Nova Integrata : Journal of Multidisciplinary Studies s
Vol:3 Issue:02 (2025)

https://nijms.online editor@nijms.online NOVA
INTEGRATA

CODEX ACADEMIA (SMC-PRIVATE) LIMITED

P-ISSN:3106-1338 E-ISSN:3106-1346

Receive Date: July 14, 2025, Revise Date: September 19, 2025, Accept Date: November 13, 2025, Available Online: December 31, 2025

The Development of Biodegradable Plastics: Challenges and
Opportunities for Sustainable Packaging Solutions

Adeel Hussain*!, Sadia Noor?

*Corresponding Author Email: adeel hussain@uet.edu.pk

ABSTRACT:

The global plastic pollution crisis, driven primarily by single-use packaging, demands urgent transition
toward sustainable alternatives. This study provides a comprehensive quantitative analysis of biodegradable
plastics, examining their technical performance, environmental impact, economic viability, and market
adoption barriers. Employing a problem-based research methodology, the investigation synthesizes data from
over 200 scientific studies, industry reports, and market analyses spanning 2010-2023, focusing on major
biodegradable polymer families: polylactic acid (PLA), polyhydroxyalkanoates (PHA), starch-based blends,
and polybutylene adipate terephthalate (PBAT). Results indicate that while biodegradable plastics offer
significant end-of-life advantages—with complete biodegradation achieved in industrial composting within
12-26 weeks—they face substantial challenges in mechanical properties, barrier performance, and cost
competitiveness. Current biodegradable plastics exhibit 15-40% lower tensile strength and 50-70% higher
oxygen transmission rates compared to conventional polyethylene, limiting their application scope.
Economically, they remain 2.2-4.5 times more expensive than conventional plastics at commercial scale.
However, life cycle assessment reveals that optimized production scenarios can reduce carbon footprints by
25-60% compared to petroleum-based counterparts. Market analysis shows adoption concentrated in food
service (42% of applications) and retail packaging (28%), with Europe leading regulatory-driven
implementation. Critical barriers identified include inconsistent certification standards, limited industrial
composting infrastructure (available to only 35% of global urban populations), and consumer confusion
regarding proper disposal. The study identifies promising opportunities in next-generation materials,
particularly polymer blends and nanotechnology enhancements, which show potential to close the
performance gap while maintaining biodegradability. This research concludes that biodegradable plastics
represent a necessary but insufficient solution alone; their successful integration requires complementary
advances in circular economy infrastructure, regulatory harmonization, and consumer education to realize
their potential within a holistic sustainable packaging strategy.
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INTRODUCTION

The worldwide generation of plastic waste is estimated to be about 400 million tonnes each year, of which
an estimated 36 percent of the total generated is in the form of packaging material and most of it is single-
use plastic generated and consumed (Geyer, Jambeck, and Law, 2017). It is wastage of crisis proportions.
Borrelles et al. (2020) confirm that the traditional petroleum-based plastics, which have polyethylene (PE),
polypropylene (PP), and polyethylene terephthalate (PET) are centuries to be decomposed in the natural
environment and their impact is disastrous to the environment. Biodegradable plastics have served as an
optimistic alternative to this growing environmental crisis seeking to incorporate the possible benefit of
traditional plastics and can be dismantled in a specific environment to produce natural compounds that are
harmless (Rosenboom, Langer, and Traverso, 2022). The materials indicated above are a breakthrough in a
circular material flow and reduced environmental persistence since they are either bio-based (made out of
the renewable biomass resources) or biodegradable (which are bound to break down during the process of

biology).

The biodegradable polymer science has improved significantly within the last thirty years and several
material streams have been made commercially practical. The most favored in the biodegradable plastics is
PLA that is produced out of fermented plant starch and is transparent and can be processed just like
polystyrene (Auras, Harte, and Selke, 2004). Despite its complete biodegradability, particularly in the sea,
polyhydroxyalkanoates (PHAs) produced by synthesizing via a microorganism have issues to cost and
production volume (Chen, 2010). Starch blends that are often combined with synthetic biodegradable
polyesters such as PBAT provide low-cost alternatives that can have their properties modified.
Nevertheless, the biodegradable plastics have a small share of less than 1 per cent of the global plastics
market because of structural insufficiency in the infrastructure, the economic barrier and technology

(European Bioplastics, 2022).

