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Abstract

The global plastic pollution crisis demands a fundamental re-evaluation of materials
systems beyond incremental improvements to fossil fuel-based polymers. Bioplastics,
polymers derived from renewable biological feedstocks, biodegradable under defined con-
ditions, or both, offer a chemically diverse and rapidly evolving platform for transitioning
toward circular materials economies in which the value of carbon, energy, and material is
retained across multiple use cycles. This review provides a comprehensive and critically
organized account of the bioplastics field, spanning three generations of feedstock develop-
ment from food crops through lignocellulosic residues to algae and waste streams; primary
production pathways including microbial fermentation, ring-opening polymerization, and
biosynthesis; forming processes from extrusion and injection molding to additive manu-
facturing; and the mechanical, thermal, and barrier properties that determine application
fitness. Particular emphasis is placed on life cycle assessment, which reveals that bioplastics’
climate benefits are conditional on feedstock choice, land-use management, energy source
at manufacturing, and end-of-life pathway, and that burden-shifting from greenhouse gas
emissions to land use, water consumption, and eutrophication is a systematic risk requiring
integrated LCA evaluation rather than single-metric optimization. The review further
examines end-of-life recycling, composting, and biodegradation pathways; market applica-
tions across packaging, agriculture, automotive, biomedical, and electronics sectors; and the
growing role of artificial intelligence and machine learning in accelerating materials design,
process optimization, and lifecycle data management. Critical barriers to scale, such as cost
premiums of 20-75% over conventional plastics, inadequate composting infrastructure, re-
cycling stream contamination, regulatory fragmentation, and consumer labeling confusion,
are systematically analyzed alongside mitigation strategies. The review concludes with a
forward-looking discussion of emerging feedstocks, smart and functional bioplastics, and
the policy and infrastructure investments required to translate the environmental promise
of bio-based polymers into realized circular economy impact.

Keywords: bioplastics; biodegradation; chemical recycling; bio-based polymers

1. Introduction
1.1. The Plastic Pollution Problem and the Case for Bio-Based Materials
Global plastic production has exceeded 400 million metric tonnes annually, yet end-of-

life recycling rates remain below 10%, with the remainder accumulating in landfills, natural
environments, and aquatic systems [1,2]. The persistence of conventional petroleum-based
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plastics, such as polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET),
and polystyrene (PS), among them, across timescales of decades to centuries creates an
escalating contamination burden whose chemical and ecological consequences continue
to be characterized in the scientific literature [1]. The conventional plastics supply chain
is inherently linear: fossil resources are extracted, converted to polymer, manufactured
into products with predominantly short service lives, and then disposed of, a pattern that
generates waste faster than recovery systems can process it and emits greenhouse gases
at every stage. Bioplastics, plastics manufactured from renewable biological feedstocks,
or designed to biodegrade under defined end-of-life conditions, or both, have emerged as
a structurally different class of materials whose design logic is explicitly oriented toward
circularity: carbon is borrowed from atmospheric CO, through photosynthesis, cycled
through product life, and returned through biological or chemical pathways [3]. The global
bioplastic market, valued at approximately USD 12.8 billion in 2024 with an estimated
compound annual growth rate of 29.2% through 2034, reflects growing industrial confidence
in this transition, supported by regulatory pressure, extended producer responsibility
frameworks, and evolving consumer expectations [4,5].

It is essential to distinguish at the outset between two independent properties that
are frequently conflated in public communication: bio-based origin and biodegradability.
As Rosenboom et al. [1] and Di Bartolo et al. [2] clarify, bioplastics form three distinct
groups: materials that are both bio-based and biodegradable (such as PLA, PHA, and
bio-PBS), materials that are bio-based but non-biodegradable (such as bio-PET and bio-
PE), and materials that are biodegradable but fossil-derived (such as PBAT and PCL).
Each group occupies a different position in the circular economy landscape, and each
requires a different end-of-life management strategy. Failure to observe this distinction has
produced significant regulatory confusion, consumer misinformation, and infrastructure
misalignment that continue to undermine the environmental credibility of the sector.

1.2. The Circular Economy Framework: Principles and Relevance

The circular economy is an industrial model that explicitly seeks to decouple economic
activity from the consumption of finite resources by designing systems in which materials
and products are kept at their highest value for as long as possible [6,7]. In contrast to the
linear economy (characterized by a take-make-use-dispose progression that draws down
resource stocks and generates waste), the circular economy operates through nested cycles
of reuse, remanufacturing, and recycling for technical materials, and through biological
cycles of composting, anaerobic digestion, and biodegradation for organic materials [8,9].
Figure 1 compares the conventional linear economy with the circular economy framework.
In the linear model, materials follow a one-way flow from resource extraction to waste
generation, resulting in resource depletion and environmental burdens. In contrast, the
circular economy aims to maintain the value of materials and products through reuse,
repair, and recycling, thereby minimizing waste generation and reducing dependence
on virgin resources. For bioplastics, circularity can be achieved through both technical
cycles involving recycling and biological cycles involving biodegradation, composting, and
anaerobic digestion [10].

Bioplastics can occupy both cycles depending on their composition and design: bio-
based but non-biodegradable polymers such as bio-PET and bio-PE belong to the technical
cycle and are designed to be recycled through existing mechanical and chemical path-
ways, while biodegradable polymers such as PHA and PLA are designed to return to the
biological cycle at the end of life [1,3]. The alignment of bioplastic design with circular
economy principles requires a system-level perspective: a material may be bio-based and
biodegradable, yet still fail to deliver circular outcomes if it contaminates mechanical re-
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cycling streams, degrades too slowly in available composting infrastructure, or originates
from feedstocks whose cultivation generates land-use impacts that offset the climate bene-
fits of bio-based carbon [2]. Figure 2 illustrates the circular bioeconomy (CBE) framework
within which bioplastic value chains are conceptualized, showing the interconnected loops
of biological and technical material cycles.

Linear economy

Resource . A
extraction Dlstnbutlon

Circular economy

Figure 1. Schematic comparison of linear and circular economy frameworks in the context of
bioplastics. Reproduced from [10], Open access.
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Figure 2. The circular bioeconomy (CBE) framework, illustrating biological and technical material
cycles for bio-based polymers. Biological cycles return organic carbon to the environment through
composting, anaerobic digestion, and biodegradation; technical cycles preserve polymer value

through mechanical and chemical recycling. Bioplastics can participate in either cycle depending on
their composition and end-of-life design. Reproduced from [11], Open access.
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1.3. Scope and Organization of the Review

This review provides a comprehensive and systematically organized assessment of
bioplastics across their full value chain, from feedstock selection through production, per-
formance evaluation, lifecycle impacts, and end-of-life management, to market applications
and future development pathways. Section 2 analyzes the circular economy framework in
the context of bioplastics policy and global drivers. Section 3 characterizes feedstock gener-
ations and bioplastic material families with quantitative property comparisons. Section 4
reviews production processes, including fermentation, polymerization, and forming tech-
nologies, as well as scale-up challenges. Section 5 evaluates mechanical, thermal, and
functional properties and discusses design for performance and circularity. Section 6 pro-
vides a systematic life-cycle assessment perspective, including carbon footprint, energy
use, water use, and economic metrics, alongside the growing contributions of digital tools
and machine learning. Section 7 examines end-of-life pathways, including recycling, com-
posting, and biodegradation. Section 8 surveys market applications across multiple sectors.
Section 9 systematically analyzes the challenges and barriers to wider adoption. Section 10
identifies emerging trends and future directions, and Section 11 presents conclusions and
an integrated outlook.

Unlike recent reviews that primarily focus on specific aspects of bioplastics, such as
feedstocks, production technologies, life-cycle assessment, or applications, this review
provides an integrated perspective across the entire bioplastic value chain. It combines
advances in feedstock selection, processing, lifecycle sustainability, circular economy strate-
gies, Al-enabled approaches, industrial challenges, and future research directions, offer-
ing a comprehensive framework for the sustainable development and commercialization
of bioplastics.

1.4. Literature Search Methodology

This review was prepared through a structured literature search of peer-reviewed
publications indexed in Web of Science, Scopus, and Google Scholar. The search was
conducted using combinations of keywords including bioplastics, bio-based polymers, PLA,
PHA, PBS, biodegradation, circular economy, life cycle assessment, recycling, composting,
artificial intelligence, and machine learning. Priority was given to articles published
between 2015 and 2025, while earlier landmark studies were included where necessary to
provide historical context and describe foundational developments. Only peer-reviewed
journal articles, review papers, international standards, and authoritative reports from
recognized organizations were considered. Publications lacking sufficient technical detail
or relevance to the scope of this review were excluded. The collected literature was critically
evaluated and organized according to the major themes discussed in this review, including
feedstocks, production technologies, material properties, sustainability assessment, end-of-
life management, and emerging digital technologies.

2. The Circular Economy Framework and Bioplastics
2.1. Linear Versus Circular Value Chains

The distinction between linear and circular value chains is fundamental to understand-
ing why conventional plastics have generated the end-of-life crisis they have, and why
bio-based and biodegradable materials are positioned as part of the solution. The linear
system follows a unidirectional progression from resource extraction through manufac-
turing, use, and disposal, with material value effectively destroyed at the disposal stage
and waste management costs externalized to public systems and natural environments [6].
This model was economically efficient during periods of abundant fossil resources and
low environmental regulation, but its systemic failure to account for end-of-life costs has
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resulted in mounting waste accumulation and the growing recognition that resource costs
are underpriced. The circular economy model redesigns this system so that products and
materials circulate at their highest utility for as long as possible before returning to primary
production cycles, either through technical recycling (retaining the polymer structure) or
through biological cycles (returning nutrients and organic carbon to the soil) [8,12].

The push toward circular systems is now embedded in regulatory frameworks at
multiple governance levels. Studies of circular economy education in secondary schools
have identified that a lack of embedded CE curricula limits public understanding and
reduces the social license for the infrastructure investments required to support circular
material flows [8]. This observation is directly relevant to bioplastics, where consumer
confusion about material types and disposal requirements represents one of the most
tractable behavioral barriers to realizing circular benefits. The integration of bioplastics
within circular systems is most effectively demonstrated through the use of vegetable and
food waste as feedstocks, an approach that simultaneously diverts organic waste from
landfill and provides renewable carbon for polymer production, embodying the circular
logic of converting waste streams into value [13,14].

