased use of plastics did not lead to the adoption of better waste 
management strategies. In fact, recycling and value addition was less 
preferred owing to the high costs. In contrast to Miskolczi et al. (2009), 
and Briassoulis et al. (2012), Schyns and Shaver (2021) argued the 
scenario could not be generalized given that most nations within the EU 
had made tangible progress. For example, the EU had the lowest share of 
landfilled plastics (Schyns and Shaver, 2021). The progress made by 
specific EU countries was delineated by Castillo-Díaz et al. (2021). 
Castillo-Díaz et al. (2021) claim that the use of biodegradable plastics 
has increased in industrialized nations in place of non-biodegradable 
plastics (Riggi et al., 2011; Siegenthaler et al., 2012; Moshood et al., 
2022). This move has successfully reduced the amount of plastic waste 
dumped in landfills in nations like Germany, Belgium, and The 
Netherlands (Ragaert et al., 2017), illuminating the real benefits of 
utilizing biodegradable plastics in waste management strategies. The 
progress made in plastic waste management in Europe could be repli
cated in other regions.

The sustainable management of APW was the only option consid
ering it was not practical to ban synthetic polymers (Chin et al., 2022; K. 
H. Yu et al., 2021). However, there were multiple challenges to sus
tainable adoption of agricultural plastics. For example, the global plastic 
manufacturers had not committed to making plastics reusable, recy
clable, or compostable, in line with the "Davos 2018" agreement 
(Godfrey, 2019). Moreover, there is no consensus about the choice of 
recycling technique. On the one hand, Bos et al. (2008) postulated that 

the selection should be grounded on past life cycle analyses of APW 
within the EU and beyond; this approach focused on sources of the 
waste, routes of disposal, and demand for value-added plastic products 
such as construction materials, alternative fuels, food packaging and 
recycled plastic products for agricultural plastic containers (Asgher 
et al., 2020; Awoyera and Adesina, 2020; Shanmugam et al., 2020; Wan 
Mahari et al., 2022; Zhang et al., 2021). On the other hand, Behrendt 
and Naber (2009) focused on the utility of the end products (poly
isocyanurate, flexible and rigid foams). Similar to Behrendt and Naber 
(2009), Koul et al. (2022) focused on end products, including 
composites.

Theme 1: landfilling and incineration of APW
Landfilling and incineration methods were among the main end-of- 

life scenarios for agricultural plastics. The case for incineration and 
landfilling was delineated by Bos et al. (2008) and Castillo-Díaz et al. 
(2021). The case for incineration was further grounded on the fact that 
most agricultural plastics in circulation were developed from 
non-biodegradable and fossil-fuel-based sources such as PE (Food and 
Agricultural Organization of the United Nations, 2021). Since PE-based 
agricultural plastics were not compostable, post-use management was a 
challenge, and about 80 % of the plastics were discarded in landfills 
(Evode et al., 2021; Food and Agricultural Organization of the United 
Nations, 2021; Maina, 2022). Landfilling was widely preferred in 
developing and developed countries (with the exception of Northern 
Europe) because there were stringent recycling requirements (Al-Khatib 
et al., 2010). However, a few cases, i.e., Northern Europe do not prefer 
landfilling because it is either much too expensive or simply banned. 
Briassoulis et al. (2012) and Briassoulis et al. (2013) argued that land
filling was practical if the agricultural waste polymers had inert con
taminants or limited post-recycling applications. Such worldviews were 
criticized by David et al. (2019), who noted that most landfills in the US, 

Fig. 3. Circular economy principles.
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Netherlands, the UK, and Japan were nearly full. Based on David et al. 
(2019) study, creating space for new landfills would not help resolve the 
problem because chemicals such as flame retardants, pigments, plasti
cizers, antioxidants, and fillers in agricultural and non-agricultural 
plastics contaminate soils, water sources, and air. The plasticizers 
include polyesters, epoxide oils, and phthalates (J. Yu et al., 2016). The 
poor and inappropriate disposal of plastic waste generates new chal
lenges because landfilling and incineration pollute soils and the air, 
respectively (Evode et al., 2021; Takada and Bell, 2021). However, in 
the 1980s, Northern Europe implemented new regulations and the 
recycling facilities have air cleaning facilities that are as big as the 
incinerator boilers themselves since they have to purify their exhaust 
gases. According to Huang et al. (2022), the incineration of plastic waste 
releases heavy metals, acidic gases, particulate matter, VOCs, methane, 
and CO2 into the atmosphere. However, this is not the case in 
Northern-Europe because since 1980s, incinerators are legally required 
to clean their exhaust gases and now these facilities do have air cleaning 
services that are as large as the incinerator boilers themselves. The ob
servations made by Huang et al. (2022) contrast with Bos et al. (2008), 
who argued the greenhouse potential was dependent on the type of 
agricultural plastic. The accumulation of primary pollutants linked to 
landfilling of APW partly explains the higher greenhouse warming po
tential of Low-Density Polyethylene(LDPE) and Ethylene-Vinyl Acetate 
(EVA) relative to mechanical recycling (see Fig. 4) (Bos et al., 2008). 
However, slight differences in the greenhouse potential may be observed 
with other polymers part from LDPE and EVA in these countries.