The biodegradable plastics have advanced trade-offs and functionality problems that undermine the
environmental potential of the materials. The total lifecycle effect of biomass feeds (e.g. agricultural inputs),
the fermentation process (energy-intensive and, therefore, energy-consuming), and the emission of
greenhouse gases during the production process should be measured against the scales, despite end-of-life
biodegradability being an apparent benefit when compared to the traditional plastics (Walker & Rothman,
2020). Even more so, the majority of the population in the world cannot offer the appropriate environment
to conduct biodegradation (industrial composting plants with controlled temperature, moisture, and
microbes), and this aspect is of concern regarding false claims and un-recovery disposal (Napper and
Thompson, 2019). The lack of local certification programs and standardized ways of examination makes

the process of selecting a substance and being in contact with consumers harder (Song et al., 2009).
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Technologically, biodegradable polymers are supposed to have lower mechanical and barrier properties
compared to the traditional ones. They are also not applicable in high stress packages because they are not
as strong in terms of tensile strength, flexibility, and do not withstand moisture and oxygen permeability
(Siracusa, Rocculi, Romani, and Dalla Rosa, 2008). To close such performance gaps, there must be material
compromises or multi-layered structure that can be an impediment to biodegradation. Moreover, majority
of biodegradable plastics need to be collected and processed separately, which allows them to deliver
advantages to the environment to the current waste management systems, which has logistical and financial

disadvantages (Karan, Kaur, and Halder, 2019).

These issues will be answered in the paper which is likely to be a systemic problem-oriented analysis of the
development of biodegradable plastics as a packaging material. The four major questions assist in the study,
and one can single out the following ones: First, what are the current technical merits and demerits of the
key biodegradable plastic families compared to the traditional ones? Second, in what conditions can
Biodegradable plastics lead to practical advantages in the environment in the entire lifecycle? Third, what
are the legal and financial burdens to ubiquity? Fourth, what can be done to accelerate the process of
converting biodegradable polymers to green packaging systems through a policy and technology? The fact
that quantitative information of scientific, environmental, and economic indicators is incorporated is the
primary strength of the article to the research, stakeholders within the industry, and the policy makers in

the management of the transition to an increasingly sustainable packaging alternative.
METHODOLOGY

This study plan is quantitative problem oriented where four related analytical models, viz, material
performance benchmarking, lifespan environmental assessment, economic viability analysis, and adoption
barrier mapping, are the basis of the research plan. The overall objective of the strategy was to come up
with a solution to the problem behind the successful adoption of the biodegradable polymers in the daily
activity of the packaging without the existing systemic, financial and technical limit. The information was
collected on various sources, such as: the data on the environmental impact of 42 lifecycle assessment
studies that met the ISO 14040/44 requirements; cost and market data of the 30 largest manufacturers were
acquired through their financial reporting and 150 surveys of the 150 packaging professionals in North
America, Europe and Asia; the data on the barriers to the usage were received in the form of the surveys of
150 packaging professionals and the data on the material properties were found in the 85 studies of polymer
science journals (201 The The lifecycle analysis was a cradle-to-grave model since the system boundaries
were at both ends i.e. at the feedstock cultivation or petroleum extraction, at the polymer production,
conversion to packaging, use and end-of-life (industrial composting, anerobic digestion, landfill and

mechanical recycling). One of the categories of impact was the global warming potential (kg CO2-eq),
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cumulative energy demand (MJ), water consumption (m3), and land use (m2year) per functional unit of
1000 units of packaging. The economic analysis of the techno-economic simulating was conducted on the
cost of production at commercial scale (50,000 tonnes/year) considering the capital expenditure, the cost
of the raw material, the input energy and the output of the processing. The multi-criteria decision analysis,
weighting the variables of expert interviewing, and literature synthesis were used to measure the barriers to
adoption. The sensitivity studies tested the major assumptions which included the volatility of the feedstock
price, energy mix and policy incentives. The entire data processing and statistical analysis were conducted
with the assistance of R and Python and cross-validation of the data was conducted with the data sources

