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Highlights

What are the main findings?

e  Production route determines the scale-up bottlenecks in biopolymer packaging.
e  Cost, regulation, and end-of-life systems remain interdependent barriers.
e  Sustainability depends on feedstock, material performance, and disposal route.

What are the implications of the main findings?

e  Early integration of TEA and LCA can reduce commercialization risks.
e  Existing infrastructure and biorefineries offer strong near-term scale-up potential.
e Packaging must be designed for verified safety and realistic end-of-life routes.

Abstract

Bio-based origin, biodegradability, and compostability represent distinct concepts, and
promising laboratory results do not always translate biopolymer-based food packaging
into industrial implementation. This review adopts a value-chain perspective to critically
assess the transition of biopolymer-based food packaging from renewable feedstocks to
commercial products and end-of-life management. It evaluates key stages of the entire
value chain, including polymer production, processing technologies, economic feasibility,
regulatory requirements, environmental performance, and waste-management strategies.
Major barriers to commercialization include feedstock and material variability, production
and purification costs, processing limitations, performance gaps, certification challenges,
and insufficient recycling or composting infrastructure. Evidence from techno-economic
and life cycle assessments indicate that successful implementation depends on integrated
production systems, process optimization, co-product valorization, and realistic end-of-life
scenarios. Advancing biopolymer packaging therefore requires coordinated development
across the entire value chain rather than isolated improvements in polymer design.

Keywords: biopolymers; economic challenges; regulatory framework; functional and market
limitations; circular economy; life cycle assessment; industrial scaling; commercialization
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1. Introduction

The reliance on petroleum-derived plastics has led to serious environmental issues, as
non-degradable materials persist in ecosystems for centuries [1,2]. With global consumption
of fossil-fuel-based polymers projected to nearly triple by 2060, an urgent translation
toward sustainable alternatives has become a priority for the packaging sector [3]. In
response to these environmental challenges, biopolymers derived from renewable sources
and biodegradable materials that break down into natural components are increasingly
recognized as suitable substitutes [4,5]. Their biological origin and ability to undergo
microbial degradation effectively reduces the environmental footprint associated with
conventional synthetic plastics [6,7].

Depending on their chemical structure and production route, biopolymer-based ma-
terials may provide film-forming ability, biocompatibility, barrier functionality and the
possibility of incorporating active compounds, antimicrobial agents, antioxidants, or nanos-
tructured reinforcements [8-11]. In the context of packaging, these materials provide
several important advantages, including reduced dependence on fossil resources [12],
lower greenhouse gas emissions [13], potential compatibility with composting systems [14],
and opportunities for valorization of agricultural and industrial residues [15]. Furthermore,
their chemical versatility enables the design of multifunctional packaging systems with
tailored gas and moisture barrier properties, improved mechanical performance, and active
functionalities for food preservation [9,16]. The integration of biodegradable biopolymers
with nanofillers, natural extracts, or antimicrobial compounds has further expanded their
potential in advanced food packaging technologies [17].

Despite this potential, the transition from biopolymer-based materials to commercially
viable food packaging remains a critical bottleneck. Many materials show promising
properties under laboratory conditions, yet their industrial implementation is limited by
the need to simultaneously satisfy performance, processing, safety, regulatory, economic,
market, and end-of-life requirements. Therefore, the central issue is not only whether
biopolymer-based materials can be converted into packaging materials, but whether such
materials can meet the combined demands required for real commercial adoption. This
review addresses this gap by critically examining the main barriers that determine whether
biopolymer packaging can move beyond a sustainable concept and become an industrially
scalable material solution.

Unlike previous review articles that focus primarily on biopolymer sources, synthesis
pathways, material properties, or packaging performance, this review adopts a value-chain
perspective. It integrates raw material origins, polymer production methods, processing
technologies, techno-economic assessment, functional and market constraints, regulatory re-
quirements, and post-use material management within a unified framework. By combining
technological, economic, regulatory, and commercial aspects, this paper provides a compre-
hensive overview of the key factors determining the successful industrial application of
biopolymer-based food packaging.

2. Terminology

A clear distinction between terms biopolymer, bio-based polymer, biodegradable
polymer is essential for the proper interpretation of material properties and sustainability
claims [18]. According to the IUPAC recommendations the term biopolymer should be
reserved for “substance composed of one type of biomacromolecule” [19]. Although
the IUPAC definition restricts the term biopolymer to polymers synthesized by living
organisms, in the field of sustainable packaging the term is frequently used in a broader
sense to include naturally occurring polymers, microbially synthesized polymers, and
bio-based polymers obtained by chemical synthesis. Throughout this review, the terms
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“biopolymer” is used in this broader context, while the terms bio-based, biodegradable, and
compostable are employed whenever distinctions between material origin and end-of-life
behavior are relevant. This approach is consistent with the terminology commonly adopted
in the contemporary packaging literature.

A bio-based polymer is defined by the origin of its carbon, namely “composed or
derived in whole or in part of biological products issued from the biomass (including
plant, animal, and marine or forestry materials” [19]. This term encompasses naturally
occurring polymers isolated from biomass, polymers biosynthesized by microorganisms,
and polymers chemically synthesized from bio-derived monomers [12]. Bio-based origin
does not imply biodegradability. For example, bio-PE is chemically identical to conventional
polyethylene and exhibits comparable environmental persistence despite being produced
from renewable feedstocks [18,20].

The term biodegradable polymer refers to the material’s “capability of being degraded
by biological activity” [19], resulting in its conversion into naturally occurring products
such as carbon dioxide, water, methane under anaerobic conditions, inorganic compounds,
and biomass [21]. Biodegradability is therefore an end-of-life property that depends not
only on the chemical structure of the polymer but also on environmental conditions (temper-
ature, humidity, oxygen availability, microbial activity, and exposure time). Consequently,
biodegradability is independent of feedstock origin [22]; both fossil-derived polymers (e.g.,
polybutylene adipate terephthalate, PBAT) and bio-based polymers (e.g., PLA or PHA) may
be biodegradable, whereas some bio-based polymers are not biodegradable at all [23,24].

A “compostable polymer” represents a specific subset of biodegradable polymers.
Besides being biodegradable, compostable materials must satisfy internationally recognized
standards, such as EN 13432, ISO 17088, or ASTM D6400, which specify requirements
for biodegradation rate, disintegration during composting, absence of ecotoxicity, and
acceptable levels of heavy metals under controlled composting conditions [25]. While every
compostable polymer is biodegradable, the reverse is not necessarily true, since many
biodegradable polymers require environmental conditions that differ from those prescribed
for industrial/home composting [18].

The term “bioplastic” should be applied with caution because it encompasses both
bio-based and biodegradable plastics, regardless of whether a material belongs to one
category, the other, or both [12,25]. This relationship is schematically illustrated in Figure 1.

Bioplastics Biobased Biodegradable

v v

PBAT, PCL X ” 4

X

Figure 1. Relationship between bio-based and biodegradable plastics. Adapted from https://www.
european-bioplastics.org/bioplastics/ (accessed on 1 June 2026).
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3. Classification of Biopolymers According to Renewable Carbon Source
3.1. Renewable Feedstock Categories

Biopolymers can be classified according to several criteria, including origin (feedstock),
chemical structure, production route, biodegradability, application, etc. [26]. Biopolymer
feedstocks include agricultural crops, lignocellulosic biomass, marine resources, animal-
derived by-products, and various fermentation substrates and organic waste streams
(Table 1). The increasing use of renewable carbon sources is sustained by the need to
reduce dependence on fossil resources, lower greenhouse gas emissions, and promote the
development of a circular bioeconomy [27]. The sustainability of a feedstock depends on its
renewability, land use, competition with food production, water consumption, and overall
life cycle impacts [12].

Feedstocks that include crops rich in sugars, starch, or vegetable oils can be efficiently
converted into platform chemicals but raise concerns regarding competition with food
production [28]. Feedstocks originating from non-food lignocellulosic biomass, including
agricultural residues, forestry by-products, and dedicated energy crops, offer improved sus-
tainability while requiring more complex pretreatment and fractionation technologies [29].
Industrial use of feedstocks that include rapidly renewable aquatic biomass, which do
not compete directly for arable land and exhibit high biomass productivity, is still limited
by technological and economic constraints [30]. More recently, organic waste streams,
food waste, and industrial by-products have also emerged as promising feedstocks within
circular bioeconomy strategies [31,32].

Feedstock classification provides information on the origin of the renewable carbon,
whereas the manufacturing pathway describes the technological route used to transform
this carbon into the final polymer. Distinguishing these two concepts is essential for
establishing a consistent terminology and for understanding the diversity of biopolymer
landscape. Biomass-derived carbon can be converted into biopolymer materials through
fundamentally different production pathways: direct extraction from natural biomass,
microbial biosynthesis, or chemical polymerization of bio-based platform molecules.

3.2. Conversion of Biomass-Derived Carbon into Polymer Precursors

Not all biomass-derived carbon sources are converted directly into polymers. In
some production routes, biomass is first transformed into platform molecules or renewable
intermediates that serve as monomer precursors for polymer synthesis. Examples include
lactic acid, succinic acid, 2,5-furandicarboxylic acid (FDCA), bio-based 1,4-butanediol, and
bioethylene glycol, which are used for the production of polymers such as PLA, PBS, PEF,
and other bio-based polyesters. The use of these intermediates enables the production of bio-
based polymers that are chemically equivalent or structurally comparable to conventional
petroleum-derived materials while integrating renewable carbon into existing polymer
manufacturing pathways.
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Table 1. Classification of biopolymers according to renewable carbon source (feedstock origin), with representative feedstocks, production pathways, packaging

applications and main limitations.