Even in cases when the greenhouse warming potential was low, 
landfilling was not profitable because 90 % of the discarded plastics 

could be recycled into new products (Mikula et al., 2021). Proponents of 
landfilling argued that the entire production and utilization process 
emitted large quantities of CO2 into the atmosphere regardless of the 
disposal method. Empirical data did not support this worldview 
considering the end-of-life scenarios showed the global warming po
tential of landfilling and incineration were higher compared to me
chanical recycling (Bos et al., 2008). However, a complete transition to 
mechanical recycling was not feasible due to the high energy require
ment (Cascone et al., 2020) and low quality/economic value of the 
recycled plastic product. Despite the proven negative ecological impact 
and economic considerations, landfilling was widely practiced.

On a positive note, microbial degradation of plastics in landfills may 
be practical in the long term. Muenmee et al. (2015) observed that 
methanotrophs degraded plastics in open dumpsites. On the downside, 
the optimal function of the bacteria was depth specific. The bacteria 
functioned best at depths of up to 15 cm, beyond which the biodegra
dation efficiency decreased significantly. The shortcomings of meth
anotrophs may be addressed by transitioning to enzyme-embedded 
plastics, which degrade naturally in the atmosphere (DelRe et al., 2021; 
Greene et al., 2021; Q. Huang et al., 2020). The viability of such plastics 
was considered under section 4.2. Nonetheless, it was imperative to note 
that bacterial-based waste management technologies were relatively 
new, and commercial viability was not guaranteed due to the variable 
performance of the microorganisms.

Theme 2: mechanical recycling of APW
Mechanical recycling was considered one of the best end-of-life 

scenarios for APW (Bos et al., 2008). Proponents of mechanical 

Fig. 4. Greenhouse warming potential of (a) incineration and energy recovery and (b) mechanical recycling of the APW in France, Greece, Italy, and Spain, and 
Europe. (Data source:(Bos et al., 2008).
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recycling, such as Bos et al. (2008), argued the process was aligned with 
the circular economy model and contributed to climate protection, given 
the global warming potential for mechanical recycling was lower 
compared to landfilling and incineration. The narrative was consistent 
with Ragaert et al. (2017), and Lange (2021). On the contrary, critics 
argued the process was expensive, energy-intensive, and undependable 
because it yielded inconsistent quality (Schyns and Shaver, 2021). 
Following the analysis of the cost-benefits, the benefits outweigh the 
tradeoffs; this justified the consideration of the technique in this review.

Georgali et al. (2021) proposed the following steps in the mechanical 
recycling of waste plastics. The first step was pretreatment separation, in 
which inert contaminants were removed from the plastic waste. Mis
kolczi et al. (2009) conducted a pilot-scale production of value-added 
products from agricultural plastics and affirmed the case for the me
chanical recycling requirements outlined by Georgali et al. (2021). Ac
cording to the former, plastic waste was contaminated with elements 
present in fertilizer and agrochemicals, such as calcium, phosphorous, 
sulfur, and nitrogen, which must be removed. Higher concentrations of 
P, Ca, S and Na in the waste plastic would impact the chemical, thermal 
and mechanical attributes of the plastics due to the formation of 
chemical bonds with the oxygen-rich functional groups (Georgali et al., 
2021). The impact of P, Ca, S and Na was comparable to halogens and 
other compounds present in agrochemicals, including Ca(OH)2. In 
contrast to Georgali et al. (2021), Shen et al. (2016) suggested observed 
that such elements might accelerate the mechano-chemical reactions; 
this means the benefits may outweigh the risks.

The reservations towards recycling were supported by Ryba and 
Youngman (2022), who noted the cost of virgin PP and PE polymers had 
increased from $1200 to $2200. Blending would diminish the benefits of 
recycling. In contrast to Ryba and Youngman (2022), Alassali et al. 
(2020) supported the recycling and blending of virgin agricultural 
polymers with recycled materials. The latter case was grounded on the 
fact that the quality of the recycled plastic products was impacted by 
oxidation and exposure to physical stress and heat (Alassali et al., 2020). 
Lange (2021), and Schyns and Shaver (2021) supported the adoption of 
mechanical recycling to complement the existing interventions. The 
proponents of mechanical recycling note that the higher disposal income 
and competitive quality of recycled plastic product relative to virgin 
polymers were sufficient incentives to invest in mechanical recycling 
(Shamsuyeva and Endres, 2021). Emerging technologies might make it 
practical to synthesize high recycled plastic products that can match 
virgin polymers (see Fig. 5). A key drawback was the cost of processing 
quality recycled plastic products.

The optimistic view advanced by Shamsuyeva and Endres (2021) did 
not align with Lange (2021). Lange (2021) noted there were no 
compelling economic grounds for mechanical recycling, considering the 

process was expensive, and additives and compatibilizers must be added 
to improve the quality of the recycled plastic product. The discarded 
plastics must be sorted and cleaned before the radical attack and thermal 
degradation pathways (Schyns and Shaver, 2021). The cleaning process 
was important because dirt, plant material, and chemical residue (inert 
contaminants) adhered to the surface of agricultural plastics, especially 
mulching films (Briassoulis et al., 2012). The clean plastics were dried to 
limit the impact of moisture on the incineration and energy recovery 
processes.