2.2. Policy, Regulation, and Global Drivers

The regulatory landscape for bioplastics is evolving rapidly, with significant momen-
tum at both national and supranational levels. The expansion of the Basel Convention in
2019 strengthened international governance of plastic waste trade and established trans-
parency requirements for cross-border plastic movements [1]. Within the European Union,
the European Green Deal and its associated Circular Economy Action Plan have estab-
lished the most comprehensive policy framework for transitioning to sustainable plastics,
including binding single-use plastics directives, extended producer responsibility man-
dates for packaging, and sustainability requirements for bio-based, biodegradable, and
compostable plastics [2]. The EU policy framework specifically acknowledges that labeling
and standards for biodegradable and compostable plastics require harmonization to pre-
vent greenwashing and ensure that environmental claims are substantiated by consistent
methodologies [15]. European Bioplastics, the industry association, has recommended
clearer definitions and standardized labeling, improved production efficiency assessments,
and consistent methodologies for environmental benefit verification as priority areas for
regulatory development.

At the global level, the World Economic Forum, the Ellen MacArthur Foundation,
and G20 partners have championed science-based policies, including extended producer
responsibility, clearer bioplastic labeling, and ocean plastic leakage reduction strategies.
Germany’s Packaging Act and the Philippines” EPR Act illustrate how national-level regu-
lation is incorporating bioplastics considerations into broader plastic waste governance [1].
The EU’s ambition of net-zero greenhouse gas emissions by 2050 creates a long-term struc-
tural driver for substitution of fossil-derived materials, with bioplastics positioned as
part of the decarbonization toolkit for the chemical and packaging sectors [2]. However,
the effectiveness of these drivers in accelerating market adoption depends critically on
whether the supporting infrastructure (composting facilities, chemical recycling capacity,
standardized sorting systems) is developed in parallel with the material supply chain.

Collectively, these evolving regulatory frameworks are expected to accelerate the
commercialization of bioplastics by encouraging investment in sustainable materials, im-
proving waste management infrastructure, and creating stronger market incentives for
bio-based and biodegradable products. However, continued harmonization of international
standards, certification schemes, and labeling requirements will be essential to facilitate
global market adoption and reduce regulatory uncertainty.
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3. Feedstocks, Material Classes, and Composition
3.1. Feedstock Generations: From Food Crops to Waste Streams

The feedstock used to produce bioplastics is among the most significant determinants
of both its environmental impact and its long-term scalability. Three generations of bio-
plastic feedstocks are conventionally distinguished, with a fourth category of waste- and
carbon-capture-based streams increasingly recognized for its circular alignment. Table 1
provides a systematic comparison of these feedstock categories.

Table 1. Comparative overview of bioplastic feedstock generations by land and food competition,
carbon reduction potential, processing complexity, and scalability.

Carbon

Generation Feedstock Examples Land/Ff)(.’d Reduction Processn}g Scalability Key
Type Competition . Complexity References
Potential
Moderate Low—well
Corn starch, High—direct (50-80 ./O GHG developed High—
. sugarcane, o reduction vs. . .
1st generation Food crops competition . fermentation commercially  [1,2,6,16]
cassava, soy, . fossil, but K .
. with food and extraction =~ dominant
vegetable oils land-use change infrastructure
(LUC) can offset)
Agicuual M.
Higher—avoids High— Medium—
Non-food stover, sugarcane ~ Low—uses . . X
. . . LUG; significant enzymatic emerging
2nd generation  lignocellulosic =~ bagasse, wheat waste/ . . . [1,17,18]
: ; GHG reduction hydrolysisand ~ commercial
biomass straw), wood marginal land .
. potential pretreatment scale
chips, forestry required
byproducts 4
. Very low Very High—
. Microalgae non-arable . . - Low-
Microalgae 1 high—utilizes cultivation, .
. . (Spirulina, land, X Medium—
3rd generation  and microor- . CO,; harvesting, . [19,20]
. Chlorella), marginal . . pilot to
ganisms . carbon-negative and extraction .
cyanobacteria water use ) . commercial
potential still costly
acceptable
. FOOd. wast‘e, used Highest Medium— LOW.
Industrialand ~ cooking oils, None— . - Medium—
Waste /carbon . L . potential— variable .
municipal municipal valorizes . L emerging,
capture . . circular composition ' [18,21,22]
waste + organic waste, existing waste - geographi-
streams ) R feedstock; waste requires
captured CO, industrial CO;, streams . . . cally
diversion benefit  pre-treatment .
wastewater constrained

First-generation feedstocks, derived from food crops including corn starch, sugarcane,
cassava, and vegetable oils, remain commercially dominant because they yield easily
fermentable sugars at relatively low processing cost and are compatible with existing
fermentation infrastructure. PLA produced from cornstarch or sugarcane and bio-PE
produced from sugarcane ethanol together account for the majority of current commercial
bioplastic production [1,2]. However, large-scale cultivation of these crops for plastic
feedstocks raises substantive concerns about direct competition with food production,
pressure on arable land and freshwater resources, and the risk that indirect land-use change,
the displacement of food crops onto previously uncultivated land, can generate greenhouse
gas emissions that substantially offset the carbon benefits of bio-based production [23].
Lifecycle assessment studies have found that indirect land-use change can account for
20-70% of total lifecycle GHG emissions for some first-generation bioplastic products,
depending on the region and the displaced ecosystem [23].

Second-generation feedstocks address these concerns by utilizing non-food lignocel-
lulosic biomass, agricultural residues such as corn stover, sugarcane bagasse, and wheat
straw, together with forestry byproducts and dedicated energy crops grown on marginal
land [17]. These materials do not compete directly with food production and can utilize
carbon-rich streams that would otherwise be burned, landfilled, or left to decompose.
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Their processing complexity is substantially higher than that of first-generation feedstocks;
however, because the crystalline cellulose and lignin matrix of lignocellulosic biomass
requires enzymatic hydrolysis and thermochemical pretreatment to release fermentable
sugars [18]. Third-generation feedstocks based on microalgae and microorganisms offer the
theoretical advantage of high growth rates on non-arable land, utilization of CO, during
photosynthesis, and compatibility with wastewater or industrial effluent as nutrient sources,
making algae-based bioplastics potentially carbon-negative at the feedstock stage [6,19].
The emerging category of waste-stream and carbon-capture feedstocks (using food waste,
used cooking oils, municipal solid waste organic fractions, and captured industrial CO,)
represents the highest degree of circular economy alignment by converting existing waste
problems into value-added products [21].

3.2. Principal Bioplastic Families: Properties and Applications

The bioplastic materials space encompasses both fully renewable and biodegradable
polymers and bio-based analogs of conventional fossil plastics. Table 2 provides a compre-
hensive comparison of the major bioplastic families across feedstock, mechanical properties,
biodegradability, thermal stability, and primary applications.

Table 2. Comprehensive comparison of principal bioplastic families: feedstock generation, key

mechanical properties, biodegradability conditions, thermal stability, and primary applications.

. . Feedstock Primary Key Mechanical . s - Primary Key
Bioplastic Generation Feedstocks Properties Biodegradability Thermal Stability Applications References
. . . Heat deflection
Stl.ff’ t1jansp Aarent, Industngl temperature (HDT) Packaging,
Corn starch brittle; tensile composting ~55-60°C 3D printin
PLA 1st (primarily) ’ strength ~60 MPa; (>58 °C required); . - printing, [1,2,24]
sugarcane, cassava | e (unmodified); biomedical
ow impact not marine A .
. limited heat implants
resistance degradable .
resistance
Sucrose, vegetable Stiff; brittle (PHB); Fully T_m 170-180°C Packaging,
PHA (PHB, 1st-2nd oils, agricultural PHBV more flexible;  biodegradable in (PHB); PHBV lower; agricultural films, [2,25,26]
PHBV) st=en waste, used comparable to PP in soil, marine, and stable in dry biomedical e
cooking oil some grades freshwater environments devices
Sugarcane ethanol  Identical to fossil EOL dable: T 0-80°C:T Bottles, textil
Bio-PET 1st (MEG portion); PET; strong, rég fg{ie ?n IfiZT ~5§5 o -m ﬁger:S' :C’L; ein [1,2,27]
petrochemical TPA  barrier-excellent Y spackaging
stream
Identical to fossil Not
Bio-PE PE; flexible or rigid . . T_m 120-130°C Packaging films, :
(HDPE/LDPE) Ist Sugarcane ethanol depending on ?odegradablle ’bl (HDPE) bottles, pipes (1,21
density rop-in recyclable
TPS Low strength; Loose-fill
. Corn, potato, moisture-sensitive; Biodegradable in Low; degrades above  packaging,
(thermoplastic Ist cassava starch flexible with soil and compost ~200°C disposable [28,29]
starch) L
plasticizer tableware
Succinic acid Flexible, good Biodegradable in Flexible
. (fermented) + Jo industrial compost ~ T_m90-115°C (PBS);  packaging,
PBS/PBAT 1st-2nd BDO; adipic acid + relll‘]’;l‘)ge":ti’li PBAT  ppg). pBAT PBAT lower agricultural [2,28]
BDO + TPA soil-degradable mulch films
High strength and Not Automotive
Bio-PA Castor oil, '8 & biodegradable; T_m 185-265°C 4
N . 1st-2nd . stiffness; good . sports goods, [1,2]
(bio-polyamide) sebacic acid - . performance depending on grade -
chemical resistance . . electronics
recycling possible
HMEF from sugars . Not yet - Next-generation
PEF 1st-2nd (fructose, Excellent barrier t o biodegradable; T_g ~87 °C; higher beverage bottles; [1,30]
0,, CO,, H,O; stiff than PET 2
cellulose) recyclable packaging

Polylactic acid (PLA) is among the most widely produced bioplastics, valued for its
optical clarity, stiffness, and compatibility with conventional extrusion and injection mold-
ing equipment. However, its brittleness and low heat deflection temperature (~55-60 °C
unmodified) limit its suitability for elevated-temperature applications and require blending
or plasticization for impact-sensitive uses [24,31]. Reactive blending of PLA with poly
(butylene adipate-co-terephthalate) (PBAT) significantly improves toughness and is widely
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deployed in flexible packaging applications. Stereocomplexation (the co-crystallization
of poly (L-lactic acid) and poly(D-lactic acid)) raises the melting temperature to approxi-
mately 230 °C, providing a thermal improvement route that does not require fossil-based
co-monomers [1,31]. Polyhydroxyalkanoates (PHAs) produced by bacterial accumulation
during nutrient-limited fermentation represent the only major bioplastic family that is
both bio-based and fully biodegradable across a range of natural environments, including
soil, freshwater, and marine settings [2,26]. Their production cost remains high (~$4-6/kg)
relative to PLA (~$2.35-2.50/kg) and conventional polyolefins (~$1.05-1.50/kg), driven
by complex fermentation conditions, high downstream extraction and purification energy
requirements, and limited economies of scale [17,32]. Bio-PET and bio-PE represent drop-
in substitutes whose chemical structure is identical to their fossil-derived counterparts,
enabling seamless integration into existing mechanical recycling streams, an important prac-
tical advantage for materials that cannot yet justify the composting or chemical recycling
infrastructure requirements of new-to-world polymers.