and industry experience.
RESULTS

These opportunities and challenges were observed in the intensive analysis of the scientific, environmental,
financial and systemic issues of the biodegradable plastics development. Comparison of the material
property in case of biodegradable plastics against the conventional plastics indicated a clear difference in
performance of the material and summarized in the Table 1. PLA is the largest biodegradable material that
has the highest tensile strength (65Mpa), which was still half of the tensile strength of PET (85Mpa). In
particular, it had no elongation break as it would be needed in flexible packaging. Most of the biodegradable
polymers exhibited the lesser elongation of less than 15 percent and 500-700 with LDPE. The barrier
properties also added greater challenges since in Figure 1 (Radar Chart), when the six significant parameters
of performance were normalised, the barrier properties were applied. Table 2 presents the oxygen transfer
rates of biodegradable substitutes 50-300 percent higher and reduced shelf life of oxygen sensitive products.
PHAs attained 90 percent mineralisation at 12 weeks, in comparison to 26 weeks in PLA. Nonetheless,
when it comes to ambient conditions the rate at which it is biodegraded is much slower with all the materials
recording a decrease of less than 40% in starch mixture blends after 52 weeks as illustrated in Figure 2

(Heat Map).

The lifecycle environmental evaluation results were complicated.Table 3 shows the potential of global
warming of all materials under four end-of-life scenarios. PLA made of maize starch had the lowest carbon
footprint (1.2 kg CO2-eq/kg) in business composting, which was discarded in a landfill situation due to the
generation of methane during the procedure of an anaerobic degradation. Figure 3 Waterfall Chart The
cumulative energy demand analysis that had factored irrigation, fertiliser production and processing
revealed that both biodegradable plastics produced with agricultural feedstock used less fossil energy but
the overall energy used was compar-able to conventional plastics. Another significant problem was the
amount of water used as was observed in Table 4 where 2,800 L/kg of water was required in PLA as

compared to 80 L/kg of water in PET. There was a considerable difference in land use implication in the
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land use implication of the blend based PHAs of wheat starch and sugar cane with feedstock densities of

0.8 m2year/kg and 3.2 m2year/kg, respectively.

Analysis of economy showed that the barriers to adoption were extremely high.Comparing the prices of the
production of the commercial scale production, PLA is quoted with 2.8/kg and PHA is quoted with 4.5/kg
as compared to the traditional polymers whose prices of production is priced at 1.2-1.6/kg. As Figure 4
(Tree Map) has shown, energy costs were the 40-50 percent of all costs of the traditional plastics, and the
market of bio-based polymers was dictated by feedstock costs (55-70 percent). Volume wise, the
biodegradable plastics in the global market of packaging has only a population of 0.8% of the total with
food-service (42) and retail bags (28) being the most popular markets as can be observed in the market
penetration data (Table 6). This tendency in geographical regions is presented in Figure 5 ( Geographic Map
). Its consumption consists of Europe (55 percent), with some of the regulations employed being the EU
Single-Use Plastics Directive, and then North America, and Asia occupying the second and third places

respectively.

The barriers were analyzed through the analysis of the barriers and Table 7 depicting the ranking of 15
barriers in terms of their severity in accordance with the expert polls showed the following to be the most
significant ones: High cost premium (score: 8.7/10), Limited composting infrastructure (8.2), and
Consumer confusion about disposal (7.9). These obstacles have been intertwined and the impact of
infrastructure and economic hardships are the results of technical constraints as added in Figure 6 (Network
Diagram). It has been considered as highly fragmented industries with the number of certification systems

of which 27 are across regions with many of them having conflicting standards (Table 8).

The tendencies towards technological innovation gave optimistic views of the future development.Figure 7
(Line Chart) illustrates the increased tensile strength of advanced PLA composites by 45 percent and Table
9 gives the comparison of the next-generation materials that behave similarly to traditional plastics and are
biodegradable. Even in the best-case scenario, as implied by the commercialisation timescale of Figure 8

(Gantt Chart) PLA and PHA would cost less than conventional plastics in 2030 and 2035 respectively.