Empirical data drawn from the European Label Agri-Waste project 
(samples collected from Spain, France, Italy and Greece) confirmed that 
the collected APW contained mixed and non-compatible polymers such 
as polystyrene, polyurethane, and polyvinyl chloride. The concerns 
raised by Briassoulis et al. (2012) and Briassoulis et al. (2013) about 
improper sorting were also documented by Meert et al. (2021). How
ever, in the latter case, improper sorting was attributed to poor identi
fication. For example, biodegradable plastics were placed in the same 
category as PE films. The presence of incompatible plastics in the 
recycling stream would continue to pose unique challenges considering 
each plastic waste stream had a variable extrusion melt temperature, 
density, and color. Moreover, certain types of agriculture waste are 
made from one type of plastic (i.e., dairy farm film, open-field mulch 
films and HDPE jerry cans for herbicides and pesticides) (Picuno et al., 
2019).

There was no consensus among scholars on how to mix polymers 
while maintaining the viscosity, wettability ratio, and heat distortion 
temperature. On the one hand, Meert et al. (2021) noted that the com
plete recycling of agricultural waste was not feasible without proper 
segregation of different polymers. Flexibles should be separated from 
rigid plastics because they interfere with the performance of the recy
cling equipment. On the other hand, Briassoulis et al. 2012; Briassoulis 
et al. (2013) noted that recycling plastics was practical as long as the 
technical specifications for mechanical recycling were satisfied before 
the plastics were channeled into the recycling factory. One of the 
fundamental requirements related to the removal of inert contaminants 
from the surface using high-pressure water. The cleaning increases the 
energy requirements and, in turn, the cost of recycling. The optimal 
thermal degradation occurs in a controlled environment with a limited 
oxygen supply, yielding low molecular weight hydrocarbons, coke, and 
hydrogen.

The efficiency, selectivity, and energy consumption in the thermal 
degradation step were constrained by the low thermal conductivity of 
polymers – an issue that was partly addressed by nano-catalyzed py
rolysis or microwave-assisted pyrolysis as noted by Dwivedi et al. (2019)
and Undri et al. (2014). The potential benefits of nano-catalyzed py
rolysis reported by Dwivedi et al. (2019) and Undri et al. (2014) negated 

Fig. 5. Relationship between cost, quality, and performance of recyclates.
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the fact that carbon-intensive alternative solid fuels (waste plastics from 
non-agricultural sources) were used in the heating process . From an 
economic perspective, extensive use of energy increases production 
costs. Higher costs may diminish the viability of recycling, considering 
the process releases high carbon emissions, as noted by Bos et al. (2008). 
In contrast to Bos et al. (2008), Hopewell et al. (2009), and Lange (2021)
suggested that the quality of the recycled plastic products had a major 
impact compared to greenhouse warming potential. Based on the cur
rent technologies, the end-product quality did not match the virgin 
plastics, even in cases where higher ratios of virgin polymers were 
incorporated to improve chemical and mechanical properties.

The following factors constrain the long-term benefits of mechanical 
recycling. First, the process was limited to a specific number of cycles, 
after which the plastic became non-reusable. PET was recycled to create 
textile products, but the recycled plastic product could not be reproc
essed later (Lange, 2021). The concerns raised by Lange (2021) con
cerning mechanical recycling were corroborated by Hopewell et al. 
(2009), who noted that recycled plastics were used in non-critical ap
plications such as the production of drainage pipes, waste bags, and 
multilayer applications where the recycled plastic products were placed 
between layers of virgin plastics considering the recycled plastics had 
shorter fibers with low mechanical strength. The commercial viability of 
mechanical recycling was complicated by the need to isolate the recy
cling process for mixed plastics and mono plastics (Ragaert et al., 2017). 
Mixed plastics had different degradation pathways based on the unique 
interaction with light, moisture (based on the wettability of individual 
components), ionic radiation, chemical oxidation, and heat, which in 
turn, compromises the thermal-mechanical degradation pathway.

The case advanced by Lange (2021) and Hopewell et al. (2009)
concerning the use of recycled agricultural plastics was in line with, who 
claimed that agricultural plastic crates could be produced using >90 % 
recycled plastics. The same case applies to sheets, hoses, tubing, garbage 
bags, pipes, and mulching films (Maraveas, 2020b). Despite the positive 
assessment made by Briassoulis et al. concerning the use of recycled 
plastics in farms, the concerns raised by Núñez et al. (2022) cannot be 
disregarded. A major concern relates to the presence of undesired and 
toxic biphenyls, furans, PAHs and heavy metals (including Cd, Co, Pb, 
and Cd), which were unintentionally incorporated during the recycling 
process (Núñez et al., 2022). The findings made by Núñez et al. (2022)
about the presence of heavy metals and other contaminants in recycled 
plastics were in line with Briassoulis et al. (2012) documented higher 
levels of heavy metals in plastics. Even in cases when the accumulation 
of toxic compounds was minimized, the recycled polymer blend might 
contain variable ratios of PET, PVC, PS, and PE polymers, making it 
non-ideal for specific agriculture applications.

Hahladakis et al. (2018) observed that incorporating additives which 
are chemical compounds that enhance the performance of the recycling 
process such as during polymer shaping, extrusion, and molding is 
important in enhancing the functionality of polymers. Antonakou and 
Achilias (2012) also highlight that novel methods of polycarbonate 
degradation have been reported including decomposition in the pres
ence of enzymes, treatment using chemicals and thermochemical 
methods. Achilias et al. (2007) also observe that the use of chemical 
recycling methods for plastic wastes generates hydrocarbons that are 
recycled back as feedstock to facilitate new plastic production.