3.3. Sustainability and Ethical Dimensions of Feedstock Sourcing

The sustainability of any bioplastic system is fundamentally conditioned by responsi-
ble feedstock sourcing, and the selection of feedstock must be evaluated through a full life
cycle lens rather than through feedstock origin alone. The cultivation of first-generation
feedstocks at scale for plastic production can increase pressure on agricultural land, freshwa-
ter resources, and biodiversity, particularly when productive cropland is diverted from food
production or when monoculture expansion displaces ecologically valuable land [23,33].
The concentration of feedstock supply chains in specific geographies introduces price
volatility risks (as illustrated by the dependence of current commercial PLA on the corn and
sugarcane sectors) and raises supply-chain resilience concerns relevant to long-term materi-
als strategy. Social and economic considerations compound these environmental factors:
the expansion of bio-based feedstock production can affect local food prices, smallholder
farmer incomes, and land rights in producing regions, necessitating sustainable sourcing
standards and responsible supply chain governance to ensure that bioplastic growth does
not transfer environmental and social costs to vulnerable communities [34]. Life cycle as-
sessment is the primary methodological tool for quantifying these trade-offs across the full
system boundary and provides the most defensible basis for feedstock selection decisions.
Despite the environmental advantages of renewable feedstocks, no single feedstock is uni-
versally sustainable. First-generation feedstocks are commercially mature but may compete
with food production and agricultural land use, whereas second- and third-generation
feedstocks offer improved sustainability but remain constrained by feedstock availability,
collection logistics, and higher processing costs. Consequently, feedstock selection should
balance environmental performance, economic feasibility, and regional resource availability
rather than relying solely on bio-based origin.

4. Processing, Manufacturing, and Scale-Up
4.1. Primary Production: Fermentation and Polymerization

The production of bioplastics from renewable feedstocks involves two sequential
primary steps: conversion of biomass-derived carbon into monomers or polymer precur-
sors through fermentation or biochemical processes, followed by polymerization to form
high-molecular-weight materials with the mechanical and thermal properties required for
processing and application. These two steps must be co-designed so that the monomer
purity, stereochemical composition, and impurity profile emerging from fermentation are
compatible with the catalyst choice, reaction conditions, and final polymer performance
targets of the downstream polymerization step [35,36].
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The specific sequence of these production steps differs considerably among the major
bioplastic families. PLA production involves fermentation of carbohydrate-rich feedstocks
to lactic acid, purification of the monomer, conversion to lactide, and subsequent ring-
opening polymerization [37]. In contrast, PHAs are synthesized directly inside microbial
cells during fermentation and therefore do not require a separate chemical polymerization
step, although cell harvesting, disruption, and polymer recovery are necessary [38]. PBS
production combines biochemical and chemical processing, because succinic acid may be
produced through fermentation and is subsequently reacted with 1,4-butanediol through
esterification and polycondensation [39]. These distinct production routes create different
scale-up challenges related to monomer purity, microbial productivity, catalyst selection,
downstream recovery, and molecular-weight control.

Table 3 provides a systematic overview of the principal production and forming
process routes.

Table 3. Overview of bioplastic production routes and forming processes: method, bioplastics
produced, key process parameters, advantages, and limitations.

Process Step Method B;f(ﬂzsctelgs Il<’z¥al;:(e)tc:rs: Advantages Limitations References
Strain selection;
substrate (C/N Renewable: Contamination risk;
. . . PLA precursor ratio); pH; ’ downstream
Fermentation Microbial e ) moderate e
. (lactic acid), PHA, temperature; purification energy
(monomer fermentation .. . temperatures; : . . [18,35,36]
. . succinic acid dissolved oxygen; . intensive; yield
production) (bacterial, yeast) applicable to e
(for PBS) reactor mode waste substrates sensitivity to
(batch/fed- substrate impurities
batch/continuous)
Ring-opening Catalyst type; Precise molecular Catalyst .res1due
polymerization temperature; weight and concerns; energy
. . PLA (high MW P - & . input for
Chemical (ROP) of lactide; . molecular weight  stereochemistry . -
. . via ROP); high-vacuum [24,35]
polymerization condensation bio-PBS. bio-PA control; control; governs conditions:
polymerization ! stereochemistry crystallinity and monomer ! it
(PBS) (L/D-PLA ratio) degradation rate - purtty
required
. Expensive
. C:N ratio; Single-step extraction and
. . Bacterial PHA monomer and e
Biosynthesis/ lati PHA (PHB feedstock type; 1 purification; cell
intracellular accumulation ( 4 temperature; pofymer disruption energy; [26,35]
L. during nutrient PHBYV, PHBHX) N production; no / i’
polymerization L2 fermentation . polymer molecular
limitation . external chemical :
duration catalvst weight less
y controllable
Barrel Industrial scale; Narrow thermal
Twin-screw Thermoplastic temperature; enables blending,  windows for
Extrusion/ extrusion; starch (TPS), PLA  screw speed; plasticizer biopolymers; [30,40]
compounding single-screw compounds, plasticizer incorporation, thermal !
extrusion bio-composites content; shear; fiber degradation risk;
feed rate reinforcement moisture sensitivity
Melt temperature; ec)gg:f; atible with Higher melt
Conventional PLA, PHA, TPS, injection pressure; equi rrglent‘ high temperature
Injection molding ... . bio-PA, bio-PE mold qup s g sensitivity; longer [30,40]
injection molding . throughput; .
parts temperature; complex cycle times for some
cooling rate prex biopolymers
geometries
Anisotropic
Nozzle Design flexibility;  mechanical
Additive Fused filament PLA. PHA temperature; low waste; properties; layer
manufacturing fabrication; direct bio—c,om o,s ites layer height; print ~ complex adhesion [41,42]
(FFF/FDM) ink writing p speed; filament geometries; challenges;
moisture content  personalization moisture uptake in
biopolymers
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4.1.1. PLA Production

Commercial PLA production generally begins with starch or sugar-derived carbohy-
drates obtained from feedstocks such as corn, sugarcane, or cassava. Following hydrolysis
to fermentable sugars, microorganisms such as Lactobacillus species or engineered bacterial
strains convert glucose into lactic acid through the glycolytic pathway, in which pyruvate is
reduced to lactic acid by lactate dehydrogenase. Industrial fermentation is commonly con-
ducted under controlled acidic conditions, generally near pH 5-6.5 and at temperatures of
approximately 3045 °C, depending on the selected microorganism. Fed-batch operation is
often preferred because it allows substrate concentration to be controlled, limits inhibition,
and improves lactic acid productivity. The fermentation broth is subsequently clarified and
purified because residual sugars, salts, proteins, and organic acids can interfere with the
downstream polymerization process [37,43].

High-molecular-weight PLA is generally produced through an indirect route rather
than through direct condensation of lactic acid. Purified lactic acid is first oligomerized
and then converted into the cyclic dimer lactide. The lactide is purified and subjected to
ring-opening polymerization, commonly using tin(II) octoate or alternative metal-based
catalysts. This route provides better molecular-weight control than direct polycondensation
and enables control of the L- and D-lactide ratio. Such stereochemical control is important
because it affects PLA crystallinity, melting behavior, mechanical properties, and degra-
dation rate. At industrial scale, the major limitations include the need for high monomer
purity, energy consumption during lactide formation and purification, catalyst residues,
and control of molecular weight during continuous production [44,45].

4.1.2. PHA Production

PHA production differs fundamentally from PLA production because polymer syn-
thesis occurs directly within microbial cells. Organisms such as Cupriavidus necator,
Pseudomonas species, Halomonas species, and engineered Escherichia coli can convert
sugars, vegetable oils, waste cooking oils, and other carbon-rich feedstocks into intracel-
lular PHA granules. Polymer accumulation is typically promoted by supplying excess
carbon while limiting another essential nutrient, such as nitrogen, phosphorus, or oxygen.
Under these conditions, cellular metabolism redirects acetyl-CoA and related intermediates
toward intracellular PHA biosynthesis through the action of PHA synthase enzymes rather
than biomass formation. Under optimized conditions, the accumulated polymer may
constitute a substantial fraction of the cellular dry mass. The polymer composition can also
be adjusted through strain selection and substrate choice, enabling the production of PHB,
PHBYV, and other PHA copolymers with different mechanical properties [46,47].

After fermentation, the cells must be harvested, disrupted, and separated from the
polymer. Recovery may involve solvent extraction, chemical digestion of non-PHA cellular
material, enzymatic treatment, or aqueous separation methods. Although intracellular
biosynthesis eliminates the need for a separate chemical polymerization stage, downstream
recovery is one of the most expensive and energy-intensive parts of the PHA process.
Additional industrial challenges include oxygen-transfer limitations in large bioreactors,
variable feedstock quality, sterility requirements, high viscosity at elevated cell concen-
trations, and maintaining consistent polymer composition and molecular weight across
production batches [48,49].

4.1.3. PBS Production

PBS production combines fermentation-derived monomer production with conven-
tional step-growth polymerization. Bio-based succinic acid can be produced through
microbial fermentation, in which carbohydrates are metabolized via the reductive tricar-
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boxylic acid (rTCA) pathway by organisms such as Actinobacillus succinogenes and Basfia
succiniciproducens. Sugars derived from starch, molasses, or lignocellulosic hydrolysates
may be used as substrates. Sugars derived from starch, molasses, or lignocellulosic hy-
drolysates may be used as substrates. Following fermentation, succinic acid must be
recovered and purified to remove residual salts, acids, and fermentation-derived impurities
that may reduce polymerization efficiency [50].