Raw Material . . Typical Process- .
Examples of Representative Production . . e T el o Packaging
Source (Feedstock ing/Conversion Main Limitations Reference
. . Feedstocks Polymers Pathway Relevance
Origin) Methods
Moisture
Corn. potato Extraction, sensitivity; poor
cassav,apwhea’t Starch, cellulose, plasticization, water vapor Films, coatings,
rice. su ,ar beet, cellulose derivatives, Direct extraction of esterification, barrier; brittleness; paper and board
Agricultural crops wo,o d gco Hor ’ cellulose nanofibers natural polymers; etherification, melt limited thermal coatings, barrier
and plant-derived a riC;J ltural ’ (CNEF), cellulose modification of extrusion, solution stability; layers, [33—40]
polysaccharides gresi dues nanocrystals (CNC),  natural polymers casting, coating, dependence on nanocomposite
li nocellul(;sic hemicellulose and derivatives electrospinning, modification packaging,
& biomass derivatives nanocomposite degree; recycling  multilayer structures
preparation challenges for
some derivatives
Poor mechanical
. . Solution casting, properties in pure  Antimicrobial films
Marine biomass . . . .
Crustacean shells, . ) coating, freeze form; moisture and coatings, active
and Chitosan, alginate, . . ; . .
. . algae, seaweed, Direct extraction of drying, sensitivity; packaging,
animal-derived - . agar, carrageenan, o7, 1 ; [33,41,42]
animal skin and . natural polymers electrospinning, variability of oxygen-barrier
renewable gelatin, collagen . . . .
bones blending with other  biological sources; layers, fresh produce
resources . .. :
biopolymers limited thermal packaging
resistance
Glucose, sucrose, I:E?ﬁg:fg;?’ High production Compostable films,
gly(;erol, vegetable PHA, PHB, PHBV, recovery, solvent and purification  rigid food -coptam?rs,
. . oils, molasses, ) . . . ) cost; low trays, antimicrobial
Microbial and whe PHBH, bacterial Microbial casting, extrusion, roductivity vs ackaeine. coatings
fermentation- . Yo cellulose, pullulan, biosynthesis of injection molding, P y Vs p EE/ &% [43-48]
. lignocellulosic . petrochemical high-value
derived feedstocks curdlan, xanthan polymers compression .
hydrolysates, m moldin polymers; sustainable
agricultural and & cme brittleness; packaging
electrospinning, 3D .
food waste streams printing scale-up challenges applications
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4. Classification of Biopolymers According to Processing
Pathways—From Polymer Production to Packaging Manufacture

While feedstock-based classification describes the origin of renewable carbon resources,
it does not fully reflect the technological processes required to produce biopolymers and con-
vert them into functional packaging materials. There are three major processing pathways
for biopolymer production from renewable feedstocks, as shown in Figure 2. In this section,
processing pathways, considering the sequence of polymer synthesis, material processing,
and final packaging manufacture will be briefly discussed in light of the technical challenges
and scale-up barriers that currently limit their broader industrial commercialization.

RENEWABLE FEEDSTOCKS J

includl'ng plant biomass, agro-industrial residues, animal by-products and food-processing side streams

)

\ 3.1. ISOLATION AND PURIFICATION
OF NATURAL POLYMERS

OF BIO-BASED POLYMERS OF BIOPOLYMERS

3.2. CHEMICAL SYNTHESIS ‘ ‘ @ 3.3. MICROBIAL PRODUCTION }
¥
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» Hemicellulose
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« Chitin / Chitosan
» Gelatin
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» Selected protein fractions

= Polyhydroxyalkanoates (PHA)
= Polyhydroxybutyrate (PHB)
» Bacterial cellulose

* Polylactic acid (PLA)

* Polybutylene succinate (PBS)
* Polybutylene succinate-co-adipate (PBSA) « Pullulan
# Polyethylene furanoate (PEF) * Curdlan

* Xanthan gum

CHARACTERISTIC
PROCESS STEPS

@ Feedstock selection and size reduction o
@ Pretreatment (washing, steeping, grinding)

© Extraction (water, acid, alkali, enzymatic,

@ Drying and milling

@ Inoculum preparation and medium formulation

(e.g., li

@ Fermentation / chemical conversion to monomer @ Sterilization / contamination control

© Fermentation

o Separation of biomass or extracellular product

© Polymer recovery (cell disruption, pellicle
separation, precipitation, etc.)

@ Purification (washing, solvent extraction,
precipitation, concentration)

@ Polymer purification (devolatilization, filtration)

Drying and final polymer recoves
@ Pelletizing / drying O [~ ¥

KEY TECHNOLOGICAL
CHALLENGES

© Feedstock variability (species, origin, season,
storage, prior processing)

* Harsh conditions may reduce molecular weight
and modify functional groups

o Preservation of functionality vs. removal

subcritical water, thermal, etc.) (;59 m':::::;:;;ﬁz';:;‘"’ 1:4-butanediol,
X

Solid-liquid separation (filtration/sieving, (T e R s
centrifugation, sedimentation) pactionand pusificationctmoviore

@ Purification (precipitation, washing, @ Monomer purification to polymer-grade quality
decolorization, demineralization, P -
deproteinzaion, deacerylation, etc) ot ]

@ Concentration

S i

* Monomer purity strongly affects polymerization * Variability of feedstock substrates
efficiency and molecular weight (composition, inhibiters)

e Residual inhibitors (furfural, HMF, phenolics, » Fermentation productivity and polymer yield
salts, proteins, etc)

. O transfer, pH, temperature, nutrient bala
« Optical purity (lsomerism) control and i e e Tl ]

of non-polymeric fractions stereoregularity « Contamination control
o Chemically demanding wastewater generation e Catalyst efficiency and reaction control » Downstream recovery cost and solvent use
» Reproducibility of polymer yield, purity, . itional cost of ificati L * Polymer purity and consistent quality
and purification of derived

and properties

LEGEND

[] Production pathway

[] Representative polymers
Process steps

[] Key challenges

Figure 2. Major processing pathways for biopolymer production from renewable feedstocks. Note:
Al-assisted tools were used exclusively for the graphical design of this figure. The conceptual
framework and scientific content were created and verified by the authors.

4.1. Isolation and Purification of Natural Polymers

Natural polymers are obtained by isolation and purification of macromolecules already
present in biological materials, including starch, cellulose, hemicellulose, pectin, chitin,
chitosan, gelatin, and collagen. Depending on the biomass source and target polymer,
recovery may involve mechanical, chemical, enzymatic, or combined treatments to remove
non-polymeric fractions and obtain materials suitable for subsequent processing [33]. The
sustainability of these biopolymers depends strongly on extraction efficiency, chemical con-
sumption, water and energy requirements, and the preservation of molecular characteristics
necessary for packaging applications. Conventional alkaline, acidic, and solvent-assisted
extraction methods may require substantial resource inputs, generate wastewater streams,
and alter the macromolecular structure of the recovered polymers [49]. Intensive treat-
ments can improve polymer purity but may cause molecular-weight reduction or chain
degradation, whereas milder extraction approaches may reduce environmental impacts
but introduce challenges related to process control and reproducibility [50,51].

The quality of isolated natural polymers is influenced by residual impurities and
feedstock variability. Compounds such as salts, acids, solvents, pigments, proteins, or
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low-molecular-weight substances may affect thermal stability, melt behavior, color, odor,
migration potential, and food-contact suitability during subsequent processing [52,53].
In addition, feedstocks may vary across species or cultivar, geographical origin, season,
storage conditions, and previous processing history, affecting polymer yield, purity, com-
position, and functional properties [54]. Industrial scale-up requires well-defined feedstock
specifications, reproducible extraction procedures, adequate purification strategies, and
quality-control criteria to ensure consistent polymer properties.

The polymer isolation is only the first stage in the development of a packaging material.
Due to their inherent hydrophilicity, limited thermal stability, and low melt processability,
many natural polymers require further modification through plasticization, blending,
chemical modification, or incorporation into composite systems before conversion into
packaging products [55,56]. Consequently, isolated natural polymers are frequently used
as coatings, edible films, barrier layers, fillers, or reinforcing phases rather than as direct
replacements for conventional melt-processed plastics.

4.2. Chemical Synthesis of Bio-Based Polymers

Bio-based polymers synthesized through chemical routes are produced from renew-
able monomers obtained from biomass-derived intermediates. Unlike directly extracted
natural polymers, these materials are formed through controlled polymerization reac-
tions that generate new polymer structures. Representative examples include polylactic
acid (PLA), polybutylene succinate (PBS), polybutylene succinate-co-adipate (PBSA), and
polyethylene furanoate (PEF) [57-60]. Production involves three stages: conversion of
biomass into platform molecules, synthesis and purification of monomers, and polymer-
ization. For example, carbohydrates are converted into lactic acid, which is subsequently
polymerized into PLA, while succinic acid, FDCA, and bio-based diols serve as precursors
for renewable polyesters. Bio-based PBS can be synthesized from biomass-derived succinic
acid and 1,4-butanediol through esterification and subsequent transesterification or poly-
condensation [60]. Similarly, PEF can be produced from 2,5-furandicarboxylic acid or its
ester derivatives and ethylene glycol [59].

Chemically synthesized bio-based polymers generally have an important processing
advantage over many directly isolated natural biopolymers because they can be formulated
as thermoplastic materials and converted using extrusion, injection molding, thermoform-
ing, film blowing, or related technologies. Still, monomer purification and production
cost remain important challenges. Monomer purity is one of the principal determinants of
polymerization efficiency and final polymer quality. Residual water, salts, proteins, sugars,
fermentation metabolites, and inhibitors may interfere with microbial monomer produc-
tion and downstream purification processes [61]. If these impurities are not adequately
removed, they may affect catalyst activity, stoichiometric balance, and molecular-weight
development during subsequent polymerization [59,60].