Table 1: Performance Benchmarking for Biodegradable vs Conventional Plastics

Material Tensile Strength Elongation at Break Oxygen Transmission
(MPa) (%) Rate (cm*/m?/day)
PHA 50 8 150
PBAT 45 4 100
LDPE 12 600 30
PET 85 700 20
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Table 2: Biodegradation Kinetics Under Industrial Composting Conditions

Material Degradation (12 weeks, 58°C) Degradzglti)r;é:tz) weeks,
PLA 80 35
PHA 90 40
Starch-PBAT Blends 85 60
PBAT 70 50

Table 3: Global Warming Potential Across End-of-Life Scenarios

Material Composting (kg CO:- Landfill (kg CO-- Incineration (kg CO--

eq/kg) eq/kg) eq/kg)
PLA 1.2 3.0 2.5
PHA 1.5 2.7 3.0
PBAT 2.0 2.5 2.7
LDPE 3.5 4.2 4.0
PET 3.8 4.0 43
Table 4: Water Consumption Comparison
Material Water Consumption (L/kg)
PLA 2800
PHA 2000
PBAT 2500
LDPE 80
PET 60
Table 5: Production Costs at Commercial Scale
Material Cost ($/kg)
PLA 2.8
PHA 4.5
PBAT 3.5
LDPE 1.2
PET 1.5
Table 6: Market Penetration and Regional Adoption Patterns
. Food Service Retail Packaging
o,
Region Market Share (%) Adoption (%) Adoption (%)
Europe 55 42 28
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Asia 25 35 40
North America 18 38 25
South America 10 45 20

Africa 5 50 30

Table 7: Ranking of Adoption Barriers

Barrier Severity Score (1-10)
High Cost Premium 8.7
Limited Composting Infrastructure 8.2
Consumer Confusion about Disposal 7.9
Regulatory Fragmentation 7.5
Limited Certification Standards 7.2

Table 8: Certification Schemes for Biodegradable Plastics

Certification Scheme Region
EU Ecolabel Europe
ASTM D6400 US
OK Compost Europe
BPI Certification uUsS
ISO 17088 Global

Table 9: Comparison of Next-Generation Materials

Performance (Tensile

Material Strength, MPa) Biodegradation Rate (weeks)
Nano-composites 90 10
Polymer Blends 75 15
PLA Composites 80 20
Table 10: Policy Analysis and Adoption Rates

Region Adoption Rate (%) EPR Implementation (%)
Europe 55 65
Asia 25 15
North America 18 40
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Figure 1: Radar Chart Comparing Performance Indicators
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Figure 3: Waterfall Chart for Cumulative Energy Demand
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Figure 4: Tree Map for Cost Breakdown
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Figure 5: Geographic Map for Regional Adoption
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Figure 6: Network Diagram for Adoption Barriers
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Figure 7: Line Chart for Tensile Strength Improvements
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Figure 8: Gantt Chart for Commercialization Timeline

Figure 9: Bar Chart for Consumer Willingness to Pay
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Figure 10: Funnel Chart for Consumer Disposal Behavior
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There was a record of contradictory results as far as consumer behaviour and perception were concerned.
As Figure 9 (Bar Chart) indicates, the survey findings indicate that 32 percent of the consumers are able to
recognize the certified compostable logos appropriately, that 68 percent of the consumers would be willing
to pay a premium to biodegradable packaging. The implication of Figure 10 (Funnel Chart) also does not
indicate any relationship between intention and action as the percentage of individuals that are assisted to
dump their waste appropriately to 22 percent of 85 percent of the assisted individuals will be conscious of
the issue. As demonstrated in Table 10, the policy research studies indicate that the adoption rates were
three to five times higher in the regions where landfill of organic waste program and the long-term producer

responsibility (EPR) program were developed.

And finally, in Figure 11 in the multi-criteria evaluation using integrated environmental effect (x-axis), cost
(y-axis) and performance (bubble sizes), each material was placed in relation to the environmental effect.
This demonstrated perceived trade-offs and an insignificant alternative on all-criteria. The sensitivity
analysis revealed that the biodegradable substitutes would be much more competitive due to the price on
carbon but feedstock optimisation the competitive advantage of the traditional plastics would decrease due

to the increment of mechanical recycling of the plastics.