Purified succinic acid is reacted with 1,4-butanediol through esterification followed by
melt polycondensation. Elevated temperature, catalyst addition, and progressive removal
of water and other volatile by-products are required to drive the reaction toward high
molecular weight. Vacuum is generally applied during the later stages of polycondensation
to shift the equilibrium and promote chain growth. The principal industrial limitations
include the cost and purity of bio-based succinic acid and 1,4-butanediol, long reaction
times, catalyst stability, and the difficulty of achieving high molecular weight while limiting
thermal degradation [51,52].

4.2. Forming Processes: Extrusion, Molding, and Additive Manufacturing

Following polymerization, bioplastics are converted into finished forms through
processes largely analogous to those used for conventional thermoplastics, though the nar-
rower processing windows and greater moisture sensitivity of many biopolymers require
careful parameter optimization. Twin-screw extrusion is the primary compounding and
forming step for thermoplastic starch, PLA blends, and bio-composite materials: the barrel
temperature, screw speed, and plasticizer content collectively determine melt rheology,
polymer degradation rate, and the mechanical properties of the extruded material [36]. In
a systematic processing study of rice bran-based bioplastics, Alonso-Gonzalez et al. [40]
demonstrated that barrel temperature, screw speed, and plasticizer content significantly
influenced specific mechanical energy, torque, tensile strength, elongation at break, and
water uptake, confirming that the processing window for many biopolymers is narrower
than for conventional polyolefins and requires dedicated optimization rather than direct
transfer of internal combustion engine vehicle (ICEV) processing recipes. These down-
stream transformation operations are distinct from upstream fermentation and polymer
synthesis and are therefore discussed separately in the following section and summarized
in a dedicated processing table (Table 4).

Table 4. Downstream transformation and forming processes used for bioplastics.

Process Typical Materials Important Parameters Main Limitation Reference

Extrusion PLA, PHA, TPS, blends Temperature, screw speed, . o1 degradation [53]
residence time, moisture
Melt temperature, mold Narrow processin

Injection molding PLA, PHA, bio-PA temperature, pressure, win dowp & [54]
cooling rate

. Sheet temperature, forming .

Thermoforming PLA, TPS . Low heat resistance [55]
pressure, cooling

Film blowing PLA/PBAT, PBS, PHA Blow-up ratio, melt Limited melt strength [56]
strength, cooling

Additive . Nozzle temperature, print . .

manufacturing PLA, PHA composites speed, layer height Anisotropy and moisture  [57]

Additive manufacturing (encompassing fused filament fabrication (FFF), direct ink
writing, and binder jetting with biopolymer systems) has gained attention as a processing
route for bioplastics because it enables design flexibility, minimal material waste, and the
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fabrication of complex geometries inaccessible to conventional molding [41]. PLA domi-
nates the FFF market due to its moderate processing temperature, dimensional stability, and
wide commercial availability as filament. Life cycle assessment of additive manufacturing
with biocomposite fillers, including upcycled oyster shell and pistachio shell particles
in a biopolymer matrix, has demonstrated that while additive manufacturing reduces
machining waste, the overall environmental performance relative to injection molding
depends substantially on the energy source of the printer, the material utilization rate, and
whether the structural advantages of the printed geometry allow material quantity reduc-
tion [42]. These results underscore that process choice cannot be evaluated on tribological
performance alone and must be integrated into system-level lifecycle assessment.

4.3. Challenges in Scaling and Industrial Adoption

The transition from laboratory and pilot-scale bioplastic production to industrial vol-
umes faces a compound set of economic and technical barriers. On the cost dimension,
PHA carries a production cost approximately three times that of comparable conven-
tional polyolefins, and even PLA (the most cost-competitive fully biodegradable bioplastic)
maintains a 75-100% cost premium over polypropylene when production volumes are
compared [17,58]. This premium reflects higher feedstock costs, smaller production scales
relative to the highly optimized petrochemical industry, and the complete absence of gov-
ernment price support for bioplastic producers despite the substantial (~$7 trillion in 2022)
direct and implicit subsidies that continue to flow to fossil fuel production chains [17]. The
resulting asymmetry in effective market prices prevents bioplastics from competing on
cost alone, making carbon pricing or extended producer responsibility frameworks that
internalize the end-of-life costs of fossil plastics a structural prerequisite for market parity.

The scaling pathway for second-generation feedstocks adds process complexity to the
economic barriers: lignocellulosic biomass pretreatment and enzymatic hydrolysis remain
energy-intensive and expensive relative to simple starch or sucrose fermentation, and the
inconsistent composition of agricultural residue streams creates quality control challenges
for industrial fermenters designed for consistent substrate inputs [18]. Venture capital
and industrial investment in scaling has been chilled by several high-profile company
failures resulting from premature scaling of technologies with insufficient commercial
validation, creating a risk-averse investment environment that makes patient capital for
bioplastics scale-up difficult to attract [17]. Overcoming these barriers requires coordinated
progress across process intensification research, infrastructure investment, and regulatory
incentives that recognize and reward the lifecycle benefits of bioplastics that fossil fuel-
derived alternatives cannot provide. Overall, the commercial competitiveness of different
bioplastic production routes depends on balancing production cost, material performance,
and process scalability. PLA is currently the most commercially mature bioplastic (TRL 9),
whereas PHA is at the demonstration-to-commercial stage (TRL 7-9), reflecting ongoing
challenges in large-scale fermentation and downstream recovery. PBS is commercially
available (TRL 8-9), although its broader adoption remains dependent on the cost-effective
production of bio-based monomers. Continued advances in feedstock utilization, process
integration, and catalyst development will be essential for improving industrial viability.

In addition to environmental assessment, techno-economic analysis (TEA) plays an
important role in evaluating the commercial feasibility of bioplastic production pathways.
TEA integrates capital investment, operating costs, feedstock availability, process efficiency,
and market value to identify economically viable production strategies. Combining TEA
with life cycle assessment provides a more comprehensive framework for guiding the
industrial commercialization of sustainable bioplastics [17,18].
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5. Structure, Properties, and Design for Circularity
5.1. Mechanical, Thermal, and Barrier Properties

Bioplastics exhibit a wide range of mechanical and thermal properties that determine
their suitability for specific applications and that must be evaluated relative to the conven-
tional plastics they seek to replace. PLA offers high stiffness (Young’s modulus 3.5-3.8 GPa)
and optical clarity competitive with PET, but suffers from brittleness (elongation at break
typically <5%) and a low heat deflection temperature (~55-60 °C) that limits use in hot-fill
applications without modification [1,31]. PHAs present a more heterogeneous property
spectrum: poly(3-hydroxybutyrate) (PHB) is stiff but brittle, while copolymers such as
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) offer improved toughness through
disrupted crystallinity, and the wide range of PHA homopolymers and copolymers accessi-
ble through substrate and strain selection enables significant property tuning [18,26]. These
property differences are rooted in the molecular structure of each biopolymer (chain flexi-
bility, crystallinity, glass transition temperature, and degradation mechanism) and many
commercially deployed bioplastics therefore require blending with compatible polymers,
incorporation of plasticizers, or reinforcement with natural fillers to achieve performance
comparable to established petrochemical plastics [30].

Functional properties critical for packaging applications (gas barrier, moisture vapor
transmission, and heat-seal performance) frequently represent the most significant per-
formance gap between bioplastics and fossil plastics. Many biopolymers exhibit higher
oxygen and water vapor permeability than PET or HDPE, limiting their direct substitution
in modified-atmosphere food packaging without additional barrier layers or nanocompos-
ite enhancement [33]. Nanoparticle reinforcement using nanoclay, cellulose nanocrystals,
or graphene oxide has been demonstrated to improve barrier properties and mechanical
strength simultaneously, but these modifications complicate end-of-life processing: multi-
layer or nanocomposite structures may not be separable at existing recycling facilities, po-
tentially reducing recyclability and circularity despite improving in-use performance [2,33].
This tension between performance enhancement and end-of-life compatibility is a defining
design challenge for bioplastics and requires explicit resolution at the material design stage.

5.2. Degradation Behavior and Environmental Fate

The degradation behavior of bioplastics under real-world conditions frequently di-
verges from idealized laboratory results, and this discrepancy is one of the most consequen-
tial knowledge gaps in the field. PLA is thermodynamically stable under ambient storage
conditions and typical use temperatures, but undergoes rapid hydrolysis and subsequent
microbial breakdown above approximately 58 °C, at controlled humidity, conditions that
are met in industrial composting facilities but not in household compost bins, natural soil,
or aquatic environments [15,27]. PHA degrades more readily across a broader range of
environments, including marine and soil conditions at ambient temperature, though degra-
dation rates vary significantly with copolymer composition, crystallinity, and the specific
microbial community present [26,59]. This variability creates a fundamental challenge
for policy and labeling: a material certified as “industrially compostable” may persist for
years in the natural environment if improperly disposed of, yet its labeling may convey an
impression of rapid, universal degradation to consumers [34,60].

Incomplete biodegradation (a process arrested before full mineralization to CO,, water,
and biomass) generates microplastic fragments from biopolymers that may persist in the
environment on timescales relevant to ecological health, even if the fragment chemistry is
different from that of fossil microplastics [18,59]. Recent studies have further shown that
biodegradable plastics may still generate persistent microplastic particles under environ-
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mentally realistic conditions when degradation is incomplete, highlighting the importance
of appropriate disposal infrastructure and standardized biodegradation testing [61].

The conditions governing complete versus incomplete degradation are not yet fully
characterized for most bioplastic families under environmentally realistic conditions, and
this data gap represents an important research priority for regulators, standards bodies,
and the materials science community alike.