4.3. Microbial Production of Biopolymers

Microbial biosynthesis involves the conversion of renewable carbon sources into poly-
mers through the metabolic activity of microorganisms. Representative examples include
polyhydroxyalkanoates (PHA), polyhydroxybutyrate (PHB), bacterial cellulose, pullulan,
curdlan, and xanthan gum [62-64]. The production pathway involves inoculum prepara-
tion, medium formulation, sterilization in terms of contamination control, fermentation,
separation of biomass or extracellular product, polymer recovery, purification, and dry-
ing [62]. PHA and PHB are typically accumulated intracellularly and therefore require
biomass harvesting, cell disruption or digestion of non-polymeric cellular material, polymer
extraction, purification, and solvent recovery [65,66]. In contrast, extracellular products
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require different recovery strategies. Bacterial cellulose commonly forms as a cellulose-rich
pellicle or suspended fibrous network that can be mechanically separated and washed
to remove cells and culture-medium residues. Pullulan is released into the fermentation
medium and can be recovered through clarification, concentration, precipitation, washing,
and drying. Carbon sources used for microbial polymer production may include refined
glucose or sucrose, vegetable oils, glycerol, molasses, whey, lignocellulosic hydrolysates,
food-processing side streams, and selected wastewater-derived substrates [67].

The use of agro-industrial and food-processing residues can reduce reliance on refined
fermentation substrates but introduces variability in composition and the presence of
potential inhibitors. So pretreatment, hydrolysis, detoxification, sterilization, or nutrient
adjustment may be required before fermentation, which can diminish the economic benefits
of low-cost feedstocks [68]. In addition, downstream processing remains a major bottleneck
in microbial polymer production, particularly for intracellular PHA, requiring biomass
harvesting, cell disruption, polymer extraction, purification, and solvent recovery [69]. The
commercial feasibility of microbial production depends on the combined performance
of feedstock pretreatment, microbial conversion, fermentation productivity, downstream
recovery, polymer purity, and subsequent packaging processing.

5. Conversion into Packaging Products

In the next step, the biopolymers must be processed into the desired final products.
Common processing methods for biopolymer-based products include injection molding,
extrusion, blow molding, and thermoforming, each requiring specific rheological and
thermal material properties [70]. Unlike conventional plastics, many waste-derived and bio-
based polymers have narrower processing windows because their molecular weight, melt
viscosity, melt strength, and final performance are highly sensitive to temperature, shear
stress, residence time, and moisture content. Moisture control is particularly important
because hygroscopic biopolymers and residual hydrophilic compounds from extraction or
purification may accelerate hydrolytic degradation during melt processing, especially in
ester-containing polymers such as PLA and PHA. This can reduce molecular weight, lower
melt viscosity, and destabilize extrusion or molding performance. In injection molding,
sufficient flowability is required for complete mold filling, whereas extrusion and blow
molding require adequate melt strength and melt elasticity to maintain shape stability.
Thermoforming mainly depends on controlled softening of polymer sheets above the
glass transition temperature. Selecting a processing method for biopolymers depends on
balancing flow behavior, thermal stability and resistance to degradation [52]. Processing
aids such as plasticizers, compatibilizers, stabilizers, chain extenders, or nucleating agents
may improve processability, but their use introduces additional trade-offs related to food-
contact safety, biodegradability, recyclability, and end-of-life performance.

5.1. Extrusion

Extrusion is a continuous biopolymer processing technique in which the material
(initially in the form of granules, powder or mixture) is transported through a heated
cylinder using a rotating screw. In this process, the material is melted, mixed, homog-
enized and shaped by passing it through a matrix of the desired geometric shape [71].
Elevated temperature, pressure and shear forces act on the biopolymer during the process-
ing. Extrusion is considered the most widespread biopolymer processing technology due
to continuous operation, high production capacity and the possibility of direct production
of films, foils, sheets, fibers, tubes and granules [72,73]. Among the biopolymers that are
successfully processed by extrusion are biopolyesters such as PLA [74], PHA /PHB [75],
PBS [76], PBSA [77], thermoplastic starch (TPS) [77,78], cellulose derivatives [78,79], lignin-
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polymer composites [80], as well as certain systems based on chitosan [81] and gelatin [82]
after appropriate modification or plasticization.

The main advantages of extrusion include high productivity, relatively low production
costs, easy integration with other processes (e.g., thermoforming or blow molding), the
possibility of continuous operation, good homogenization of composite systems and easy
scaling from laboratory to industrial level [83]. The disadvantages are related to the thermal
and mechanical degradation of biopolymers due to the effect of temperature, shear stresses
and residence time in the extruder [84,85]. In addition, some natural biopolymers show
limited thermoplasticity and require the addition of plasticizers or blending with other
polymers to be successfully processed by extrusion [86]. Having control over crystallization
behavior is an important aspect of polymer engineering [52].

5.2. Injection Molding

Injection molding is a procedure in which melted material is injected under high
pressure into a closed mold cavity, where it cools, hardens and takes the final shape. Unlike
extrusion, injection molding is a cyclical process intended for the production of individual
three-dimensional products of complex geometry [87]. Although both processes use a
screw to melt and transport the polymer, the main difference is in the way the product
is shaped. Biopolymers behave differently than conventional polymers during injection
molding due to their greater sensitivity to temperature and hydrolytic degradation [52].
During the processing of PLA, the molecular mass may decrease due to the combined
effect of temperature, shear stress and the presence of moisture. In the case of PHA the
injection molding affects its crystallization [88], while TPS often requires the addition of
plasticizers and compatibilizers to ensure sufficient melt fluidity. Crystallization behavior
is particularly important for PLA- and PHA-based materials because it affects cooling
time, dimensional stability, brittleness, and long-term mechanical performance. In PHB
and related PHA systems, slow nucleation and secondary crystallization may contribute
to material aging and increased brittleness during storage [89,90]. Lignin is most often
processed as a filler or component of composites with PLA, PBS or PBAT matrices [91].
Cellulose, nanocellulose and chitosan are mainly used as reinforcing or functional phases
in biocomposites intended for injection molding [92,93].

5.3. Thermoforming

Thermoforming is an important “secondary shaping process” in packaging production,
as it is commonly applied to previously extruded polymer. Thermoforming of biopolymers
is a process in which a heated biopolymer sheet is softened and shaped in a mold using
vacuum or pressure, often using bio-based polyesters such as PLA and PBS for packaging
and disposable products [53]. Biopolymers often have lower extensibility and a narrower
process window compared to conventional plastics, so cracking or poor formability can
occur with higher proportions of fillers or fibers [94]. During thermoforming, biopolymers
show extreme temperature sensitivity because the process takes place between the glass
transition temperature and the melting point, which directly affects their processability
and the quality of the formed product [95]. Depending on the type of biopolymer and
additives, the process parameters of thermoforming (temperature, heating time and vac-
uum pressure) must be carefully optimized in order to achieve a stable form and good
mechanical properties.

5.4. Blow Molding

Blow molding is a process in which melted biopolymer is molded into a hollow body
using compressed air inside a mold, forming a product such as bottles or containers [52].
During this process, biopolymers such as PLA and PHA exhibit limitations due to low
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melt strength and susceptibility to thermal degradation, which can lead to uneven walls
thickness, parison instability, or tearing during inflation. Because of the narrow processing
window, biopolymers require precise control of temperature, extrusion speed, residence
time, and inflation conditions to prevent tearing, overstretching, or degradation of the
material during molding [96].

6. Key Barriers to Industrial Implementation and Market Adoption
6.1. Economic Challenges

Techno-economic analysis (TEA) represents a bridge between laboratory-scale sci-
entific results and marketable products, as it evaluates whether a new technology or
material can be transferred to commercially viable production [97]. It integrates process-
technological data with financial indicators, including raw material costs, process design,
capital investment, operating costs, mass and energy balances, energy demand, labor,
maintenance, waste treatment, purification, minimum selling price, payback period, net
present value, and internal rate of return [98]. For biopolymer materials, TEA is commonly
intersected with life cycle assessment (LCA), since the biopolymers” economic profitability
cannot be separated from emissions, land use, water consumption, final waste treatment
and comparison with fossil polymers [98]. The purpose of TEA is the identification of
technological bottlenecks that affect the price and risk of commercialization. In the case
of biopolymer-based materials, TEA is particularly important for identifying scale-up bot-
tlenecks related to feedstock availability and variability, extraction and purification yield,
energy intensity, process productivity, material quality stability, and compatibility with
existing plastic-processing equipment [99,100].