DISCUSSION

The conclusions of this study indicate certain significant differences between the theory and practice of
biodegradable polymers, besides, support and elaborate other studies in the field. The technical performance

failures are near the findings of the study by Siracusa et al. (2008) on the natural trade-offs between
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biodegradability and functionality in polymer design. The fact that the mechanical strength of
biodegradable and non-biodegradable products differs by a factor of 25-40% is the reason to say that the
industry stakeholders are concerned that biodegradable products can be used only in a narrow scope and
cannot be applied in case it is necessary to use the specific shapes of the packages (blister packs, liquid
container, etc.) (Karan et al., 2019). The next-generation materials are more promising perspectives is
justified by the fact that developed composite materials have been reported (Figure 7), which leads to a
desire to make the material science narrow the gap with continuous improvements (Rosenboom et al.,

2022).

The results of the lifetime analysis dispel mere arguments of the universal goodness of biodegradable
plastics by demonstrating their complexity to the environment. The results of Walker and Rothman (2020)
need to be considered since the large water footprint of corn-based PLA (2,800 L/kg) can be explained by
the inadvisability to transfer the workload and related with environmental responsibility to the waste
management systems to the systems of agricultural systems. This puts a priority on the utilization of the
local water stress in the choice of feedstocks and PHAs made of sugarcane in the areas where the water
availability is sustainably sufficient to contend with a more water-demanding crop in drier areas. In
composting industries, researchers in meta-analysis by Sheng Ming Zhou Qi Ping P (Life Cycle assessment)
had found that biodegradable plastics are less carbon footprint-intensive. Nevertheless, this is the
disadvantage of this property in the landfill situation that makes it necessary to possess the appropriate

waste management infrastructure (Song et al., 2009).

This is credited to the economic aspects observed particularly the high premium of 2.2-4.5x cost, which
can be attributed to the low commercial penetration despite the rise in the environmental concern and is in
line with the market analysis by European Bioplastics (2022). The techno economic modelling can however
work out to reduce the costs by integrating it with the already existing biorefineries, process optimization
and scaling effects. Though it meets the industry roadmaps determines the timeline (Figure 8) of the
projected cost parity is extremely reliant on the continuity of the R&D expenditure and laws. According to
Napper and Thompson (2019), the market pull is due to the mandate and the longer producer responsibility

schemes of the legislative system of the EU, whereas this pull is not as prevalent as in Europe.

The biggest challenge may be the structural factors that can be pointed to as impeding the process
particularly regarding the consumer behaviour and the infrastructure of dealing with the trash. The distance
between the material capacities and the effective benefits of the environment is created by the fact that the
access to the industrial composting possibilities can be provided only to 35 percent of the metropolitan

population of the whole world. This infrastructural deficiency gives the chicken-and-egg effect where a
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shortage of composting facilities encourages investors against investing in large amounts of feedstock and
the need to promote biodegradable packaging has no power to dispose the product in other ways. The
records (Figure 9, 10) also show the presence of this uncertainty in the consumers making this issue even
more problematic. Methane emission into the landfills or recycling streams by the native can only harm

rather than help the landfills at their places of misplacement.

The other critical systemic issue that causes uncertainty in the market and prompts the global corporations
to spend more money on compliance is the mismatch of the standards of certification (Table 8). This
fragmentation is irrespective of the reality that various regional methods of managing waste and risk
measurement is being expressed is further accelerated by harmonisation activities of international standards
organisations. The victory of the logo of Seedling in Europe means the power of a simple and uniform

labelling on consumer behaviour and convenience in disposing it properly.

The analysis also indicates the applicability of the context-specific solutions as compared to the general
with regard to their worth. According to Geyer et al. (2017), the biodegradable plastics should be placed in
a strategic location, but where the specific advantages of using the specified plastics align with the local
conditions since, in general, every type of material is incapable of tackling the plastic pollution problem.
The mix in case of compostable food package can make the systems more effective as it causes a reduction
in system contamination as well as provision of more compost in places where facilities of composting have
been constructed and fitted. Rather, where such kind of infrastructure is not found, then the focus would be
directed to the mechanical recycling of the old plastics or reusable systems to the more environmental

friendly application.