5.3. Design for Performance and Circularity

Designing bioplastics for both high performance and circular end-of-life management
requires a systems-level approach that integrates material chemistry, product function,
collection logistics, and reprocessing infrastructure into a coherent design framework [1,33].
Circular design principles direct material selection toward polymers and additives that
enhance recyclability without compromising performance. E.g., favoring mono-material
structures over complex multilayer composites to facilitate mechanical recycling, or speci-
fying compostable grades only when the products will reliably reach industrial compost-
ing facilities [33]. Designing bioplastics with a composition that accurately signals their
end-of-life pathway, whether mechanical recycling, industrial composting, or chemical
depolymerization, and ensuring that signal is legible to sorting systems and consumers
is equally important [2]. Bioplastics that mimic the processing behavior of conventional
plastics can reduce barriers to manufacturing adoption, but drop-in substitutes must be
clearly differentiated from food contact materials requiring different disposal to prevent
stream contamination. Embedding circularity at the design stage, not as an afterthought, is
the fundamental shift required to ensure that bioplastics deliver on their environmental
promise across the value chain.

6. Life Cycle Assessment, Sustainability, and Digital Tools
6.1. Life Cycle Assessment Framework and Key Metrics

Life cycle assessment (LCA) is the internationally standardized methodology for
quantifying the environmental impacts of a product or system across all stages from raw
material extraction through manufacturing, distribution, use, and end-of-life disposal (the
“cradle-to-grave” boundary). When applied to bioplastics, LCA provides an integrated
picture of trade-offs that single-metric comparisons such as carbon footprint alone cannot
capture [23,34]. A bioplastic may achieve a substantially lower global warming potential
than its fossil counterpart while simultaneously incurring higher agricultural land use,
water consumption, and eutrophication potential from fertilizer application, a pattern of
“burden-shifting” that is systematically observed in bioplastic LCA literature [61]. Table 5
summarizes key LCA metrics comparing PLA, polypropylene (the most common compa-
rable fossil plastic), PHA, and bio-PE across five impact categories, illustrating both the
relative environmental advantages and the trade-offs characteristic of current bioplastic
production pathways.

Under consistent cradle-to-gate assumptions, bio-based but non-biodegradable plas-
tics such as bio-PE and bio-PET generally benefit from reduced fossil-resource use and
compatibility with established recycling streams, but they do not offer biodegradation
at end of life. In contrast, biodegradable plastics such as PLA, PHA, and PBS may pro-
vide composting or biodegradation pathways under controlled conditions, although their
environmental performance is more strongly influenced by feedstock cultivation, fermenta-
tion energy, water use, and available end-of-life infrastructure. Therefore, neither group
is universally superior, and the preferred material depends on the application, regional
energy mix, recycling or composting infrastructure, and the life-cycle system boundary
applied [23,34].
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Table 5. Comparative LCA metrics for PLA, polypropylene (PP), PHA, and bio-PE across global warm-
ing potential, energy demand, water consumption, fossil depletion, land use, and eutrophication.

PP

PHA (From

LCA Metric PLA (Bio-Based) (Fossil-Based) Waste Oils) Bio-PE Notes/Method References
Excludes
vaﬁ:;ln ~1.3-2.5 ~0.5-1.5 2530 end-of-life; 100-yr
ng (cornstarch route); ~5.0-6.5 (near-neutral T GWP; system [21,23,62]
potential (kg . (sugarcane)
COy-eq/ke) <0.5 (sugarcane) from waste oils) boundary
2 cradle-to-gate
Cumulative (NciSr;SsZarch) ; ~50-80 ;ZT_rerflf;Ztizf
energy demand ! ~70-80 (feedstock- ~38-55 8Y . ", [34,63,64]
(MJ/kg) ~37-50 dependent) excludes biogenic
(sugarcane) energy
Water ~0.20-0.40 ~0.10-0.30 Ir;é%:;"i‘v;er
consumption (irrigation- ~0.05-0.10 (varies by ~0.15-0.25 Pros ! [61,65]
(m3/kg) dependent) feedstock) regional
variability critical
Fossil resource Abiotic resource
depletion ~9-18 ~57-70 ~10-20 ~10-22 depletion [23,61]
(MJ/kg oil-eq) potential
2, ~030-0.70 (corn); . ~0.10-030 Direct land
Land use (m Negligible occupation;
lower for . (lower for ~0.20-0.50 . [23,34]
crop-land/kg) (fossil) excludes indirect
sugarcane waste-based) LUC [18,26]
Key
Eutrophlcatlon Higher tha.n' PP Lower (if Higher due to burden—shlftmg
potential (g due to fertilizer ~0.5-1.5 from waste) agriculture impact; often [23,61]
PO4-eq/kg) runoff & higher than fossil
plastics
Only biogenic
and_Of_l.l fe CO, ~0 (biogenic N/A (not . . COz;mo net
(industrial ~0 (biogenic) N/A atmospheric [34]
. carbon returned)  compostable) o
composting) addition when
cradle-to-grave
Approximate ;gf;:ti‘c]iry with
production cost  2.3-2.5 1.0-1.5 4-6 2.0-2.8 o [17,58]
production scale,
(USD/kg) .
and region

Although LCA is widely used to evaluate the environmental performance of bioplas-
tics, comparisons across studies should be interpreted with caution. Reported impacts vary
depending on system boundaries (e.g., cradle-to-gate versus cradle-to-grave), allocation
methods for co-products, geographical differences in feedstock cultivation and energy mix,
and assumptions regarding end-of-life management. These methodological differences can
substantially influence the reported environmental benefits of bioplastics, highlighting the
need for standardized LCA frameworks and transparent reporting to enable meaningful
comparisons across studies [34,61].

6.1.1. Carbon Footprint

The carbon footprint of bioplastics is significantly lower than that of their fossil-derived
counterparts under typical conditions, savings of 1.63-2.10 kg CO,-equivalent per kilogram
have been reported at the production stage [34], but this headline figure conceals substantial
variability rooted in feedstock origin, agricultural management, energy source, and end-of-
life pathway. Land-use change associated with first-generation feedstock cultivation is the
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single most important factor that can reverse the climate benefit of bioplastics: conversion
of native forests, peatlands, or carbon-rich grasslands to agricultural production releases
stored soil and vegetation carbon that can offset or exceed the climate advantage of bio-
based production for decades [23]. LCA studies have quantified this effect at 20-70% of total
lifecycle GHG emissions for some products, depending on region and displaced ecosystem
type. When feedstock cultivation avoids land-use change (through use of existing cropland,
marginal land, or waste streams), PLA production from cornstarch achieves approximately
50-80% reduction in GHG emissions relative to polystyrene, and PHA from waste oils
can approach carbon neutrality under optimized conditions [21]. The energy source at
the manufacturing facility constitutes a second major variable: facilities powered by grid
electricity in carbon-intensive systems can fully negate the biogenic carbon advantage
of the feedstock, while renewable energy-powered processes eliminate this processing
burden [66]. Overall, the environmental superiority of bioplastics cannot be generalized
across all materials or applications. Their sustainability depends strongly on feedstock
origin, manufacturing energy source, transportation, product lifetime, and end-of-life
management. Therefore, future evaluations should prioritize application-specific life-cycle
assessments rather than assuming that all bio-based plastics are inherently more sustainable
than fossil-derived alternatives.

6.1.2. Energy and Water Footprints

The energy demand for converting biomass into polymer through fermentation, bio-
chemical conversion, polymerization, and compounding remains substantial, though gen-
erally lower than for equivalent fossil plastic production on a per-kilogram basis when
non-renewable energy fractions are compared [16,67]. The preprocessing steps (lignocel-
lulosic pretreatment, enzymatic hydrolysis, and downstream purification) alone account
for an estimated 15-25% of total production energy for second-generation feedstocks.
The water footprint of bioplastic production is a dimension of sustainability that is fre-
quently underweighted relative to carbon: if bioplastics were to fully replace all conven-
tional plastics, the associated annual water footprint could represent 3-18% of the global
annual freshwater budget, driven primarily by agricultural irrigation requirements for
first-generation feedstocks [34]. Studies of PLA production have estimated surface and
groundwater consumption approximately four times higher per kilogram of product than
for petroleum-derived polyethylene from comparable volume production [62]. Regional
water stress, the ratio of consumption to local freshwater availability, significantly amplifies
these impacts: the same volume of water consumed in a water-scarce region has far greater
environmental significance than the same volume in a water-abundant region, meaning
that the geographic location of feedstock cultivation is as important as the total volume
consumed [68,69]. This spatial dimension of water impact is inadequately represented
in aggregate global LCA figures and is an important consideration for the siting of new
bioplastic production capacity.

6.1.3. Economic Dimensions

The bioplastics market recorded revenue of approximately USD 12.8 billion in 2024,
with projections estimating a compound annual growth rate of 29.2% through 2034, driven
by regulatory pressure, brand sustainability commitments, and expanding product port-
folios in packaging, agriculture, and biomedical applications [4,70]. Economic multiplier
analyses indicate that every USD 1 billion increase in bioplastics output generates approxi-
mately USD 2.9 billion in total economic impact and supports over 5200 jobs, reflecting the
labor intensity of bio-based agricultural supply chains and specialty chemical processing
relative to highly automated petrochemical production [71]. Nevertheless, the cost gap
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between bioplastics and conventional plastics remains the dominant commercial barrier:
PLA is priced at approximately USD 2.35-2.50/kg compared with USD 1.05-1.19/kg for
polypropylene in comparable applications, and PHAs remain far less competitive at USD
4-6/kg [58,60]. This cost differential is projected to narrow as production scales increase,
process intensification reduces energy and raw material costs, and policy instruments pro-
gressively internalize the externalized end-of-life costs of fossil plastics, but the trajectory
and timeline of convergence remain uncertain and market-structure dependent.

6.2. Artificial Intelligence, Machine Learning, and Data Analytics

The application of artificial intelligence (AI) and machine learning (ML) to bioplastic
research is accelerating across several dimensions: materials screening and property predic-
tion, process optimization, and lifecycle assessment data management. Beyond improving
material design and manufacturing efficiency, Al plays an increasingly important role in
enabling circular economy strategies for bioplastics. Machine learning and data-driven
approaches support feedstock selection, process optimization, waste sorting, recycling
route identification, and life-cycle assessment, thereby facilitating resource efficiency and
informed decision-making across the entire bioplastic value chain. Table 6 systematically
reviews the principal ML applications in the bioplastics field.

Table 6. Applications of artificial intelligence and machine learning to bioplastic research and lifecycle

assessment: method, task, key finding, and dataset scope.