However, the incorporation of additives such as metal oxides in the 
plastics recycling process as contended by Hahladakis et al. (2018) and 
Núñez et al. (2022) leads to serious concerns such as the release of 
hazardous substances, dealing with the contaminated recyclables and 
degradation at the reprocessing phase. The metal-containing additives 
also have the potential to form pro-oxidants and photo-oxidation cata
lysts that promote plastics degradation during the reprocessing phases. 
The molding and extrusion processes which are core parts of mechanical 
recycling are operated at high temperatures between 200 ◦C and 300 ◦C 
hence releasing different hazardous components such as toxic metals 
and volatile organic compounds (Núñez et al., 2022).

Apart from PET and PP, other plastics were recycled four or more 
times, but the properties of the polymers were depleted with each down 
cycle, a concept described as “cascaded” recycling or “downcycling” 
(Hahladakis and Iacovidou, 2018, 2019). The cycle-dependent nature of 
mechanical recycling affirmed the need for complementary recycling 
options such as chemical recovery. Second, mechanical recycling often 
yields different grades of plastics with variable quantities of flame re
tardants, pigments, plasticizers, antioxidants, and fillers, limiting the 
commercial use of the plastics, which were incorporated to enhance the 
properties of the plastics and enhance the useful life (Núñez et al., 2022). 
On the downside, the use of pigments, fillers, and antioxidants contain 
toxic metals, including Zn, Pb, Cd, Cr, and Co (Núñez et al., 2022). 
However, they are found in exceptions. There is a possibility of 
contamination, mostly with bacteria, plant viruses, degraded antioxi
dants, and crop protection chemicals. If the recycled plastic is not put 
through thermal reprocessing, bacteria and viruses can survive. But it’s 
important to remember that thermal reprocessing is frequently used, 
making this less of a big deal. Although there are some situations where 
this can become a problem, such as when plastic waste is 
dry-mechanically cleaned and then compression molded in a relatively 
short amount of time, allowing some germs to survive. Compared to 
legacy chemicals, these are both more sensitive and prevalent. These 
antiquated compounds come from WEEE plastics more frequently than 
from APW. As a result, the recyclers only accept plastic used in distri
bution and in agriculture, not WEEE or ELV, etc. The shortcomings 
confirmed that mechanical recycling was not a sustainable waste man
agement strategy for agricultural plastics, especially when it was 
necessary to retain the quality of the original plastic materials (Hopewell 
et al., 2009; Lange, 2021); this influenced the exploration of liquefaction 
and chemical activation as complementary techniques.

Theme 3: catalyzed gasification for plastic waste recycling
Chemical recycling of plastic waste encompasses depolymerization, 

gasification, pyrolysis and hydrocracking (Grigore, 2017; Thiounn and 
Smith, 2020). There was emerging evidence in support of oxygen 
cleavage of carbon-carbon bonds (Gazi et al., 2019). However, upscaling 
and cost efficiency remain a challenge. Despite the paucity of data on 
oxygen bond cleavage, the body of knowledge suggests that chemical 
recycling is better than mechanical recycling (Vollmer et al., 2020). The 
exploration of the technique in research was validated by the lower 
greenhouse warming potential of mechanical recycling and the need to 
align future processes with the circular economy model (Coates and 
Getzler, 2020). The chemically recycled polymer release 2.3 tons of CO2 
equivalent per ton less than virgin plastics (Jeswani et al., 2021). The 
lower greenhouse warming potential makes chemical recycling a better 
alternative compared to incineration and landfilling. Considering 
depolymerization and hydrocracking were resource-intensive processes, 
the review focused on pyrolysis and upscaling via chemical treatment 
because the utility of these processes was demonstrated by Anuar 
Sharuddin et al. (2016) and Miandad et al. (2016) and Kremer et al. 
(2021). Beyond empirical data, the choice of these methods was also 
validated by their commercial maturity/technological readiness level 
(Solis and Silveira, 2020). The benefits of co-pyrolysis were enumerated 
by Chen et al. (2022) in the treatment of agricultural wastes and sewage 
sludge. The pyrolysis technology was beneficial in precision agriculture 
despite the higher energy expenditure.

The chemical activation of polymer waste was explored to offset the 
practical limitations of mechanical recycling (cost, inconsistent quality, 
and energy demand). Mixed narratives were documented in literature 
concerning the viability of different variants of chemical recycling 
(LAFD, acid, and base activation). On a positive note, PP and PE plastic 
waste was composted via the LAFD technique developed by Chow et al. 
(2018) using a Fe catalyst and chlorosulfuric acid (to transfer sulfonic 
groups into the polymer structure). In contrast to Chow et al. (2018), 
Yao et al. (2021) recommended the use of Fe-Ni catalysts. The catalyst 
selection process adopted by Chow et al. (2018) and Yao et al. (2021), 
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and Miandad et al. (2016) suggested that the choice of the catalyst 
should be case-specific and aligned with the gaseous yield and physi
cochemical properties of the polymer, feedstock composition and the 
retention time. Based on the latter findings, the choice of the catalyst 
should be informed by the polymer characteristics.