Scientific development and the market are not developing at the same speed. The
number of research papers on biopolymers is growing rapidly, while the growth of com-
mercial products is much slower. Schick et al. [99] explain this as a consequence of barriers
that occur in the entire value chain: from the raw materials choice, through production and
processing, to standardization, end use, waste collection and consumer trust. Market data
also confirm the growth of the sector, but limited capacity utilization. European Bioplastics
states that the global production capacity of bioplastics was about 2.47 million tons in 2024,
with a projection of growth to about 5.73 million tons by 2029, while the actual production
in 2024 was about 1.44 million tons, or approximately 58% of capacity [101]. This indicates
that capacity expansion does not automatically mean stable market absorption. Borner
and Zinn [100] conclude that bio-based and biodegradable plastics have been developed
for decades, but that their maturity and market acceptance are not yet competitive with
conventional plastics. The problem is not only in the price of a kilogram of polymer, but
in insufficient alignment of technology, market, regulation and infrastructure. Table 2
shows the main barriers for biopolymer materials and their impact on TEA results through
examples presented in research papers.
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Table 2. Main techno-economic barriers to the industrialization of biopolymers.
Barrier Impact on TEA Example Implication for ]?omlnant Reference
the Market Biopolymer
I initial . . e
Hich Capital Expenditure iﬁigifﬁgﬂ?ﬁi Processing plants for macroalgae, pyrolysis  Difficult entry of new
( CiPEXf P inves tmentlre turn period and carbon capture increases investment manufacturers and slower
extended costs commercialization Macroalgae-derived [102]
. - . . biopolymer
High Operating Expenses  Reduced profitability; the Biomass cultivation, harvesting, and Final product may be
(OPEX) roduct price increasé d processing costs significantly affect more expensive than
p p economic viability conventional alternatives
High production costs of ~ Increased minimum The high cost of PLA is one of the main Slower adoption of PLA as
PLA compared to selling price and reduced  reasons for its limited market application;  a substitute for PET, PP o
conventional plastics competitiveness competitiveness remains a challenge and PS Sugarcane ]ul.ce/
Higher energy and molasses-derived [103]
Need for integration with infrastructure costs when Economic viability improved by Locations with energy and sugars —> PLA
existing biorefinery roduction is not integration with an ethanol distillery and ~ co-products have the
systems ligntegra ted the use of bagasse and straw for energy greatest potential
High costs of pretreatment Increased CAPEX, OPEX, Sulfuric %Cld pretreatment ;?r}d enzymatic  y rore difficult to compete
and hydrolysis of and minimum selling hydrolysis represent a 51gr11f¥c.a nt part of with lactic acid produced [ llulosi
lignocellulose biomass rice total cost; for lactic acid, purification can from starch and sugar e
& P account for 25%-32% of production costs & biomass -> chemical [104]
. . . The hydrolysis reactor cost was the most . . : platform for PLA
High cost of acid Increased capital . . . e Higher investment risk for  roduction
. . . influential parameter in the sensitivity p
hydrolysis equipment investments new plants

analysis
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Table 2. Cont.
Barrier Impact on TEA Example Implication for ]?omlnant Reference
the Market Biopolymer
. . . . Significant initial
High capital costs f.or Extended payback period T}}e .total CAPEXis estnpated at about 55.7 investment and interested ~ Protein/polysaccharide-
large-scale production million USD for a large industrial plant . . . .
investors required based bioplastic from [105]
Unprofitability of one Reduced project Microalgae production for only one Limited commercialization ~Spirulina fractions
product production profitability product is not economically viable of standalone processes
. Production costs The chemical process requires Greater dependence on
High process energy . . . . : . .
. increase; intensive heating, cooling and energy prices and greater

requirements 1 . . . :

profitability reduced processing of materials production risk Crustacean

They increase the processing waste -> [106]
Large amounts of costs of waste . Additional environmental chitosan-based

. The use of strong acids and bases generates .
post-production waste management and s L costs and regulatory biopolymer
4 . significant amounts of liquid waste

streams compliance with challenges

regulations

P Biodegradable waste Without infrastructure and

Certification, management depends on clear labeling, consumers

End-of-life costs collection and & p & - [107]

processing costs

legislation, infrastructure and clear
separation

and recyclers remain
confused
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In most TEA studies, the raw material parameters are among the most sensitive
parameters since production price depends on source availability, seasonal stability, logis-
tics, pretreatment and conversion yield [104,108,109]. A typical example is the study of
Manikandan et al. [108], which evaluated producing PHB from carob pods; TEA found
that replacing pure sugars with low-cost agro-industrial residue significantly shortens the
payback period from 12.6 years in the pure sugars scenario to 6.8 years when carob pod
extract is used, while additional optimization of the bioreactor and separation reduced the
payback period to 4.8 years.

Amponsah et al. [102] identified high production cost as the main barrier to the
commercialization of macroalgal biopolymer films. This was mainly associated with costly
macroalgae cultivation and processing, as well as energy-demanding steps in the process
chain, including biomass processing and integration with a CO; capture system. These
factors resulted in less favorable TEA indicators compared to conventional materials. The
study suggests that this limitation could be mitigated by integrating biopolymer production
with CO; capture and by optimizing biomass utilization, thereby improving both economic
and environmental performance. This example confirms that the feasibility of waste- or
biomass-derived biopolymers depends not only on feedstock renewability, but also on
process integration and energy efficiency.

When dealing with new sources, such as microalgae, TEA shows the importance
of co-products’ valorization. Application of the concept of co-production (biorefinery
approach)—the same biomass is used for the production of edible bioplastics and Spirulina
powder as a food supplement—can solve the problem of insufficient economic sustainability
of Spirulina production for only one product [105]. In this way, higher biomass utilization
and multiple revenue streams resulted in a ROI of 38.5% and a payback period of 2.6 years.
However, these favorable indicators depended on the combined value of both the bioplastic
and the food /nutraceutical co-product. Biopolymers often enter the market more easily as
part of a multi-product biorefinery than as a single product that has to compete directly
with bulk petrochemical polymers.

The commercialization of PLA is also strongly influenced by economic factors [103].
Although integration with an existing sugarcane biorefinery allows for a competitive mini-
mum selling price ($1.58/kg) and a high internal rate of return (IRR = 29.4%), profitability
remains dependent on raw material costs and capital expenditures. This example shows
that biopolymer can become competitive when fitted into an existing industrial system
with energy integration, local feedstock and co-product use, thereby reducing capital and
operational costs through infrastructure sharing, energy integration and more efficient use
of raw materials. However, such positive results are not universal. The same concept may
be significantly less profitable in regions with more expensive biomass, weaker logistics,
smaller scale and lack of existing biorefinery infrastructure [98,104].

Manandhar & Shah [104] analyzed a biorefinery with a capacity of 100,000 t per
year based on corn straw and miscanthus. Biomass pretreatment, chemical consumption,
enzymatic hydrolysis, and lactic acid recovery were identified as major cost drivers. The
minimum selling price of lactic acid was calculated as 1243-1390 USD/t for bacterial
fermentation, 1250-1392 USD/t for fungal fermentation and 993-1123 USD/t for yeast-
based fermentation. The use of genetically modified yeasts tolerant to low pH reduced the
need for neutralization and subsequent lactic acid recovery, thereby decreasing chemical,
equipment, and energy costs. The same study showed that economic performance was
highly sensitive to sugar-to-lactic-acid conversion, feedstock price, plant size, operating
time, and hydrolysis cost.

In the work of Okoro et al. [106], the main focus was on the production of chitin
from crab waste and the comparison of chemical, enzymatic—chemical and microbiological
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processes. The authors concluded that there were significant barriers related to process
efficiency and economic viability. The main barriers have been identified as the high costs
and environmental disadvantages of conventional chemical extraction of chitin. Microbio-
logical extraction showed better techno-economic potential because it reduced chemical
use, waste generation, and capital costs, while achieving the most favorable economic indi-
cators among the analyzed technologies. This example illustrates that extraction strategy
is not only a technical choice, but also a major economic determinant in waste-derived
biopolymer production.

The economic barrier is not limited to the cost of the biopolymer itself, but results
from the cumulative impact of feedstock availability, biomass pretreatment, extraction,
purification, downstream processing, quality control, and the possibility of integration
within existing industrial infrastructure. Across different biopolymer systems, profitability
is improved when production is integrated into existing biorefinery platforms, utilizes low-
cost waste streams and generates multiple revenue sources through co-products. Therefore,
waste-derived biopolymers are more likely to become economically viable when they are
developed as part of integrated circular value chains rather than as isolated substitutes for
conventional plastics.

Analyses of techno-economic studies indicate that the economic viability of biopoly-
mer production depends on a combination of interconnected factors. Across various
systems including PHB production from agro-industrial residues, PLA integrated into
sugarcane biorefineries, algae and Spirulina-based biopolymer production platforms, and
chitosan production from crustacean waste, the key economic factors are consistently the
cost and availability of raw materials, conversion efficiency, downstream processing re-
quirements, energy needs, and the potential for co-product valorization. Although the use
of low-cost biomass residues can reduce raw material costs and improve profitability, this
advantage may be offset by additional costs associated with pretreatment, purification,
quality control, and process integration. Reviewed studies also indicate that economically
competitive biopolymer production is rarely achieved through a single-product approach;
instead, greater cost-effectiveness is generally associated with integrated biorefinery con-
cepts, existing industrial infrastructure, and multi-value product streams. The results of
techno-economic analyses must not be interpreted solely as indicators of production costs,
but rather as comprehensive assessments of the entire value chain—from raw material
procurement to processing, market integration, and end-of-life product management.

End-of-life management also has direct economic implications. An important chal-
lenge is also the proper labeling of biopolymer materials and bioplastics. Incorrect labeling
increases the risk of incorrect disposal and contamination of recycling or composting
streams. The labels “biobased”, “biodegradable” and “compostable” are often confused in
communication with consumers, and have various consequences for waste collection and
treatment [99,107]. Mhaddolkar et al. [107] concluded that a large number of different types
and, at the same time, relatively small amounts of biodegradable materials make it difficult
to develop a cost-effective infrastructure for waste management. Therefore, TEA should
not stop at polymer production, but should also include certification, labeling, logistics,
separate collection, industrial composting, mechanical recycling, or chemical recycling,
depending on the intended end-of-life route.

6.2. Functional and Market Limitations

In the field of food packaging, biopolymers must meet several simultaneous require-
ments including mechanical strength, oxygen and water barrier properties, thermal stability,
compatibility with industrial processing methods such as extrusion, blow molding and
thermoforming processes, food-contact safety, and competitive pricing [110]. Therefore,
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functional and market limitations of biopolymeric materials are interconnected (Table 3).
Hydrophilicity, moisture sensitivity, aging, and processing instability limit their functional
performance [111,112], while simultaneously, greenwashing, unclear labeling, consumer
confusion, insufficient composting infrastructure, and higher costs restrict market accep-
tance [113,114].

Table 3. Key functional and market barriers to broader use of biopolymer materials.