Application Area AI/ML Method Specific Task Key Result/Finding Dataset/Scale Key References
S 15,000+ plant-based Identified 7 viable candidates
. creen Lo, + plant-base out of 15,000 screened; all .
High-throughput polymer candidates for confirmed experimentally to ~15,000 candidate
Materials screening computational screening  packaging alternatives with outperform cgnventionaly polymers [72]
(PolyID, NREL) defined biodegradability and E . GHG and (computational)
thermal thresholds packaging on GHG an
thermal performance
Predict puncture strength and
Property prediction Support Vector Machine  biodegradability of 83.3% prediction accuracy; Experimental
fro rf\ coan osition (SVM) + Random starch-eggshell bioplastic reduced physical experiments  dataset of ~200 [73]
P Forest regression composites from composition  required by >50% formulations
and processing inputs
Automate literature Demonstrated significant
LCA data gap fillin Supervised ML; data extraction for LCA databases;  reduction in manual data Literature corpus of
and au tomga tlfon g imputation; neural fill missing emission factors; collection time; improved LCA studies [74]
networks harmonize LCA consistency of environmental  (multi-database)
inventory data impact estimates
Optimize bioplastic Accelerated optimization Experimental +
Polymer Gaussian process formulation (monomer ratio,  cycleby ~3-5x vs. mo%ecular
structure-property regression; Bayesian molecular weight, additives) trial-and-error; identified dynamics [75,76]
optimization optimization to achieve target mechanical non-intuitive processing tr};inin data
and degradation profile windows for bio-composites &
Optimize bioreactor Up to 20% improvement in Pilot- to
Fermentation process Reinforcement learning;  conditions (pH, temperature, ~ fermentation yield industrial-scale
optimization P neural network feed rate, dissolved O,) in demonstrated in the literature bioreactor data [35,36,74]
P process control real-time to maximize PHA or ~ benchmarks; reduced
. P streams
lactic acid yield substrate waste
Predict optimal end-of-life Prqv1des t;lata—dr{ven .
athway for a bioplastic guidance for sorting systems Scenario databases
End-of-life pathway Decision tree; Ease d on deeradation and policy design; identifies of waste [61,74,76]
prediction multi-criteria ML Kinetics congtamina tion state when chemical recycling is management Y
and available infrastructure economically and systems

environmentally preferable

The potential of ML to compress materials discovery timelines is illustrated by the
NREL PolyID platform, which screened over 15,000 plant-based polymer candidates
for packaging applications within a timeframe that would require decades if performed
through conventional laboratory experimentation, identifying 7 viable candidates subse-
quently confirmed experimentally [30]. Support vector machine and random forest models
have been applied to predict critical bioplastic properties, including puncture strength
and biodegradability, from composition and processing inputs with 83.3% accuracy, sub-
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stantially reducing the experimental burden for formulation development [73]. In process
optimization, reinforcement learning and neural network control systems are beginning
to be applied to bioreactor management for fermentation of lactic acid and PHA, with
demonstrated yield improvements of up to 20% in benchmark studies through real-time
optimization of pH, feed rate, and dissolved oxygen concentration [61,74,76]. For lifecycle
assessment, a 2025 review in PLOS Climate documented how ML models can automate
data collection from published literature, harmonize inconsistent inventory data, fill data
gaps through predictive imputation, and ultimately improve both the speed and accuracy
of LCA models when applied to large and heterogeneous bioplastic datasets [74]. Despite
its significant potential, the application of Al in the bioplastics sector remains constrained
by several challenges. Machine learning models require large, high-quality datasets, which
are often unavailable due to inconsistent experimental protocols and limited industrial data
sharing. Model predictions may also lack interpretability, reducing confidence in indus-
trial decision-making. Furthermore, Al models trained on laboratory-scale datasets may
not accurately predict large-scale manufacturing performance. Therefore, future research
should focus on standardized databases, explainable AI methods, and closer integration
of experimental validation with machine learning models to improve their reliability for
industrial implementation.

6.3. Trade-Offs, Burden-Shifting, and Uncertainty in Sustainability Analysis

A central conclusion of the comparative LCA literature on bioplastics is that no bioplas-
tic family dominates conventional fossil plastics across all environmental impact categories
simultaneously. Bioplastics consistently outperform on climate change (global warming
potential) and fossil resource depletion, but frequently underperform on eutrophication,
photochemical oxidant formation, and certain toxicity categories due to agricultural fer-
tilizer and pesticide inputs associated with first-generation feedstocks [61]. This pattern
of burden-shifting, in which reducing impact in one category generates increased impact
in another, is a systematic feature of bio-based materials that distinguishes them from
genuine circular solutions and necessitates multi-dimensional LCA evaluation rather than
single-metric optimization. The practical implication for decision-makers is that the “best”
bioplastic from an environmental perspective is context-dependent: which impacts are
prioritized, in which geographic context production takes place, and what end-of-life
pathway is available all substantially influence the comparative environmental perfor-
mance [23,61]. Honest acknowledgment of this uncertainty, combined with a robust LCA
methodology that makes assumptions transparent and quantifies sensitivity to key parame-
ters, is essential for building the evidence base required for responsible policy and material
selection decisions.

7. End-of-Life Pathways and Circular Integration

The realized environmental benefit of any bioplastic depends not only on its produc-
tion footprint but on whether it successfully re-enters a circular material flow at the end
of life. The full spectrum of end-of-life pathways and their compatibility with bioplastic
families is summarized in Table 7.
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Table 7. Bioplastic end-of-life pathways: compatibility, infrastructure status, advantages, and key

limitations.
End-of-Life Compatible Conditions Current
. . . Infrastructure Advantages Key Limitations References
Pathway Bioplastics Required
Status

High infrastructure

. cost; contamination
Closes organic
. . . by non-compostable
Limited— material loop; .
Temperature > lobally <10% of roduces look-alikes;

. 58 °C; 50-60% gobaty P acceptance of PLA
Industrial PLA, PHA, TPS, humidity: municipal waste compost and varies amone facilities
(commercial) PBS, PBAT, ty; reaches certified biogas; &1 [27,77]

. 90-180 days; . . . because operational
composting starch-blends industrial appropriate for ; .

controlled . residence times and
. composting food-contact e .
aeration R . facility requirements
facilities contaminated .
ackaging may not always align
P with complete
degradation
Ambient T éﬁ?;ﬁgfli lét_ Decentralized; l\)ll.e;ylzls(gg:oprizog
PHAs (select (15-35 °C); accessible to prastics;
Home . performance i essentially
. grades), months to >1 yr; . households; no [60]
composting . variable by non-degradable at
starch-blends active . transport . .
climate and user . ambient T; no quality
management ) required
behavior control
Drop-in
Clean, sorted bio-plastics Bioplastics
. . mono-material Available within recycle identically ~ contaminate PET/PE
. Bio-PET, bio-PE, . . . .
Mechanical bio-PA. bio-PP streams; existing to fossil streams if co-mingled; 7]
recycling (dro -i,n types) melt-compatible streams—if equivalent; near-infrared sorting
P typ with fossil correctly sorted no new struggles to separate
counterpart infrastructure bio vs. fossil
needed
Restores
Catalyst (acid, Emerging— virgin-quality Higher energy and
Chemical PLA (to lactic base, or enzyme);  commercial-scale  monomer; cost than mechanical
recycling (depoly- acid), PET (to TPA  elevated T for demonstrations enables true recycling; requires 78]
mei]iza t?o n) poly- MEG), PHAs (to  chemical routes; for PLA and PET;  closed-loop clean feedstock;
hydroxy acids) mild T for enzymatic routes  circularity; less catalyst cost and
enzymatic at pilot scale quality loss than recovery
mechanical
Anaerobic reactor
conditions; Recovers biogas .
. . . Low material
mesophilic Available in (energy); recovery efficiency:

. PHA, (35°C) or wastewater and compatible with y ¥
Anaerobic .. . carbon lost as )
dizestion starch-blends, thermophilic organic waste food- CO, /CH; onl [34]

& some PLA grades (55 °C); 2040 treatment contaminated 22 47 Oy
. S . suitable for truly
days hydraulic facilities organic waste .
o biodegradable grades
retention time streams
(HRT)
Biodegradation
S produces CHy (potent
. Standard landfill Ublqultous None fo'r GHG) in anaerobic
Landfill All (as last resort) . dominant current  bioplastics; no L. [34,61]
disposal P conditions; defeats all
ate globally recovery of value .
circular economy
benefits
Only PHAs show  Most bioplastics
Uncontrolled— meaningful degrade extremely
Marine environ- PHAS (some Ambient marine represents marine slowly in marine
ment/open rades) T, salinity; leakage, not a degradation; environments; [59]
environment & months to years managed environmental generates
pathway safety if leakage microplastics; cannot
occurs be relied upon

7.1. Recycling: Mechanical, Chemical, and Enzymatic

Mechanical recycling (shredding, melting, and re-pelletizing polymer waste) is the
most widely deployed and lowest-cost end-of-life pathway, and bioplastics that are chemi-
cal drop-ins for fossil counterparts (bio-PET, bio-PE) can be recycled in existing streams
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without modification to infrastructure. However, bioplastics that are visually identical to
fossil plastics but chemically different (most importantly, PLA, which is optically similar
to PET under near-infrared sorting but incompatible with PET recycling chemistry) repre-
sent a contamination risk that degrades recycling quality when they enter conventional
streams [79]. Investment in improved sorting technologies, including chemical markers and
fluorescent tracers detectable by adapted near-infrared sorters, is essential for managing
this co-mingling risk as bioplastic production volumes increase. Chemical recycling (the
depolymerization of bioplastics to their constituent monomers for re-polymerization into
virgin-equivalent material) offers a closed-loop recycling pathway for PLA (back to lactic
acid), bio-PET (back to terephthalic acid and ethylene glycol), and PHAs (back to hydroxy
acid monomers) [32,80]. Recent advances in catalyst design and enzymatic depolymer-
ization, in which biological catalysts specifically break the ester bonds of PLA or PET,
have improved efficiency and reduced the energy and chemical input requirements for
chemical recycling, making closed-loop chemical recycling a commercially viable pathway
for high-value applications.