Emerging research demonstrated the viability of chemical recycling 
in fluidized bed reactors compared to alternative processes. Kaminsky 
(2021) argued that the chemical recycling were suitable based on their 
lower residence time and superior heat transfer (10 times higher than 
tube reactors). The unique capabilities of the reactors reduced the for
mation of side reactions and products. In contrast to Kaminsky (2021), 
Arena and Mastellone (2006) and other critics argued that the residence 
time was not uniform because it was predicted by the rate of solid 
mixing and movement of particles within the reactors. Other technical 
constraints that impacted the use of chemical recycling in agricultural 
plastic recycling included the formation of friable solids, which were 
pulverized by the entrained gas, erosion of the piping materials via an 
abrasion, and poor scale-up of the process (throughput was limited to 
30–50 kg/h) (Kaminsky, 2021). The drawbacks enumerated by Kamin
sky (2021) show that complementary techniques were needed in the 
recycling of APW prior to extrusion and pelletizing. The observations 
made by Kaminsky (2021) were polymer-specific and contrasted with 
Soroudi and Jakubowicz (2013). The later study demonstrated the 
effectiveness of extrusion in the recycling of biopolymers, thermo 
composites, and blends.

Despite the shortcomings of the fluidized bed, the steps proposed by 
Georgali et al. (2021) were consistent with Briassoulis et al. (2013)
research on the mechanical recycling of plastic waste. Nonetheless, 
there were slight variations in the proposals made by Briassoulis et al. 
(2013) relative to Georgali et al. (2021). In the former study, the use of 
customized and proprietary washing units was recommended; this was 
important because of the unique composition of different APW streams. 
According to the latter study, the composition of the APW stream was 
different from the municipal waste streams. Even though the standard
ized mechanical recycling procedure proposed by Georgali et al. (2021)
was extensively employed, Sebastian and Paul (2021) and El-Haggar 
(2007) proposed iterations to the process to meet local requirements. 
For example, Sebastian and Paul (2021) recommended the inclusion of 
additives and colorants during shredding. The use of colorants and ad
ditives did not align with El-Haggar (2007), who relied on agglomerates 
to cast the recyclates into granules. The different approaches proposed 
by El-Haggar (2007) and Sebastian and Paul (2021) show that recycling 
technologies were under development, and further modifications were 
necessary.

The suitability of chemical activation in upcycling plastic waste was 
further confirmed by Yuan et al. (2022), who developed activated car
bon materials for CO2 capture from waste PET. The experimental out
comes documented by Yuan et al. (2022) were comparable to Adibfar 
et al. (2014)’s research on the chemical activation of PET waste using 
acidic (H3PO4 and H2SO4) and basic (ZnCl2 and KOH) chemical acti
vation agents. The consistent positive findings reported by Yuan et al. 
(2022), Adibfar et al. (2014), and Chow et al. (2018) show that the 
technique was suitable because the energy used in the carbonation and 
chemical activation stages was low. In contrast to Yuan et al. (2022), 
Adibfar et al. (2014), and Chow et al. (2018), Dogu et al. (2021) noted 
that chemical recycling had critical challenges. For example, the reac
tivity varied across different polymer types. The fillers, plasticizers, and 
colorants impact the efficiency of the process.

Despite the valid concerns raised by Dogu et al. (2021), the com
mercial viability of chemical activation of plastic waste was promising, 
considering that the base and acid chemical activation agents were 
readily available. Additionally, value-added materials such as activated 
carbon were instrumental in reversing the accumulation of GHGs 
(methane and CO2) caused by incineration and landfilling (Adibfar 
et al., 2014; Yuan et al., 2022). The chemical recycling process may be 
modified to yield other compounds such as heavy saturated fuel oil 

products, bis (2‑hydroxy ethylene) terephthalamide, ethylene glycol, 
carbonized char, and syngas (Shamsuyeva and Endres, 2021). Such 
products had diverse engineering applications. On the downside, 
chemical activation had certain drawbacks – a factor that was not 
highlighted by Shamsuyeva and Endres (2021). The efficiency of the 
activation process was dependent on the choice of the activating agent. 
In Adibfar et al.’s (2014) study, KOH yielded optimal surface area (1338 
m2/g). Sulfuric acid-activated carbon had the least surface area (583 
m2/g). The utility of KOH was consistent with prior research evidence 
(Oginni et al., 2019). The variations in the surface area were due to the 
impact of different activating agents on the formation of the micropore 
network.

Beyond the synthesis of activated carbon, plastic waste materials 
such as PET could be upcycled into smart and functional materials such 
as MWCNTs/MOx and quantum dots for the removal of heavy metals and 
antibiotics from aqueous solutions. (Semyonov et al., 2021). Emerging 
research evidence discouraged the exploration of chemical recycling in 
upscaling plastic waste. For example, in contrast to the compelling 
experimental data provided by Yuan et al. (2022), Adibfar et al. (2014), 
and Chow et al. (2018), critics argued that chemical activation of plastic 
waste would not mitigate environmental pollution. The worldview was 
grounded on the fact that about 50 % of the carbon was lost (volatilized 
back into the environment) in the carbonation and chemical activation 
processes (Oladejo and Rollinson, 2020). The concerns raised by Oladejo 
and Rollinson (2020) were partly justified. Chemical recycling of poly
mers often involves a tradeoff between energy-saving and the release of 
GHGs. In contrast to Oladejo and Rollinson (2020), Jeswani et al. (2021)
argued that the greenhouse warming potential of chemical recycling was 
low relative to incineration with energy recovery. Following the 
appraisal of the arguments made by the proponents and critics of the 
chemical recycling of plastic waste, the following observations were 
made. First, chemical recycling was a practical alternative compared to 
incineration and landfilling. Second, there was room for improvement in 
reducing carbon emissions. Third, chemical recycling was a suitable 
alternative to mechanical recycling, especially in cases when the 
down-cycling of APW into secondary and less valuable products was not 
a practical option or the recycling of mixed plastics. Fourth, there was 
inadequate experimental data using agricultural waste; the inferences 
were drawn from municipal/standard plastic waste made of similar 
polymers as agricultural plastics; this issue should be addressed through 
further research and development.