Limitation Scientific Basis Market Consequence Reference
Hydrophilicity and moisture ~ Some biopolymer films contain polar groups Lower suitability for }.mnud
e . . foods and long shelf-life [8,115]
sensitivity that increase water uptake and permeability .
packaging
Lower processing efficacy
Sensitivity to processing Many biopolymers susceptible to thermal during extrusion, injection [116,117]
conditions degradation, moisture and shear stresses molding, film blowing and !
thermoforming
Biopolymers can lose mechanical . e
. . - Difficult qualification for
Aging and long-term stability ~ performance after exposure to humidity or durable or reusable products [118,119]
temperature
Waste-management and B%odegradable plastics require speqflc Contamination of recycling
. . disposal routes and are not automatically streams; lower acceptance by [107,120]
infrastructure constraints
recyclable or home-compostable waste operators
Greenwashing risk and Vague “green”, “bio” or “eco” claims can Consumer skepticism; [121,122]
communication challenges mislead consumers and reduce trust regulatory risk !
Consumers may not understand disposal
Consumer perception gap and  requirements, performance limits, or Low willingness to pay; [123,124]

market limitations

differences between bio-based,

incorrect use and disposal

biodegradable, and compostable materials

The main functional limitations related to biopolymer materials” wider application
are their moisture sensitivity, aging, and sensitivity to processing conditions. Hydrophilic-
ity and moisture sensitivity are particularly pronounced in polysaccharide- and protein-
based films, such as starch, cellulose derivatives, chitosan, alginate, gelatin and pectin.
These materials contain abundant hydroxyl, amino or carboxyl groups, which increase
their affinity for water, water-vapor permeability, swelling, plasticization and very often
structural disintegration under moist conditions. Hydrophobic modification [125], blend-
ing [126], nanocomposite formation [127] and incorporation of waxes, fatty acids and
essential oils [128,129] are therefore frequently proposed as necessary technological inter-
ventions rather than optional improvements. However, these strategies involve inherent
trade-offs between improved functionality and practical limitations. Perera et al. [17] de-
scribe biopolymer-based sustainable packaging as a promising but technically demanding
field, because the same chemical structures that make natural polymers biodegradable
and renewable also often make them mechanically weaker and more sensitive to water.
For high-barrier packaging, multilayer fossil-based materials may still outperform many
biopolymer systems unless advanced coatings or composites are used.

Many biopolymers are sensitive to processing conditions, including elevated tempera-
ture, moisture content, and shear stress during extrusion, injection molding, film blowing,
or thermoforming [130,131]. Starch-based materials require plasticizers, but plasticizers
can increase water sensitivity and reduce mechanical stability [132]. In PLA, elevated
temperature, moisture content, and shear stress can induce chain scission and molecular
weight reduction, ultimately affecting its mechanical, thermal, and barrier properties [133].
PHA also suffers from poor thermal stability since thermal degradation occurs near its
melting temperature during conventional melt-processing processes [134]. Very often,
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laboratory-scale improvements are not always transferable to the industrial scale. For exam-
ple, nanofillers or hydrophobic coatings can improve barrier or mechanical properties but,
on the other hand, they may introduce regulatory, migration, toxicity, cost or recyclability
concerns when scaled to food-contact materials. The technological limitation is not simply
that biopolymers have weaker properties, but that each improvement strategy can create a
new compromise.

Another drawback of biopolymers is their tendency to lose functional properties dur-
ing storage and application as a result of aging. When exposed to humidity, temperature
variation, ultraviolet radiation, mechanical stress, various degradation processes occur in
biopolymer matrices that can change their properties. PLA is considered one of the most
commercially mature bio-based polymers, but still suffers from brittleness, low impact
resistance, slow crystallization and sensitivity to hydrolytic and physical aging [135,136].
PLAs’ limitations require modification through copolymerization, blending, additives
or composite design [137]. In practical terms, PLA cannot simply replace conventional
plastics in every application without redesigning the formulation and processing route.
Experimental evidence confirms that aging can significantly change the mechanical per-
formance of PLA-based materials indicating that the market cannot rely only on initial
mechanical values measured immediately after processing but should consider long-term
stability [138]. For industrial adoption, biopolymer materials must prove predictable long-
term performance under real conditions (e.g., storage, transport, sterilization, humidity
and temperature variation).

Available data indicate that the main obstacle to the widespread adoption of biopoly-
mer packaging lies not in the individual shortcomings of the materials, but rather in the
inevitable trade-offs between various functional properties. For instance, plasticization
increases flexibility but often results in greater water sensitivity, whereas nanofillers, hy-
drophobic coatings, or multilayer structures improve barrier properties but simultaneously
increase the complexity of manufacturing processes and regulatory assessments, complicate
recycling, or raise production costs. Similarly, the processing conditions required for indus-
trial production can simultaneously trigger molecular degradation, thereby compromising
the long-term stability needed for packaging applications. Consequently, optimization
cannot rely on maximizing individual material properties; instead, it requires striking a bal-
ance between barrier performance, processability, durability, safety, and cost-effectiveness
within a single formulation. This explains why many formulations developed in the labora-
tory (which initially show promising properties) fail to be successfully implemented on an
industrial scale.

Further, biodegradable and compostable plastics require appropriate waste-management
systems including collection, sorting, and treatment infrastructure. If these systems are
not available or are poorly implemented, the environmental advantages of such mate-
rials may be reduced or lost. The presence of biodegradable polymers in conventional
plastic recycling streams can significantly reduce the quality of recyclate and cause pro-
cess inefficiencies, highlighting the importance of separate waste collection systems [139].
Considerable confusion also exists regarding the correct disposal route for biodegradable
plastics [140]. Biodegradable plastic waste management remains unresolved challenges,
including collection, sorting, contamination, treatment conditions and mismatch between
material claims and available infrastructure [107]. This is crucial because a compostable
material is not environmentally effective if it enters mechanical recycling streams, landfill or
uncontrolled natural environments. The United Nations Environment Programme (UNEP,
2023) [141] emphasizes that without proper end-of-life infrastructure, biodegradable plas-
tics can contribute to pollution in the same way as conventional plastics.
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Market limitations are equally important as functional impediments. Although con-
sumers often express positive attitudes toward sustainable products, these attitudes fre-
quently fail to act as stable purchasing behavior due to convenience considerations and
uncertainty regarding environmental claims [142]. Consumers must understand what
the material is, how it should be disposed of, and whether its environmental claims are
credible. Important phrases like “bio-based,” “biodegradable,” and “compostable” are
still frequently misunderstood, while unclear labeling, fragmented waste-management
systems, and exposure to greenwashing can undermine proper disposal practices and
consumer trust [143]. Lin et al. [144] emphasize that consumer perception of bioplastic
food packaging is influenced not only by sustainability expectations, but also by practical
concerns such as price, functionality, safety, disposal and trust in environmental claims.
Greenwashing is one of the most serious market risks for biopolymer materials. In public
communication, biopolymers are sometimes marketed using claims such as “eco-friendly”,
“green”, “natural”, “zero waste” or “biodegradable”, without specifying feedstock ori-
gin, composting standard, degradation conditions, carbon footprint, additive content or
end-of-life route. It makes it difficult to assess the actual sustainable characteristics of
the product [145]. Furthermore, consumers frequently confuse bio-based plastics with
biodegradable plastics, although the two concepts are not synonymous. A material can
be bio-based without being biodegradable, while some biodegradable plastics may be
produced from fossil resources [143]. Such communication can create short-term marketing
benefits but long-term distrust. Greenwashing decreases consumer attitude, and purchase
intention toward eco-friendly products, highlighting the importance of transparent and
verifiable claims [146]. For biopolymer producers poor communication is not only an
ethical problem but also a commercial risk: exaggerated sustainability claims endanger
consumer acceptance.

The literature indicates that market constraints are largely systemic in nature rather
than dependent solely on the materials themselves. The commercial success of biopoly-
mer packaging is influenced by the alignment of product design, certification, waste-
management infrastructure, regulatory frameworks, and consumer awareness. Conse-
quently, the mere superiority of material properties does not guarantee market success if
consumers cannot distinguish between bio-based, biodegradable, and compostable ma-
terials, or if appropriate collection and treatment systems are lacking. In this context,
“greenwashing” represents more than just a communication issue; it undermines trust in
genuinely sustainable materials and can reduce public willingness to accept the biopolymer
sector as a whole. These findings suggest that future commercialization strategies should
integrate technological innovations with standardized labeling, transparent information
regarding environmental impact, and end-of-life product management.

Based on the analyzed literature, it can be concluded that functional and market
limitations are closely interconnected. Materials with inadequate moisture resistance, ther-
mal stability or long-term performance require additional modifications. This increases
production costs and introduces new regulatory and/or recyclability challenges. In ad-
dition, consumer acceptance is affected by product performance, price competitiveness,
disposal convenience and trust in sustainability claims. Therefore, biopolymer packaging
can achieve broader market adoption only when material functionality, economic feasibility,
transparent sustainability claims, and realistic end-of-life management are addressed as
interconnected requirements rather than separate challenges.

6.3. Requlatory and Safety Issues

Regulatory and safety requirements are among the most critical factors determining
whether biopolymer materials can progress from laboratory development to commercial
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food-packaging applications. A renewable, biodegradable, or agro-industrial origin does
not automatically imply food-contact safety, regulatory compliance, or consumer accept-
ability. On the contrary, waste-derived biopolymer systems may be more difficult to assess
than conventional materials because their composition can be influenced by biomass origin,
seasonal variability, extraction and purification efficiency, residual impurities, additives,
degradation products, and interactions between matrix components. Bio-based polymers
that are chemically identical to their fossil-based counterparts, such as bio-PE and bio-PET,
can often be evaluated within established regulatory frameworks [147]. However, novel
biopolymer systems, particularly those containing natural extracts, antioxidants, antimi-
crobials, nanomaterials, or other functional additives, require more comprehensive safety
assessment [148,149]. For example, chitosan derived from crustacean by-products may
contain residual proteins, minerals, and pigments [150], whereas plant-derived biopolymer
matrices may retain naturally occurring phenolic compounds and other extractives that
can provide antioxidant functionality but require evaluation regarding variability and
migration [151,152]. In these materials, risk evaluation must consider not only intention-
ally added substances, but also unintentionally present substances (NIAS), migration into
food, toxicity of degradation products, and chemical changes occurring during processing,
storage, and use [153]. Nanomaterials represent an additional regulatory concern because
their behavior, migration, and biological effects may differ from those of conventional
additives and therefore require specific authorization for food-contact applications [154].
Consequently, regulatory approval should not be treated as a final administrative step, but
as a design requirement that must be integrated from the earliest stages of biopolymer
material development.