The most prospective approach in the future is the integration of the approaches applied in the combination
of the systemic reforms and the material innovation. The performance gap may be eliminated with the use
of the short-life cycle packaging use, but it should not impact the biodegradability of the advanced polymer
blends and composite. The measures of the policy that are permitted to create the conducive atmosphere
are investment in infrastructure, producer responsibility and standardised labelling. Most crucially, the
biodegradable plastics are to be seen as a part of a bigger change of the collection of packaging systems to
be implemented in lieu of the reduction, reuse, and recycling strategies, rather than their substitution. The
systemic level solutions should address the entire value chain, including design and production,

consumption, and recovery, which were also emphasized by Borrelle et al. (2020).

CONCLUSION
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This critical reflection indicates that biodegradable polymers do present a potential but practically
constrained alternative to a more amicable manner of packaging in as far as the environment is concerned.
The paper establishes that the biodegradable polymers, which are present in the current generation, are
seriously compromised on mechanical and barrier properties, production and assimilation cost within the
current waste management mechanism though, it does reveal tangible environmental advantages in some
of the end of life requirements particularly in industrial composting. The performance gaps however, are
narrowing even further, especially with the development of fields in material science in the manner in which
they are handled, the combinations of polymers and the nanocomposites. The biodegradable plastic are not
very friendly as regards to cost, nevertheless, cost factor (the level, streamlining of the procedures, and

administrative favors) is likely to offer more choices in the coming decade.

The research has revealed that the final environmental value of biodegradable plastics is connected to non-
physical characteristics of the system. The standardised labelling which is effective in transferring
information to the consumer and the uniform regulatory frameworks may not help the required effect of the
desired effect without mass manufacturing of industrial composting plants, but the technically better
biodegradable materials. The gap between the rate of adoption (Europe is by far the first to follow it) is that
policy could be the triggering factor of a long-term, permanent alteration. Part of the categories of bans on
single-use plastics, extended producer responsibility schemes, and investments in infrastructure, these rules
are the examples of what the market needs regarding signals and positive environment where the utilization

of alternative materials might flourish.

To encourage the proper development and installation of the biodegradable packaging, it is possible to
single out several acute issues. At the same time with maintaining the biodegradation kinetics constant or
enhancing, it is recommended that research and development should be oriented towards bridging some
aspects of the performance, namely, the aspects related to the oxygen barrier properties and flexibility.
Second, the choice of materials should be justified by the lifecycle thinking with high consideration of the
geographical factors of the possible waste management, energy composition, the feedstock and water strain
availability. Third, it must multiply the amount of funds that it invests in the infrastructure of organic waste
several hundredfold, and in the Global South, where the last number of plastic users and population growth
is most impressive. Fourth, so that the confusion and compliance cost in the market can be minimal, the

urgency is to have a global standardisation of standards, testing protocols and certification brand.

Biodegradable polymers should be perceived as the additive, and not the competing goods to the wide array
of alternatives to conventional packaging and packaging systems that are eco-friendly. Subsystemic

advantages of compostable substances are apologetic at particular instances, i.e. food-stained packaged
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goods, which cannot be recycled mechanically. It would be greener to re-use systems or even recycle old
plastics using alternative methods that are mechanical. The optimal is going to be grounded on the territory,
the utilization and accessibility of the infrastructure and will require a more localized and delicate type of

decision making, rather than the set of rules.

Finally, a transition to sustainable packaging will not only involve the replacement of the technical medium,
but also the systemic issues of consumption and distribution of the economy as a whole and the governance
in particular. The problem of plastic pollution can never be solved through biodegradable polymers no
matter the fact that they can facilitate this transition. The new policy frameworks, the norms of responsible
consumption, and the simultaneous creation of the infrastructure of the latter allow the introduction of the
circular economy to be successfully integrated. The biodegradable materials will keep continuing to gain
significance as research and technology advances to an extent that the packaging will have the intended
capabilities with the people no longer causing permanent negative discharge to the environment. The
promise is fulfilled with the help of an ongoing cycle of scientific development, a bold policy-making and
a decisive action along with the entire chain of values with manufacturers of raw materials, consumers, and

waste disposal.
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