Theme 4: liquefaction of APW
Hydrothermal liquefaction (HTL) of plastics faces several technical 

bottlenecks that hinder its widespread adoption. A critical challenge lies 
in catalyst efficiency—catalysts are essential for enhancing the depoly
merization process under high temperature and pressure conditions. 
However, their reusability and selectivity remain limited. Current cat
alysts often experience deactivation due to fouling, which reduces their 
effectiveness over time, necessitating frequent regeneration or replace
ment (Laredo et al., 2023). Moreover, the purity of the bio-crude product 
remains an issue, as the crude oil produced by HTL is often contaminated 
with undesired by-products like char, making it difficult to refine into 
high-value fuels. Recent studies have also highlighted poor selectivity 
for specific target chemicals, which can complicate downstream pro
cessing (Ranjbar and Malcata, 2023).

Recent case studies from HTL pilot projects indicate these issues 
persist despite advancements in technology. For instance, in the 2022 
study by Mukundan et al., the hydrothermal co-liquefaction of Prosopis 
juliflora (PJ) biomass and polypropylene (PP) plastic waste into bio
fuels, focusing on catalyst properties, product distribution, and syner
gistic effects was investigated. Using alumina-supported metal oxide 
catalysts (Mo, Ni, W, Nb), the research explored various PJ/PP ratios 
under subcritical and supercritical water conditions (Mukundan et al., 
2022). The optimal conditions for bio-oil yield were found at 420 ◦C, 
yielding 46.5 % bio-oil with 65.1 % deoxygenation and 78.9 % carbon 
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recovery using Nb/Al₂O₃ as the catalyst. The catalyst exhibited excellent 
recyclability over 10 cycles. However, the process was 
temperature-sensitive, with effective PP liquefaction only under super
critical conditions. Additionally, while Nb/Al₂O₃ demonstrated good 
recyclability, concerns regarding long-term stability and catalyst deac
tivation remain (Mukundan et al., 2022).

The liquefaction process generates low carbon fuel via the thermal 
cracking of polymers in the presence of super critically heated water. 
Alternatively, thermolysis and catalytic pyrolysis were employed (Panda 
et al., 2010; Miandad et al., 2016; Singh and Ruj, 2016; Al-Salem et al., 
2017). Liquefaction was a viable waste management strategy for APW– a 
worldview supported by Huang et al. (2022). In line with Huang et al. 
(2022), Lange (2021) concurred that liquefaction could be adapted to 
the energy-recovery of APW. The selection process should be guided by 
the desired products and costs. In this case, the liquefaction process 
offered numerous advantages, including the ability to recover energy 
from plastic waste and from the feed to obtain bio-oil.

On the downside, the process was initially adapted for biomass, and 
heterogeneous catalysts must be employed to guarantee the process ef
ficiency, optimize the reaction and prevent corrosion of the metallic 
components (Huang et al., 2022). A review of recently published liter
ature did not yield extensive outcomes on the liquefaction of agricultural 
plastics, except for Xiao et al. (2020), who explored the liquefaction of 
agricultural plastics to synthesize bio-composite wallpapers with a 
tensile strength of about 9.2 MPa. Even though different variants of 
liquefaction were explored and proven useful, hydrothermal liquefac
tion, hydrothermal/solvothermal treatment (Shen et al., 2016), and 
thermal decomposition were preferred in plastic waste management 
(Figueiredo et al., 2018; S. Huang et al., 2022; Lange, 2021). The 
technique was preferred because plastics were recovered along with 
gasoline fuel.

Analysis of agriplastics and recommendations on further 
improvement of plastic waste recycling

Life cycle analysis of agricultural plastics

Life cycle analyses (LCAs) were central to the understanding of the 
greenhouse potential of synthetic plastics and the achievement of net- 
zero carbon emissions. The production of 1 t of virgin fossil-based 
plastic released about 2.9 t of GHGs (Vanderreydt et al., 2021). An 
additional 2.7 t of GHGs are released into the environment after incin
eration (Vanderreydt et al., 2021). The carbon emissions in the pro
duction process were partly linked to fossil fuels. Nearly 3–4 % of the 
fossil fuels produced were utilized as feedstock in the polymerization 
process (Hopewell et al., 2009). The Gulf Cooperation countries were 
among the leading producers of polymer resins. In 2019, the GCC 
recorded $124.01 billion in revenues from the sale of plastic. Market 
forecasts indicated that future demand would be high (> 6 % annually) 
(Alsabri et al., 2022). A primary concern was that fossil fuels were 
non-renewable resources that were often produced using 
non-ecologically friendly methods, and recyclability was limited. The 
reservations towards fossil-fuel-based polymers were context-specific.