6.3.1. Regulatory and Safety Landscape Worldwide and in Europe

The regulatory landscape for biopolymer materials differs considerably across re-
gions, reflecting differences in environmental policies, food-contact legislation, waste-
management infrastructure, certification systems, and industrial maturity [155]. This
fragmentation creates an additional barrier to commercialization because materials that
meet requirements in one market may require further testing, certification, or labeling
adjustments before entering another (Table 4). In the European Union, the regulatory
framework is relatively developed, with initiatives such as the European Green Deal [156]
and the Circular Economy Action Plan [157] encouraging sustainable production and
consumption, although challenges remain in terms of standardization and infrastructure
for recycling and composting [158]. In Asia and North America, although interest and
production of bioplastics is growing, the regulatory landscape is often fragmented, which
can lead to inconsistencies in waste management and make it difficult to transition to
circular models [159].

In Asia, regulatory conditions differ between countries with advanced industries
such as Japan and China, which have introduced their own regulatory and incentive
measures, and those with less developed regulation, complicating effective enforcement.
Legal aspects of biopolymer usage in Asia are primarily driven by sweeping anti-plastic
legislation, Extended Producer Responsibility (EPR) mandates, and strict new biodegrad-
ability standards designed to curb environmental pollution. Because single-use plastics
are increasingly banned, biopolymers are in high demand [160,161]. In 2024, the Japanese
government revised the national bioeconomy strategy. One of the five priority areas became
“Biomanufacturing and Bio-derived Products”, which directly includes bioplastics and
other materials of biological origin. Opinions on Further Strengthening Plastic Pollution
Control [162] is the document that launched China’s transition to alternatives to single-use
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plastics. It provides for bans and restrictions on certain plastic products, as well as the

promotion of biodegradable and bio-based alternatives.
The US Department of Agriculture (USDA) and the US Department of Energy (US
DOE) offer a variety of programs to assist and fund advancements in bioplastics research,

development, and consumer awareness [163]. The Food, Conservation and Energy Act of
2008 (FarmBill) reauthorized the USDA’s BioPreferred Program, which was established by
the Farm Security and Rural Investment Act of 2002 (FSRIA) and aims to promote the use

and purchase of bio-based plastic products through federal procurement and a certification

and labeling program [164,165].

Table 4. Main regulations for biopolymer materials represented on different continents.

Continent Regulation/Strategy Year Application Relevance for Biopolymers
Directive 94/62/EC 1994 Packagmg and The first regulatory frame.work
packaging waste for sustainable packaging
REACH Regulation (EC) 2006 Chemicals and Registration of monomers and
1907 /2006 polymers additives
Europe Waste Framework Directive
2008/98,/EC 2008 Waste management Circular economy
Single Use Plastics Directive . . . .
2019,/904 2019 Single-use plastic Regulates bioplastics
PPWR (EU) 2025/40 2025 Packaging The most important current
regulation
Green Produc.t Certification 2016 Sustainable products Bioplastics certification
(China)
) Plastic Waste Mar}agement 2016,2022  Plastic management Defines compostable plastic
Asia Rules (India)
China Plastic Pollution Control . . . .
Action Plan 2020 Single-use plastic Stimulates biopolymers
Plastic Resource Circulation . . It encourages bio-based and
Act (Japan) 2022 Plastics and recycling recyclable materials
U:S. National BioPreferred 2002 Bio-based products ~ Labeling of bio-based content
Program
ASTM D6400 [166] 2004 Compostable plastic Basic industry standard
North Biodegradable I e
America ASTM D6868 [167] 2005 pacl%aging Certification of compostability
Canadian Zero Plastic Waste 2018 Plastic Promotes sustainable polymers
Agenda
California SB54 2022 Packaging Mandatory recyclablhty of
packaging
National Solid Waste Policy 2010 Waste management The basis for bioplastics
(Brazil)
Brazilian Packaging Waste . .
South Framework 2010-2020 Packaging Recycling and EPR systems
America - Iastic W — el
Argentma‘ p astlcl - aste 2019 Plastic Limitation o ‘single-use
Reduction Policies plastics
Chile Single-Use Plastics Law 2021 Packaging Support for alternative

materials
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Table 4. Cont.

Continent Regulation/Strategy Year Application Relevance for Biopolymers
Australian Packaging . s
Covenant (APCO) 1999-now Packaging Recyclability goals
Australian Bioplastics I :
Association Certification 2007 Bioplastic Certification according to EN
Australia Scheme and ASTM standards
National Waste Policy Action 2019 Waste Encourages cc?mpostable
Plan materials
National Plastics Plan 2021 Plastic Transition to sgstamable
packaging
South Africa National
Environmental Management: 2008 Waste management Basic regulatory framework
Waste Act
. Rwanda Plastic Ban . It encourages alternative
Africa Regulations 2008 Plastic materials
Kenya Plastic Bag Ban 2017 Plastic The strictest plastic ban
African C1rC}11ar Economy 2017 Sustainability Regu?nal strategy.for
Alliance sustainable materials
South African Plastics Pact 2020 Plastic Circular economy

The regulation of biopolymer materials in the European Union promotes the circular
economy and reduces the impact of packaging on the environment. It started with Direc-
tive 94/62/EC (1994) on packaging, packaging waste and recycling. This document does
not specifically regulate biopolymers, but the directive lays the foundation for biodegrad-
able packaging, compostable materials, “recovery” and “organic recycling”. Subsequent
regulations, Regulation (EC) No 1935/2004 [168] for materials in contact with food and
the REACH regulation (Regulation (EC) No 1907/2006) for chemical safety, further ex-
panded the scope, including biopolymers used in food packaging and additives. The
first becomes important for biopolymers used in food packaging, foils, and bio-based
containers, and the second becomes important for plasticizers, additives, bio-based resins,
and nanobiomaterials.

Directive 2008/98/EC-Waste Framework Directive introduces the waste hierarchy,
circular economy principles and defines extended producer responsibility (EPR), which
directly affects bioplastics, compostable packaging and biopolymer recycling. In 2011, spe-
cific rules for plastics in contact with food were introduced with the adoption of Regulation
(EU) No 10/2011 [169], which regulates in detail plastic materials, permitted monomers,
migration limits. It is also applicable to PLA packaging, bio-based plastics, and multilayer
biopolymer systems.

In 2015, the Packaging Directive was amended due to the focus on plastic bags and
the circular economy. The EU started to regulate single-use plastics, lightweight plastic
bags and waste reduction more seriously. In this period, interest in biodegradable plastics,
compostable packaging and bio-based materials was growing. In 2018, major reforms of the
European waste system are taking place. By introducing Circular Economy Package, higher
recycling goals, eco-design concept, stricter EPR systems were introduced as preparation
for new regulation on plastics. At that moment, biopolymers were viewed more through
the prism of sustainability, recyclability and LCA analysis.

A key moment for bioplastics is the adoption of the Single-Use Plastics Directive
(Directive (EU) 2019/904). This document clearly defines: bio-based plastic is still plastic,
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biodegradable plastic is not automatically exempted; oxo-degradable plastic is prohibited.
This directive significantly changed the biopolymer market. The European Green Deal and
the Circular Economy Action Plan (2020-2022) encouraged the development of sustainable
biopolymers and the reduction in primary plastic use, as well as the transition to climate-
neutral packaging, mandatory recyclability and the reduction in virgin plastics.

The latest reform, the Packaging and Packaging Waste Regulation (EU) 2025/40
(PPWR), comes into force in 2025 and replaces the old directive 94/62/EC. The PPWR
stipulates that all packaging must be recyclable by 2030, introduces stricter requirements for
compostability, mandatory labeling and digital passports of products in order to track mate-
rials throughout the entire life cycle. Limitations on single-use packaging and requirements
for increased content of recycled material in products are also introduced.

Currently, the most important documents for biopolymer materials are Regulation
(EU) 2025/40, Regulation (EC) No 1907/2006 (REACH), Directive (EU) 2019/904 and
Regulation (EU) No 10/2011. All together regulate the safety, recyclability, biodegradation,
labeling and marketing of biopolymer products in the European Union.

Although there is a clear trend towards stricter regulation, several critical aspects
and challenges weigh on the effective implementation and perception of biopolymers.
The first one is the perception and regulatory treatment of bioplastics. Directive (EU)
2019/904 clearly states that bioplastics are still considered plastics. This raises the question
of whether bio-based and biodegradable plastics are really the solution to the problem of
plastic pollution or just alternative materials that require similar management. In addition,
biodegradable plastics present challenges in waste-management systems, including sorting
and establishing adequate composting infrastructure. Mixing biodegradable plastics with
traditional plastics can contaminate recycling streams and complicate waste processing
processes [107].

Another challenge relates to the limitations of standards for biodegradability and
compostability. Although standards such as EN 13432 provide a framework for industrial
compostability, they do not guarantee biodegradability in all natural environments. There
is a criticism that these standards do not always reflect the real conditions in which the
waste is found, which can lead to an incorrect perception of the environmental profile of
the material. Research indicates the need for the development and application of standard
and research methods for assessing the biodegradability of bioplastics in different envi-
ronmental conditions [170]. Further, there are regulatory gaps for food-contact materials.
Although there are regulations such as Regulation (EU) No 10/2011 for plastics in contact
with food, policy gaps are still identified that would effectively guide the development and
application of bio-based plastics in the food industry [171]. And finally, the new PPWR,
although ambitious, introduces complex requirements for recyclability, compostability and
digital passports of products, which can represent a significant burden for manufacturers
and require significant investments in technology and infrastructure.