7.2. Composting, Biodegradation, and Environmental Fate

Industrial composting, conducted in certified facilities at temperatures above 58 °C
with controlled humidity and aeration, provides the appropriate end-of-life pathway for
food-contact bioplastics that would otherwise be contaminated and unsuitable for mechani-
cal recycling [27,77]. Under these conditions, PLA degrades within 90-180 days, and PHAs
degrade more rapidly. However, the practical challenge is severe: globally, fewer than
10% of bioplastic waste streams reach certified industrial composting facilities, and many
industrial composting facilities have limited or discontinued acceptance of PLA because
operational residence times and facility-specific processing requirements may not always
be compatible with complete degradation, despite PLA meeting certified industrial com-
postability standards under controlled conditions [79]. A 2024 report found that removing
plastic contaminants, including mislabeled bioplastics, accounts for up to one-fifth of com-
posting facility operational costs, illustrating the systemic cost of poor sorting and incorrect
labeling [34]. In the marine and natural environments that represent the worst-case un-
managed end-of-life scenario, most bioplastics, including PLA, degrade extremely slowly,
and the risk of microplastic formation from partially degraded biopolymers is a legitimate
environmental concern that cannot be dismissed based on industrial compostability certifi-
cations [59]. Only specific PHA grades demonstrate meaningful marine degradation, and
even these cannot be relied upon to eliminate environmental harm from plastic leakage.

7.3. Systems Integration for Closing Material Loops

The maximum realization of bioplastic circular value requires waste management
infrastructure that integrates multiple recovery pathways (mechanical recycling, chemical
recycling, industrial composting, and anaerobic digestion) and routes each material to the
pathway most appropriate for its chemistry and contamination state [77,81]. This system
integration depends on three design elements: consistent, standardized labeling that en-
ables consumers and automated sorting systems to identify the correct disposal pathway;
product design that minimizes the number of co-mingled materials and incompatible addi-
tives that complicate separation and reprocessing; and cross-sector collaboration among
manufacturers, waste managers, municipalities, and regulators to ensure that infrastructure
capacity and material composition evolve in alignment [77,81]. The development of digital
product passports, which embed lifecycle and recycling information directly in product la-
beling and data systems, represents a near-term technological enabler for improved sorting
and tracking that is beginning to be mandated by EU digital product regulation. Figure 3
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illustrates the circular material loops of plastics, showing the technical cycle involving
reuse and recycling, and the organic cycle involving composting and anaerobic digestion
for biodegradable bioplastics.

Anaerobic
Digestion

Figure 3. Schematic illustration of circular material loops for plastics, showing the technical cycle
(reuse and recycling) and the organic cycle (composting and anaerobic digestion) for bio-based
and fossil-based feedstocks, along with energy recovery pathways through incineration and biogas
production. Reproduced from [2], Open access.

8. Applications and Market Implementation
8.1. Primary Markets: Packaging, Agriculture, and Consumer Goods

The bioplastics market is concentrated in high-volume, short-lifetime applications
where the combination of regulatory pressure on conventional single-use plastics and con-
sumer willingness to pay for sustainable alternatives creates favorable adoption conditions.
Table 8 provides a systematic overview of market sectors, their share of the 2021 bioplastic
market, key materials deployed, primary adoption drivers, and sector-specific challenges.

Packaging dominates bioplastic application at approximately 48% of total volume
(~1.15 Mt in 2021), a share that reflects both the short service life of packaging, which
aligns with the comparatively limited durability of many current bioplastics, and the
concentration of single-use plastics regulation on packaging materials [3,82]. Bioplastics
fulfill multiple functional roles within packaging systems beyond structural films: they
appear as coatings on paper and cardboard substrates to provide moisture resistance, as
additives to modify the properties of conventional polymers, and as structural materials
for rigid containers and flexible pouches [3]. In agricultural applications, biodegradable
mulch films composed of PBAT, PBS, and starch blends provide weed suppression and
soil moisture retention during crop growth and can be incorporated into the soil at harvest
without collection, eliminating a significant labor cost and reducing plastic contamination
of agricultural soils [83]. The primary uncertainty for agricultural bioplastics is the field
degradation rate under real-world climate conditions, which varies significantly with soil
temperature, pH, microbial activity, and film thickness.
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Table 8. Bioplastics market by application sector: 2021 market share, approximate volume, key

materials, primary drivers, and sector-specific challenges.

Application

Market Share

Volume Approx.

Key Bioplastics

Sector 2021) 021) Used Primary Drivers Key Challenges References
Barrier performance
gaps vs. PET;
ratrs Rl g
Food packaging ~48% ~1.15 Mt bio-PET, bio-PE, bran dgsustainla)bilit ” infrastructure [3,82,83]
PBS, PBAT, PHA y required for
goals; food safety .
compostable grades;
labeling confusion
Weight reduction; cCoc;f\t/elzarffi?rll;lr'n VS
Bio-PE, bio-PA sustainability !
~119 ~ 4 4 /
Consumer goods 11% 0.26 Mt PLA, TPS marketing; product perfqrmance [82,84]
. O requirements vary
differentiation .
widely by product
Reduced fossil Recycling of blended
. . dependence in fiber products;
Fibers and textiles ~ ~10% ~0.24 Mt Eprggéilo_PA’ fashion industry; durability vs. [26,82]
growing circular conventional
fashion standards synthetics
Biodegradable mulch  Field degradation
PBAT, PBS, TPS films eliminate rates affected by
Agriculture ~9% ~0.22 Mt mulch films; PHA  post-harvest retrieval;  climate; regulatory [82,83]
seed coatings reduce plastic approval varies
contamination of soil by region
High performance
Bio-PA, bio-PP, Mass re;ductlon,' qu requirements; o
natural fiber regulation pressure; temperature cycling;
Automotive ~5% ~0.12 Mt . end-of-life cost; long product [26,82,84]
composites, PLA labili lifet: g bl
composites recyclability ifetimes incompatible
mandates with biodegradable
materials
WEEE directive; Strict performance
Bio-PA, bio-PC sustainability standards; UL94
Electronics ~3% ~0.07 Mt analogs, PHA for commitments; flame flame retardancy; [24,27,82]
casing materials retardancy electrical properties;
requirements recycling complexity
Adhesion
Coatings and Bio-based epoxies, VOC reduction performance; thermal
18 ~4% ~0.10 Mt PLA-based mandates; bio-content  resistance; [82]
adhesives . - . o .
coatings labeling requirements  compatibility with
substrate materials
Biocompatibility
PHA,PLA, PBS,  Biodegradable fi‘;rtﬁcdzttll‘(’;‘l e
Biomedical and <2% (but <0.05 Mt, high bio-PA (implants,  implants; drug - egc ision; sterilization  [24,27,75,34]
pharmaceutical high-value) unit value sutures, drug delivery; reduced P ¢ e

delivery)

surgical intervention

compatibility;
regulatory approval
pathway

8.2. Advanced Applications: Biomedical, Automotive, and Electronics

Beyond packaging and agriculture, bioplastics are gaining traction in technical ap-
plications that demand higher performance and more complex certification pathways.
In biomedical applications, the biodegradability and demonstrated biocompatibility of
PLA and PHA make them strong candidates for implantable devices, surgical sutures,
drug delivery scaffolds, and tissue engineering matrices, applications where degradation
in the physiological environment eliminates the need for surgical removal and where
biocompatibility is a primary requirement [24,27,82]. The precision of degradation rate
control required for implant applications demands stereochemical and molecular weight
specification accuracy that exceeds current commercial production norms, and regula-
tory approval pathways through the FDA and CE marking are substantially longer and
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more demanding than for packaging applications. In the automotive sector, bio-based
polyamides and natural-fiber composite materials are being evaluated for interior trim,
door panels, and under-hood components where the combination of mass reduction and
end-of-life recyclability aligns with vehicle CO; emission regulations and end-of-life vehicle
directives [82,84]. The electronics sector presents the most demanding set of thermal and
electrical performance requirements, including UL94 flame retardancy, electrical insula-
tion, and dimensional stability under thermal cycling, properties that current bioplastic
formulations can approach but do not yet fully match for all applications [24,27,82].

9. Challenges, Limitations, and Barriers to Adoption

The path from laboratory demonstration and niche application to widespread indus-
trial deployment of bioplastics is obstructed by a set of interconnected barriers whose
resolution requires coordinated progress across materials science, manufacturing, infras-
tructure, regulation, and consumer behavior. Table 9 provides a systematic analysis of the
principal challenge categories.

Table 9. Systematic analysis of principal barriers to bioplastic adoption: specific barrier, current
status, mitigation strategies, and key references.

Challenge Category Specific Barrier Current Status Mitigation Strategies References
PHA: ~$4-6/kg vs. PE Major bartier to Scale-up investments; process
. intensification; waste feedstocks
.. ~$1-2/kg; PLA: ~$2.35-2.50/kg mass-market adoption; N
Cost competitiveness 1 o . to reduce raw material cost; [17,32]
vs. PP ~$1.05-1.19/kg; 20-75% small-scale production - . .
. s carbon pricing that internalizes
premium across most families exacerbates cost . 2
fossil externalities
PLA: brittle, low HDT (~55 °C); Narrows steadily with Reactive blending (PLA + PBAT);
many bioplastics inferior in blending and nanocomposite reinforcement;
Performance gaps barrier, mechanical strength, and  nanocomposite research; still ~ stereocomplexation for thermal [1,30,31]
moisture resistance vs. significant for demanding improvement; multi-material
PET, PE, PP applications architectures
<10% of collected bioplastic - Pohcy investment in certlfleq
. . . Critical gap; defeats industrial composting capacity;
Composting waste globally reaches industrial . R . .
. . e compostability claims in clearer sorting guidance; [34,77,79]
infrastructure composting facilities; many . c ,
S ; real waste systems harmonized “compostable
facilities reject PLA e
certification standards
Bioplastics visually similar to . Chemical markers/fluorescent
fossil plastics; contaminate PET, Growing problem as tracers in bioplastics for
Recycling stream 0SsIL plastics; conta ate ’ bio-PET and PLA volumes acers opastics 1o
O PE recycling streams; NIR . . automated sorting; digital [77,79]
contamination yems ’ increase without & 918 !
sorting limitations at ~50% . . watermarking; dedicated
. improved sorting . .
mixed-stream accuracy for PLA bio-plastic take-back systems
" B.1odegrac’1’able, compostable, Significant consumer Harmonized, legally enforced
. bio-based” terms used : o .
Labeling and . X confusion; facilitates labeling standards; EU Ecolabel
X inconsistently; EU acknowledges . . B . [2,34]
greenwashing : L greenwashing; results in mandatory for “compostable
consumer misconception in own . o .
. incorrect disposal claims; consumer education
policy documents
6-61% of lobal rable lanaif Limitsloms-term sealabiity | C RN SO e
Feedstock land and food : & . of 1st-gen approaches; & S
competition scaling to replace all plastics; subiect to political and development; prioritize waste [18,23,34]
P LUC can offset 20-70% of " C]e Volaliilit streams; LCA-based feedstock
GHG benefits P Y selection policies
. International harmonization
No globally ha1jmon1zed e . .. . throughISO, EN standards;
standards for biodegradability Slows investment decisions; ;
Regulatory claims; EU, US, and Asian creates market access adoption of EN 13432 or [18,77]
fragmentation o . equivalent globally; extended !
regulations inconsistent; many barriers A
producer responsibility (EPR)
markets lack enforcement
frameworks
Consumer overestimation of Simplified labeling (color-coding
biodegradation speed; disposal Documented in behavioral + clear disposal icons);
Consumer behavior errors contaminate waste studies; systemic mandatory retailer disposal [34]