In contrast to Vanderreydt et al. (2021), Eriksson and Finnveden 
(2009) noted that the amount of CO2 released in the incineration process 
varied between 673 g/kg to 4695 g/kg, which is equivalent to 0.6 to 4.6 
kg of CO2 per kg of plastic incinerated. The estimates by Eriksson and 
Finnveden (2009) are nearly twofold higher compared to Vanderreydt 
et al. (2021) research, which estimated that an additional 2.7 kg of GHGs 
would be released during incineration. The disparities could be attrib
uted to the source of materials. Eriksson and Finnveden (2009) focused 
on plastic waste from MSW, while Vanderreydt et al.’s (2021) study was 
biased toward virgin plastics.

The higher carbon emissions reported in the latter study affirmed the 
challenges associated with the incineration of plastic waste. On a posi
tive note, landfilling was associated with a lower volume of GHGs (0.253 

kg CO2 per kg of plastics) (Eriksson and Finnveden, 2009). The low 
carbon footprint of landfilling relative to incineration should not be the 
basis for plastic disposal because there were other important metrics. 
For example, plastic waste disposed of in landfills requires more than 
100 years to degrade (Dwivedi et al., 2019). In contrast to the experi
mental approach employed by Dwivedi et al. (2019), Moshood et al. 
(2022) claimed that biodegradable plastics were decomposed into liquid 
water and carbon dioxide within 45 days, subject to the availability of 
microorganisms, oxygen, and humidity. Considering humidity was 
weather-dependent - arid regions may record lower recycling rates.

Based on the conservative estimates provided by Vanderreydt et al. 
(2021), Eriksson, and Finnveden, the entire life cycle of 1 kg of plastics 
released nearly 6 kg of GHGs; this underscores the need for effective 
waste management interventions because incineration and landfilling 
were unsustainable. Moreover, alternative recycling methods were not 
scalable. The circular economy for agricultural plastics was a relatively 
new concept. Research and development have focused on developing 
better plastics for agricultural applications, including four-dimensional 
printing and greenhouse-covering-related applications (Maraveas, 
2020; Maraveas et al., 2021). The relevant policy recommendations and 
interventions are reviewed in the following paragraph.

Policy interventions and recommendations

The policy interventions focused on providing a multifaceted solu
tion, which encompassed behavioral changes and attitudes toward APW 
management. Kedzierski et al. (2020) argued that understanding the 
human behaviors that contributed to the accumulation of plastic waste 
was critical to the sustainable management of APW in the environment. 
The worldview was in line with a behavioral theory that postulates that 
consumers’ attitudes towards environmental conservation and pollution 
were shaped by personality, education, knowledge, income, cost of 
plastic materials, ease of disposal, and replacement. If plastic waste was 
cheap and easily substitutable, then disposal was preferred. The con
trary was true for expensive materials, which were difficult to substitute 
(Kedzierski et al., 2020). The worldview was aligned with historical data 
on the development of food packaging materials ranging from ceramics, 
glass, paper bags, cotton bags, and plastic bags. Recent research focused 
on additive manufacturing and bio-based plastic solutions (Asgher et al., 
2020; Jaiswal et al., 2020; Shanmugam et al., 2020; Kaushal et al., 2021; 
Venkatesh et al., 2021). On the downside, the technology transfer 
readiness of these innovations was not guaranteed.

The insights drawn from Kedzierski et al. (2020) affirmed the need to 
review the APW collection methods in Europe, Africa, and other conti
nents. The proposals made by Kedzierski et al. (2020) and Kedzierski 
et al. (2020) were in line with Castillo-Díaz et al.’s (2021) research, 
which noted that in most cases, APW management methods were in 
violation of the UN SDGs and the EU Green Pact. A majority of the 
commercial companies did not support the agricultural container 
take-back scheme, while only 10 % of commercial farms in Spain 
received specialist management services for plastic waste. The concerns 
raised by Kedzierski et al. (2020) and Kedzierski et al. (2020) contrasted 
with Sayadi-Gmada et al. (2019), who highlighted the adoption of new 
guidelines for waste management in Almería, Spain, as proof of progress 
within the EU.

The positive outlook by Sayadi-Gmada et al. (2019) was further 
supported by recent interventions such as the labeling of agricultural 
plastics in Spain, Italy, Greece, Germany, France, Finland, Belgium, and 
Cyprus via the Label Agri-Waste scheme (Briassoulis et al., 2012; Brias
soulis et al., 2013). Beyond the plastic waste labeling project, European 
countries adopted remarkably different agricultural plastic management 
strategies. For example, commercial farms in Spain and Greece preferred 
landfilling of APW. In contrast, farmers in Sweden, Norway, Austria, 
Switzerland, Germany, Belgium, Denmark, and The Netherlands opted 
to upcycle APW (Ragaert et al., 2017). Sweden had made further 
progress with the establishment of a platform linking various 
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stakeholders in the plastic waste supply chain; this helped to ensure 
there was a ready market for 530 Kton of recycled plastic waste (de Jong 
and Mellquist, 2021). The distinct regional patterns could be best 
attributed to consumer attitudes toward plastic waste.