From a commercialization perspective, current regulatory requirements impact the
development of biopolymers by increasing the time, costs, and technical complexity in-
volved in obtaining market authorization. Unlike conventional polymers with established
safety profiles, novel biopolymer systems require extensive characterization of chemical
composition, potential migrants, degradation products, and interactions between polymer
matrices and functional additives before they can be used in food-contact applications.
Furthermore, compliance with diverse regional regulations, certification systems, labeling
requirements, and criteria regarding the post-use phase of products can delay market entry
and increase investment risks. Consequently, regulatory frameworks serve not only as
mechanisms for ensuring safety but also as key factors shaping the commercialization
pathways for biopolymer packaging.
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6.3.2. Overview of Standards for Biopolymer Materials (ISO/ASTM/EN)

Standards for biopolymer materials have been developed to define requirements
for biodegradability, compostability, mechanical properties, safety and test methods for
bioplastics and bio-based materials. These standards are used in industry, scientific research,
product certification and regulatory procedures.

The European standard EN 13432 is considered the most important standard for
compostable packaging [172]. This European standard applies to compostable packaging,
biodegradable plastics, and industrial composting. It is the basis for certification of products
such as PLA, PHA and starch biopolymers. A certified material gets labelled EN 13432 [173]
compliant but previously has to pass five tests. First of all, it must be biodegradable, i.e.,
capable of being biologically decomposed into biomass, water and carbon dioxide, whereby
at least 90% of the material must be decomposed within six months. Also, its disintegration
during the composting process is necessary, so that after 12 weeks less than 10% of the
initial mass remains in the form of residues, and all remaining fragments are smaller than
2 mm. The content of heavy metals, such as zinc, copper, nickel, lead and mercury, must be
within strictly prescribed limits to prevent soil toxicity. In addition, the compost created
by the decomposition of the material must not have a negative impact on the growth of
plants or on the composting process itself, which is a requirement in terms of ecotoxicity.
Finally, the chemical and physical parameters of the material, including pH value, salt
content, volatile matter, as well as nitrogen, phosphorus and magnesium concentrations,
must comply with the prescribed reference values.

EN 14995 [174] evaluates the compostability and biodegradability of plastics; EN
16640 [175] and EN 16785-1 [176] deal with the determination of bio-based carbon con-
tent and determination of the bio-based content in natural products wholly derived
from biomass. ISO standards, such as ISO 17088 [177] for compostable plastics and ISO
14855 [178] for aerobic biodegradability under controlled composting conditions, provide
internationally recognized test methods. ASTM standards, particularly ASTM D6400, are
applied for labeling compostable plastics and ASTM D6868 for biodegradable packaging. In
practice, a combination of all these standards is commonly used to demonstrate compliance
of biopolymer materials with regulatory requirements and sustainability criteria.

The regulatory environment indicates that safety and compliance are the most im-
portant factors influencing the commercialization of biopolymer materials. Although
regulations increasingly support the transition to sustainable packaging, challenges remain
in terms of harmonization of standards, certification processes, biodegradability claims and
food-contact safety requirements. For example, new biopolymer systems containing active
compounds or nanomaterials must meet additional testing requirements. Manufacturers
must concurrently adhere to regulations pertaining to environmental claims, food-contact
safety, biodegradability, compostability, and recyclability, frequently through a number
of certification processes. This increases time-to-market and raises costs, especially for
innovative materials, active packaging systems, and feedstocks sourced from waste. The
practical advantages of certification may also be diminished by discrepancies between
waste-management infrastructure, certification requirements, and customer expectations.
So, successful industrial implementation requires the integration of regulatory, safety and
certification factors from the early stages of the material development strategy.

7. Life Cycle Assessment of Biopolymers and Polymers—Key Differences
and Comparative Overview

Life cycle assessment (LCA) is a key methodology for objectively evaluating the
environmental impacts of biopolymer and conventional polymer materials throughout
their entire life cycle, from raw materials to end of life management. A comprehensive
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assessment requires a clear definition of system boundaries, functional units, and end-
of-life scenarios [179]. The most frequently analyzed impact categories include Global
Warming Potential, Ozone Depletion Potential, Acidification Potential, Eutrophication Po-
tential, Photochemical Ozone Formation Potential, Fossil Fuel Depletion Potential, Human
Toxicity Potential, Eco-toxicity Potential, Water Depletion Potential and land occupation
potential [180]. Conventional polymers, such as PET, PP, PS, and PE, are predominantly
produced from fossil sources and are associated with high greenhouse gas emissions, high
energy consumption, and depletion of fossil resources. In contrast, biopolymers such as
PLA, PHA/PHB, and starch polymers are produced from renewable biomass sources,
including corn, sugarcane, cellulose, and other biological feedstocks, which is why they
are considered a potentially more sustainable alternative to conventional plastics [181].
However, their environmental advantage is not automatic because it depends on biomass
origin, agricultural inputs, conversion efficiency, energy mix, material performance, and
the selected end-of-life route [182].

One of the main advantages of biopolymers is their potential for biodegradation
and industrial composting, which enables the closure of the natural carbon cycle. In
particular, PHA materials are notable for their excellent biodegradation performance,
even in marine environments, while PLA is effective under the controlled conditions of
industrial composting [25]. Therefore, biodegradability should not be interpreted as an
intrinsic guarantee of environmental benefit. Composting, recycling, or other end-of-life
routes can improve the environmental profile of biopolymer packaging only when suitable
collection, sorting, and treatment infrastructure are available [180].

Numerous LCA studies indicate that biopolymers often perform better in terms of
fossil fuel consumption and greenhouse gas emissions compared to conventional plastics,
particularly when renewable energy, efficient conversion technologies, and appropriate
end-of-life systems are considered. However, these benefits are not consistent across all
impact categories [179]. In some cases, biopolymers may show higher impacts related
to eutrophication, acidification, water consumption, land occupation, or human toxicity,
especially when intensive agricultural biomass production or energy-demanding conver-
sion processes are involved. Systematic reviews show that PLA frequently has lower
CO; emissions than PET and PS, while the use of renewable energy sources and efficient
biotechnological processes can further reduce the carbon footprint of biopolymers. Also,
the combination of biopolymers with circular strategies, such as chemical recycling and
depolymerization, represents one of the most promising directions for the development of
sustainable materials.

The studies summarized in Table 5 indicate that the environmental performance of
biopolymers is highly dependent on the selected feedstock, production route, energy input,
system boundaries, and end-of-life scenario. Although biopolymers offer significant envi-
ronmental benefits, their actual sustainability remains debated, as overall impacts depend
on the origin of the biomass, production processes, and end-of-life scenarios [183,184].
Therefore, LCA should not be used to confirm that biopolymers are inherently sustainable,
but to identify the specific conditions under which they provide measurable environmental
advantages over conventional plastics.
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Table 5. Selected LCA studies comparing biopolymers and conventional polymers.

Study

Material

Main Conclusions

[185]

PLA vs. PET, PP, PS

PLA has lower greenhouse gas emissions than most conventional plastics;

PLA shows greater negative impacts in the categories of eutrophication and human
toxicity due to agricultural biomass production;

The sustainability of PLA material strongly depends on the way of production and waste
management.

[186]

PET vs. PLA vs. PHA

PET has the greatest negative impact on the environment among the analyzed materials;
PLA and PHA show significantly better results in most LCA categories, especially when
there is an effective recycling system;

PHA showed the best biodegradability and the greatest potential for reducing the
microplastic problem.

[187]

PHB vs. PLA vs. PP vs. PS

PHB currently has a higher energy requirement and carbon footprint than PLA, PP and
PS during production;

The biggest problem with PHB is the energy-intensive phases of extraction and
purification;

PHB has a great advantage due to its biodegradability and the renewable origin of the
raw materials;

PLA showed the best results during production, while PHB has better long-term
environmental performance due to biodegradation.

[188]

PLA, PHA and starch
biopolymers

Biopolymers often have lower fossil fuel consumption and lower global warming
potential than conventional plastics;

In other impact categories (eutrophication, acidification, water and soil consumption),
biopolymers may perform worse than petrochemical polymers;

The results of LCA analyses are highly dependent on the methodology, regional
conditions and assumptions used in the studies.

[189]

Advanced PLA systems

Chemical recycling and depolymerization significantly improve the LCA results of PLA
materials;

Biopolymers have the greatest potential when used in long-lasting products within the
circular economy, not just as a one-time replacement for fossil-based plastics.

[190]

30% bio-based PET vs.
100% bio-based PE

Bio-PET can have significantly better environmental performance than fossil PET, but
sustainability depends on the origin of the biomass.

[191]

PET, PE, PP, PS vs. PLA

PLA produces less CO, emissions; less dependent on fossil fuels; uses renewable raw
materials (corn, sugar cane, biomass);

Conversion stage (fermentation, polymerization, processing) is

the most energy-intensive phase of the PLA life cycle.

[192]

Chitin nanocrystal
reinforced PLA vs. PET

PLA and ChNC/PLA have an advantage if they go to composting or controlled disposal;
PET is better if it goes into good recycling.

[193]

PLA vs. PP, PET

The biggest environmental hotspot for PLA cups was identified as the process energy
used in the conversion from biomass to PLA polymer, followed by the electricity
consumption of thermoforming the cups; PLA cups outperform PET cups in terms of
climate change mitigation (22% lower impact) and fossil resource depletion (52% lower)
when compared to both PET and PP cups (41% lower);

PLA cups have much greater consequences on photochemical ozone production,
acidification, and terrestrial eutrophication than PET and PP cups;

PP cups have better performance than PET cups.