streams; willingness-to-pay gap
limits premium viability

downstream consequences

guidance; behavioral economics
interventions
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The performance-cost gap remains the single most significant barrier to mass-market
adoption. At current production scales, the combination of higher feedstock costs, smaller
manufacturing volumes, more complex processing conditions, and the absence of the
subsidies and infrastructure benefits that conventional plastics inherit from decades of
fossil fuel-supported optimization produces a persistent price premium that prevents
bioplastics from competing on commercial terms in the most price-sensitive application
segments [17]. This cost disadvantage is structural rather than simply a matter of process
immaturity: the current global subsidy architecture for fossil fuels, estimated at approxi-
mately USD 7 trillion in 2022 when implicit subsidies are included, effectively distorts the
price signals that would otherwise favor bio-based alternatives whose true lifecycle costs,
including end-of-life management and environmental externalities, are more favorable [17].
Addressing this structural imbalance requires policy intervention in the form of carbon pric-
ing, extended producer responsibility that charges fossil plastic producers for end-of-life
management costs, and targeted investment in bioplastic production infrastructure.

Consumer behavior and the associated infrastructure challenges create a compounding
barrier. The widespread consumer confusion between “biodegradable,” “compostable,”
and “bio-based” (terms with fundamentally different disposal requirements) leads to
systematic misrouting of bioplastic waste that contaminates recycling streams, compromises
compost quality, and ultimately directs materials to landfill where their environmental
benefits are lost entirely [17,32,58]. The regulatory response to this confusion has been
inconsistent: EU policy now recommends avoiding the term “bioplastics” entirely in
consumer communication without further qualification, but this guidance has not been
translated into uniformly enforced labeling standards across global markets, allowing
misleading environmental claims to persist [77]. The technical and behavioral dimensions
of this challenge are addressable through a combination of harmonized, legally enforced
labeling standards, investment in improved sorting technology, and consumer education,
but these solutions require coordinated action across multiple government, industry, and
civil society stakeholders.

Although bioplastics offer significant opportunities to reduce dependence on fossil-
based plastics and support a circular economy, they are not a universal replacement for
conventional polymers. Their environmental and economic benefits depend on feedstock se-
lection, production efficiency, waste management infrastructure, and end-of-life treatment.
Challenges such as higher production costs, limited recycling compatibility, inadequate
industrial composting facilities, and scalability continue to restrict widespread adoption.
Therefore, future progress will require coordinated advances in materials development,
manufacturing technologies, policy support, and circular waste management systems.

10. Future Directions and Outlook
10.1. Emerging Feedstocks and Next-Generation Materials

Future research in bioplastics is increasingly focused on feedstocks and material
architectures that decouple bio-based production from agricultural land competition and
enable polymer properties that current commercial bioplastics cannot achieve. Algae-based
bioplastics remain at relatively low technology readiness but offer compelling theoretical
advantages: microalgae grow in non-arable environments using wastewater or seawater,
fix atmospheric CO, during photosynthesis, achieve biomass productivity per unit area
several times higher than terrestrial crops, and can accumulate PHA intracellularly under
defined nutrient-limiting conditions [19]. The primary barriers to algae-based bioplastics,
such as high cultivation, harvesting, and extraction costs, are being addressed through
integration with wastewater treatment and the recovery of co-products (proteins, lipids,
pigments) that improve the economics of algae biorefinery operations. Carbon capture
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and utilization (CCU) pathways that directly convert industrial CO, or methane into
polymer precursors through microbial electrosynthesis or gas fermentation represent an
emerging class of feedstock strategy with the highest potential for carbon-negative polymer
production [18,21].

Smart and functional bioplastics (materials engineered to respond to environmen-
tal stimuli such as temperature, pH, moisture, and mechanical stress by changing their
properties) represent an important frontier in extending the application range of bio-based
polymers. Thermally responsive PLA-based blends with shape memory behavior, pH-
sensitive PHA formulations for active food packaging that release antimicrobial agents on
spoilage detection, and moisture-responsive starch films for seed coatings are examples
of this emerging functionality that would substantially expand the value proposition of
bioplastics in packaging, agriculture, and biomedical fields [30,40]. The development of
these functional materials requires close integration of polymer chemistry, process design,
and end-of-life pathway analysis to ensure that added functionality does not compromise
compostability or recyclability.

10.2. Digital Tools, Al Integration, and Systems Optimization

Artificial intelligence and machine learning are transitioning from peripheral com-
putational tools to central enablers of the bioplastics research and development cycle. In
materials discovery, the combination of high-throughput computational screening of the
polymer design space with experimental validation creates a virtuous cycle in which ML
models improve with each experimental datapoint, progressively reducing the experimen-
tal burden for identifying new bioplastic formulations with target property profiles [74-76].
In manufacturing, real-time process control through ML-based optimization of bioreactor
conditions and extrusion parameters can improve yield efficiency, reduce energy con-
sumption, and enhance batch-to-batch consistency, outcomes that directly improve both
environmental performance and economic competitiveness [35,36]. For LCA, Al-assisted
literature extraction, data harmonization, and uncertainty quantification tools are beginning
to address the data scarcity and methodological inconsistency that have historically limited
the comparability of bioplastic LCA studies, enabling more robust and decision-relevant
environmental impact assessments [61,74].

10.3. Policy Alignment and Infrastructure Investment

Realizing the environmental and economic potential of bioplastics ultimately depends
on policy frameworks and infrastructure investments that align incentives across the value
chain. The most impactful near-term policy levers are: extended producer responsibility
systems that require manufacturers of plastic products to fund the collection, sorting, and
processing of their products at end of life; mandatory harmonized labeling standards that
clearly communicate disposal requirements to consumers and enable accurate automated
sorting; investment in certified industrial composting capacity in proportion to the volume
of compostable packaging placed on the market; and carbon pricing mechanisms that
reflect the true climate cost of fossil-derived plastics and thereby reduce the price gap
with bio-based alternatives [1,77]. Existing federal programs in the United States, such
as the USDA BioPreferred Program, which has certified over 100 bioplastic resins as
biobased products, and EPA pollution prevention programs funding PHA production
from lignocellulosic waste, provide institutional foundations that could be expanded
and systematically integrated with waste management infrastructure policy [59,66,85].
Internationally, the alignment of national policies with the globally harmonized standards of
ISO, EN 13432, and the developing international plastics treaty represents the most efficient
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path toward the consistent regulatory environment required for investment confidence and
market development across bioplastic value chains.

Future research should prioritize the development of cost-effective non-food feed-
stocks, scalable fermentation and polymerization technologies, standardized life cycle
assessment methodologies, and advanced recycling systems compatible with existing
waste management infrastructure. Key technological bottlenecks include high production
costs, inconsistent feedstock availability, limited industrial composting and recycling in-
frastructure, and the need for improved material performance. Accelerating industrial
implementation will require coordinated advances in process optimization, supportive
policy frameworks, investment in recycling and composting infrastructure, and stronger
collaboration among academia, industry, and policymakers.

11. Conclusions

This review has examined the bioplastics field comprehensively across its princi-
pal technical, environmental, economic, and systemic dimensions, from the chemistry
and agronomy of bio-based feedstocks through production and processing technologies,
mechanical and functional properties, life cycle impacts, end-of-life pathways, market
applications, and the barriers and future directions that will shape the trajectory of the
sector. Several overarching conclusions emerge from this synthesis.

Bioplastics are not a monolithic category and cannot be evaluated or regulated as
one. The three-group classification (bio-based and biodegradable, bio-based but non-
biodegradable, and fossil-based but biodegradable) has fundamental consequences for
how each type of bioplastic interacts with end-of-life infrastructure, what circular economy
role it can play, and what environmental benefits it can realistically claim. Conflating
these categories in policy, labeling, or consumer communication is a primary driver of the
greenwashing and waste mismanagement that currently undermine the environmental
credibility of the sector.

Life cycle assessment consistently demonstrates that bioplastics” environmental perfor-
mance is context-dependent and multi-dimensional. First-generation feedstocks from food
crops can deliver 50-80% GHG reductions relative to fossil plastics when land-use change
is avoided, and renewable energy is used in production, but these advantages can be fully
offset or reversed when land conversion occurs, water-scarce regions supply feedstock, or
end-of-life management routes material to landfill rather than composting or recycling.
Burden-shifting from climate to land use, water consumption, and eutrophication is a
systematic pattern that necessitates multi-impact LCA evaluation for all material selection
and policy decisions.

The most structurally significant barrier to bioplastics scaling is not a materials science
problem; it is an infrastructure and policy alignment problem. Composting infrastructure,
sorting technology, chemical recycling capacity, harmonized labeling standards, and carbon
pricing that internalizes fossil externalities are the enabling conditions for realizing the
circular economy potential that the molecular design of biodegradable bioplastics already
provides in principle. Artificial intelligence and machine learning are emerging as pow-
erful accelerators for both materials discovery and lifecycle data management, and their
integration into the bioplastics development cycle represents one of the most productive
investment opportunities in the field. Bioplastics are a necessary but not sufficient com-
ponent of a circular plastics economy; their full potential is realized only when combined
with appropriately designed and funded end-of-life systems, evidence-based regulation,
and continued investment in second- and third-generation feedstocks that eliminate the
food-competition and land-use pressures that compromise the sustainability credentials of
current commercial production.
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