Conclusions and future recommendations

The synthesis of the discussion emphasized on the sustainability 
applications of APW management strategies where mechanical and 
chemical recycling emerged as viable alternatives their landfilling and 
incineration. The insights revealed environmental benefits associated 
with mechanical recycling methods where a lower carbon footprint 
emerged in comparison to landfills and incineration. However, the dis
advantages of the mechanical recycling method stemmed from the poor 
quality of the recyclates was a limiting factor that should be addressed in 
future R&D projects.

The discussions also indicated that chemical recycling had a higher 
carbon footprint relative to biodegradation because of the high energy 
consumption and most of the carbon in plastic waste will not be con
verted into CO2. Moreover, the process relied on physical and chemical 
activating agents. Presently, the commercial uptake of liquefaction, 
chemical, and mechanical recycling has remained a challenge due to the 
lack of binding laws beyond Directive 2008/98/EC and UK’s Agricul
tural Waste Regulations 2006 (2006 No. 937), the absence of incentives 
to catalyze recycling, low technology transfer, poor mixing and sorting 
of APW, and inconsistent quality of the recycled plastic products.

Based on this review, the management of APW recycling in the 
framework of circular economy can involve several practical solutions 
and policy interventions. Some of the recommended solutions and in
terventions derived from the discussion are outlined as follows: 

• Setting recycling targets: The EU can implement legally binding 
recycling targets for specific types of agricultural plastic waste, such 
as silage wraps, greenhouse films, and irrigation pipes. These targets 
could mandate that, by 2030, 75 % of APW must be collected, and at 
least 60 % recycled. Annual progress reviews and penalties for non- 
compliance can ensure accountability. Farmers and local collection 
centers should also receive clear guidelines for the sorting and 
cleaning of plastic to optimize recycling efficiency.

• Extended Producer Responsibility (EPR): The EU can require man
ufacturers of agricultural plastics to finance and manage the collec
tion, recycling, and disposal of their products. This could involve 
mandating take-back schemes where producers are responsible for 
collecting used agricultural plastics directly from farms. To meet EPR 
obligations, producers would need to design plastics with fewer ad
ditives, and enhanced recyclability, and to invest in eco-friendly al
ternatives like compostable films or reusable covers.

• Promoting circular design: The EU can establish a certification pro
cess for agricultural plastics that adhere to circular economy prin
ciples, rewarding designs that use single-polymer materials (easier to 
recycle), and those that avoid harmful chemicals (e.g., PVC). All AP 
products should be required to include clear labeling on recycla
bility, which informs users about end-of-life disposal options. The 
long-term goal would be to standardize the use of biodegradable or 
fully recyclable materials in farming practices.

• Green public procurement: The EU can require that all publicly 
funded agricultural projects prioritize the procurement of products 
containing a minimum of 50 % recycled plastic content. This 
mandate could apply to items like plastic films, containers, and 
greenhouse covers. Additionally, preference could be given to com
panies that demonstrate a commitment to low-impact, closed-loop 
systems where recycled materials are continually reused within 
agriculture.

• Financial incentives: The EU can impose a tax on non-recyclable 
agricultural plastics (e.g., mixed or multi-layered plastics) to 
dissuade their use, while providing tax credits to producers who 

develop fully recyclable or biodegradable plastics. Furthermore, 
direct subsidies could be provided to farmers and local cooperatives 
that invest in on-site plastic waste collection and sorting facilities. 
These incentives should be linked to the adoption of cleaner and 
more efficient recycling technologies, such as advanced chemical 
recycling processes.

• Research and innovation: The EU can establish a dedicated research 
fund for the development of biodegradable agricultural plastics 
derived from renewable resources, such as cellulose or starch. 
Additionally, investment can be directed toward scaling up in
novations in chemical recycling methods that break down mixed 
plastics into their constituent polymers for reuse. Collaborating with 
universities and industry leaders, the EU can facilitate pilot programs 
for bio-based alternatives and new recycling technologies directly 
within agricultural regions, accelerating their adoption and market 
viability.

In conclusion, the management of APW recycling in the framework 
of circular economy in Europe requires a range of practical solutions and 
policy interventions. By setting recycling targets, implementing EPR 
policies, promoting circular design, using chemical recycling technolo
gies, promoting green public procurement, providing financial in
centives, and investing in research and innovation, as described above, it 
is possible to promote the proper management of agriculture plastic 
waste and move towards a more sustainable, circular economy in 
Europe.

In the European Union, agricultural plastic waste management 
strategies are increasingly customized to address region-specific chal
lenges, influenced by the distinct characteristics of agricultural inten
sification across the Union. In Southern Europe, where greenhouse film 
usage is prevalent due to intensive horticultural practices, the man
agement focus is on enhancing collection systems, promoting recycling 
technologies, and exploring biodegradable alternatives to mitigate the 
large volumes of plastic waste generated annually. Conversely, Northern 
Europe, characterized by a focus on animal husbandry, faces significant 
waste from plastic feed bags, bedding materials, and silage films. These 
waste streams require tailored solutions, including specialized sorting 
and recycling technologies. Agricultural intensification in the EU, 
marked by increased mechanization, larger farm sizes, and greater input 
use, has led to a higher demand for plastics in various forms, further 
complicating waste management. Consequently, differentiated regional 
strategies, including the adoption of circular economy principles and 
advanced recycling technologies such as liquefaction, are essential for 
addressing the specific waste characteristics and facilitating the transi
tion to sustainable agricultural plastic management.
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