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Abstract
Plastic pollution, particularly from non-biodegradable plastics, poses significant challenges to waste management 

and renewable energy production. This comprehensive meta-analysis investigates the impact of non-biodegradable 
plastic contamination on methane production in anaerobic digestion (AD) systems. By synthesizing data from multiple 
studies, the analysis reveals that non-biodegradable plastics can significantly reduce methane yields, with decreases 
of up to 20-30% observed. The presence of these plastics interferes with microbial activity, both physically obstructing 
microbial processes and inhibiting key methanogenic microorganisms. Additionally, the fragmentation of plastics into 
microplastics exacerbates these effects, further disrupting AD efficiency. Variations in impact were noted based on 
plastic type, with some plastics causing greater disruptions than others. The findings underscore the need for improved 
waste separation practices, the development of biodegradable alternatives, and the optimization of AD systems to 
address plastic contamination. This research highlights critical areas for intervention to enhance the sustainability and 
efficiency of biogas production in the face of increasing plastic waste.
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Introduction
Plastic pollution has rapidly become one of the most pressing 

environmental challenges of our time, posing significant threats to 
ecosystems, wildlife, and human health. Among the myriad forms of 
plastic waste, non-biodegradable plastics are especially problematic 
due to their persistence in the environment and their resistance to 
natural degradation processes [1,2]. While the visible effects of plastic 
waste in oceans, rivers, and landscapes have been widely studied, 
another critical issue remains underexplored the influence of non-
biodegradable plastics on methane production in anaerobic digestion 
(AD) systems.

Anaerobic digestion: a key component of waste management 
and renewable energy

Anaerobic digestion is a widely utilized biological process that 
breaks down organic matter in the absence of oxygen. This process is 
employed in waste management to treat organic waste materials such 
as food scraps, agricultural residues, and sewage sludge [3,4]. One of 
the key byproducts of AD is biogas, a mixture of methane (CH₄) and 
carbon dioxide (CO₂), which can be harnessed as a renewable energy 
source. Methane, being the primary component of biogas, holds 
significant value as a clean energy alternative to fossil fuels. The AD 
process relies on a consortium of microorganisms that work together 
in a series of steps, ultimately leading to the production of methane. 
However, the presence of non-biodegradable plastics in waste streams 
has introduced new challenges, raising questions about how these 
materials influence the overall efficiency of methane production. This 
issue is particularly relevant as plastic contamination in organic waste 
continues to increase [5].

The growing concern of non-biodegradable plastic pollution

Non-biodegradable plastics, such as polyethylene (PE), 
polypropylene (PP), polystyrene (PS), and polyvinyl chloride 
(PVC), are among the most common types of plastics found in the 
environment. These materials do not break down naturally and can 
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persist in ecosystems for hundreds of years. They are commonly 
used in packaging, household products, and industrial applications, 
contributing to the global surge in plastic waste [6,7]. When non-
biodegradable plastics enter waste streams destined for anaerobic 
digestion, they are not readily consumed or degraded by the 
microorganisms responsible for organic matter breakdown. Instead, 
these plastics remain intact, potentially interfering with the digestion 
process and altering the balance of microbial activity. As the volume of 
plastic waste entering AD systems grows, understanding the full scope 
of its impact on methane production becomes imperative [8].

Meta-analysis: understanding the impact of non-
biodegradable plastics on methane production

In recent years, researchers have conducted numerous studies 
examining the effects of plastic pollution on anaerobic digestion. 
However, the results of these studies have varied, with some reporting 
negative impacts on methane production, while others found little to 
no effect. To address this discrepancy, a comprehensive meta-analysis 
was undertaken to synthesize the available research and provide a 
clearer picture of how non-biodegradable plastics influence methane 
generation. Meta-analysis is a powerful statistical tool that combines 
the results of multiple independent studies, allowing researchers to 
draw more robust conclusions by identifying consistent patterns across 
different datasets [9]. This approach helps to overcome the limitations 
of individual studies, such as small sample sizes, varying experimental 
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conditions, and inconsistent methodologies. The meta-analysis on non-
biodegradable plastics and anaerobic digestion involved a thorough 
review of studies that investigated the interaction between plastics and 
the methane production process. These studies included laboratory-
scale experiments, pilot-scale trials, and full-scale AD systems, each 
providing valuable data on how different types of plastics influence 
biogas yields [10].

Key findings of the meta-analysis

The meta-analysis revealed several important insights regarding 
the relationship between non-biodegradable plastics and methane 
production in anaerobic digestion systems:

Reduced methane yields: One of the most consistent findings 
across the analyzed studies was a reduction in methane yields when 
non-biodegradable plastics were present in the digester. The degree of 
reduction varied depending on the type and concentration of plastic, 
as well as the specific conditions of the AD system. In some cases, 
methane production decreased by as much as 20-30%, highlighting a 
significant loss in biogas generation efficiency.

Physical interference with microbial activity: Non-biodegradable 
plastics were found to physically interfere with the microbial processes 
essential for anaerobic digestion. Plastics can obstruct the surface 
area available for microbial attachment and hinder the mass transfer 
of substrates, reducing the efficiency of organic matter breakdown. 
This physical interference disrupts the delicate balance of microbial 
communities and slows down the overall digestion process.

Inhibition of key microorganisms: Certain studies reported 
that non-biodegradable plastics can inhibit the growth and activity 
of specific microbial populations, particularly methanogens—the 
microorganisms responsible for producing methane. The accumulation 
of plastic particles within the digester can create unfavorable conditions 
for these microbes, leading to reduced methane production rates.

Microplastic fragmentation: Over time, non-biodegradable 
plastics can fragment into smaller particles, known as microplastics, 
within the anaerobic digestion system. Microplastics have been shown 
to exacerbate the negative effects on methane production by further 
interfering with microbial processes and increasing the surface area for 
microbial attachment, which can clog pores and reduce gas flow.

Variability in plastic types: The type of plastic present in the 
digester plays a critical role in determining its impact on methane 
production. For example, polyethylene and polypropylene tend to have 
less severe effects on methane yields compared to polyvinyl chloride 
and polystyrene, which are more resistant to degradation and can 

cause greater disruption to microbial activity. The specific chemical 
composition and structural properties of each plastic type influence its 
interactions with the AD process.

Operational and design considerations: The meta-analysis also 
highlighted the importance of AD system design and operational 
parameters in mitigating the negative effects of non-biodegradable 
plastics. In some cases, pre-treatment methods such as plastic 
separation, screening, and shredding were found to reduce the impact 
of plastics on methane production. Additionally, optimizing the 
retention time, temperature, and mixing conditions within the digester 
can help to minimize the inhibitory effects of plastic contamination.

Conclusion
The comprehensive meta-analysis of non-biodegradable plastic 

pollution and its impact on methane production in anaerobic 
digestion provides valuable insights into the challenges faced by 
waste management and biogas production industries. While non-
biodegradable plastics pose a significant threat to the efficiency of AD 
systems, the findings also highlight opportunities for innovation and 
improvement.
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