Life cycle assessment studies must therefore consider not only the potential reduc-

tion in fossil resource use and greenhouse gas emissions, but also possible burdens as-

sociated with intensive biomass production, including fertilizer and pesticide use, eu-

trophication, acidification, water consumption, and land occupation [179,194,195]. In

addition, biodegradability should not be treated as a universal environmental advantage,

because degradation depends strongly on material type, disposal route, and available

waste-management infrastructure [25]. PLA shows very limited degradation under natu-

ral conditions, so unless it is processed in industrial composting or specialized recycling

systems, its environmental benefits can be significantly reduced. Another problem is that
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global production of bioplastics still accounts for less than 1% of total plastic production
due to high research and development costs [180]. In addition, the production of certain
biopolymers, such as PHB, can be more energy intensive than the production of PLA and
some conventional polymers.

LCA studies show that biopolymers are not environmentally superior to conventional
plastics under all conditions. Their environmental impact depends on the origin of raw ma-
terials, production technology, energy mix, transportation, product lifespan, and end-of-life
management. Consequently, certain biopolymers may have a greater impact in categories
such as eutrophication, acidification, water consumption, or land use, despite resulting
in lower greenhouse gas emissions or reduced consumption of fossil resources. This is
particularly important for biopolymers derived from waste, where additional processes—
collection, pretreatment, purification, or recovery—can negate some of the environmental
benefits associated with using secondary raw materials. Environmental superiority cannot
be assumed solely based on renewable origin; rather, it must be demonstrated through a
specific life cycle assessment (LCA) that takes into account the entire production chain and
end-of-life scenarios.

Another major challenge in LCA interpretation is a lack of standardized methodolo-
gies and the high variability of data on raw materials and production processes often
lead to different results in LCA analyses [196]. Comparative studies show that no single
material is universally ecologically superior across all impact categories [197]. A particular
challenge is the end-of-life stage of biopolymers. If biodegradable polymers are disposed
of in landfills without landfill gas collection, methane emissions may occur, reducing or
even negating the benefit of lowering greenhouse gas emissions [198]. The results of LCA
analyses also depend on methodological approaches, including the calculation of biogenic
carbon, allocation methods, and the impacts of land use change associated with biomass
production [198]. Therefore, LCA studies indicate that biopolymers have significant poten-
tial to reduce dependence on fossil resources and greenhouse gas emissions, but to identify
the specific conditions under which they provide measurable environmental advantages
over conventional plastics.

8. Future Trends and Emerging Technologies for Scalable
Biopolymer Packaging

The previous sections show that the commercialization of biopolymer-based packaging
is limited by interconnected technical, economic, regulatory, and end-of-life challenges.
Future development should therefore move beyond isolated material innovation and focus
on integrated strategies that improve processability, performance, safety, cost-effectiveness,
and system compatibility. The key question is not only how to create new biopolymer
materials, but how to design them for industrial processing, regulatory compliance, market
acceptance, and realistic end-of-life management. This section summarizes emerging
directions that may accelerate the transition from laboratory-scale research to commercially
viable biopolymer packaging systems, including data-driven material optimization, active
and intelligent packaging, additive manufacturing, industrial biorefineries, composite
design, and early integration of LCA, TEA, and policy-oriented assessment.

8.1. Artificial Intelligence, Machine Learning and Data-Driven Material Optimization

Main problem: Slow trial-and-error formulation and process optimization.

Main contribution: Faster formulations screening, processing parameters and perfor-
mance profiles.

Traditional experimental optimization is slow when several properties must be bal-
anced at the same time (e.g., tensile strength, elongation, water-vapor barrier, oxygen
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barrier, thermal stability, biodegradation rate and cost). Machine learning has been applied
as a tool for analyzing complex datasets, identifying patterns that are difficult to detect
experimentally, and optimizing production and processing parameters [199]. In biopolymer
production machine learning has been imposed as a promising approach for improving
production efficiency, reducing costs and improving product quality [200]. Al can shorten
the route from laboratory formulation to industrial product by using predictive models to
screen combinations of PLA, PHA, PBS, PBAT, starch, cellulose, chitosan, plasticizers, fibers
and nanofillers before experimental validation [201,202]. However, Al cannot automatically
solve commercialization problems as many biopolymer datasets are still fragmented, gener-
ated under non-standardized conditions and not directly comparable between laboratories.
Therefore, the successful use of Al in this field will also require developing harmonized
testing protocols, shared databases and experimentally validated predictive models.

8.2. Smart, Active and Intelligent Packaging

Main problem: Biopolymers often underperform as simple plastic substitutes.

Main contribution: Adds value through shelf-life extension, freshness monitoring and
food-waste reduction.

Biopolymer packaging can achieve higher market relevance when it offers functions
beyond simply replacing conventional plastic. Biopolymer packaging is aiming to offer
additional value so recent research focuses on active films. These films may contain an-
tioxidants, antimicrobials [10], essential oils [203], enzymes or bioactive compounds [204],
while intelligent systems can monitor food freshness through color change, pH response,
gas sensing or spoilage indicators [205,206]. Recent studies on PLA, pullulan, chitosan-
gelatin, and cellulose acetate/poly(caprolactone diol)-based systems demonstrate that
plant extracts and essential oils can be incorporated into biopolymer matrices to pro-
vide antimicrobial or preservative functionality, while encapsulation, blending, and green
chemistry-based formulation strategies may improve stability, matrix compatibility, and
controlled release [207-210]. Smart biodegradable packaging films have been developed
to extend shelf life, preserve food safety and monitor food quality in real time [211]. This
direction is strategically important for market adoption as it translates biopolymers from
the role of green substitutes toward higher-value functional materials. However, in this
case there is a retreat: the more functional the material becomes, the more complex its regu-
latory and safety assessment becomes. Active compounds, natural extracts, nanoparticles,
color indicators and multilayer coatings create new questions about migration, toxicity,
food-contact approval, consumer acceptance and end-of-life compatibility.

8.3. 3D Printing and Additive Manufacturing

Main problem: Need for customized high-value applications.

Main contribution: Enables rapid prototyping, biomedical uses and complex bio-based
composites.

The commercial relevance of 3D printing is development of high-value applications
where customization, small-batch production, or complex geometry is important [212].
These applications include biomedical scaffolds, wound dressings, personalized implants,
agricultural devices, controlled-release systems, prototype packaging, lightweight compo-
nents and bio-based composites [195,213]. Natural polymers and fibers such as cellulose,
alginate, starch, collagen, silk, chitosan, gelatin, hemp, jute, flax and bamboo are being
investigated as printing constituents or reinforcements [214]. Although 3D printing re-
search is increasingly focused on biodegradable, biocompatible and recyclable materials,
while maintaining functionality and adaptability in production [215], many natural biopoly-
mers have poor printability, weak melt strength, high moisture sensitivity or insufficient
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mechanical performance [216]. The future progress depends on optimizing material compo-
sition, processing parameters and post-processing techniques in order to achieve required
properties and performance [214]. In the context of food packaging, 3D printing may be
most useful for prototyping, customized packaging elements, and high-value functional
components rather than for large-scale replacement of conventional packaging production.

8.4. The Development of Industrial Biorefineries

Main problem: High production cost and feedstock dependence.

Main contribution: Uses waste and residue streams, co-product valorization to
reduce cost.

According to De Mello et al. [217] biorefineries can contribute low-waste and poten-
tially more cost-efficient production of biodegradable bioplastics in circular bioeconomy
systems. The reasoning behind the biorefinery strategy is that biopolymers should be made
as part of integrated value chains, where several outputs are obtained from a single biomass
stream, rather than as standalone and expensive product [218]. In this way, biopolymer
production can be combined with the recovery of biofuels, platform chemicals, functional
ingredients, animal feed, fertilizers, or energy carriers, improving biomass utilization and
creating additional revenue streams. This is particularly important for waste-derived
systems, where feedstock heterogeneity and low-value residues may become economically
viable only when several fractions are valorized within the same process chain. Still, biore-
fineries confront scale-up problems despite their potential due to seasonal and geographic
variations in biomass content, energy-intensive and costly treatments. Thus, integrated
process optimization, resilient microbial strains, low-cost extraction, solvent reduction,
continuous processing, and life cycle evaluation of various feedstock routes are the main
areas of current research [219-221].

8.5. Composite Design, Blending and Compatibilization

Main problem: Poor toughness, barrier properties or moisture resistance.

Main contribution: Improves functional properties and compatibility with existing
applications.

Since many biopolymers have individual weaknesses, they could be combined
with other polymers, fibers and nanoparticles [222,223]. For example, cellulose ac-
etate/poly(caprolactone diol)-based films prepared according to green chemistry principles
illustrate how blending and incorporation of active compounds can be used to tune mate-
rial properties and introduce preservative functionality in biopolymer-based packaging
systems [208]. Biopolymers are more likely to enter the market if their properties can be
tuned for specific applications using existing processing equipment. However, the critical
issue is that every additional component increases complexity [224]. A blend may perform
better mechanical properties, but becomes harder to recycle or compost. Biopolymer decom-
position can be tailored by changing process parameters so that “degradation by design”
approach can support product development and commercialization [99]. A nanocomposite
may improve oxygen barrier properties, but raise regulatory concerns [225]. A natural
extract may provide antimicrobial activity, but alter migration mechanism, color, odor or
consumer perception [226]. Therefore, a conclusion is simple—it is not about just adding
more components, but designing simpler, safer and scalable formulations with clearly
demonstrated regulatory feasibility.

8.6. The Integration of LCA, TEA and Policy-Oriented Research at Early Stages of
Material Development

Main problem: “Green” claims not supported by full system assessment.
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Main contribution: Identification of economically, environmentally, and regulatory
viable applications.

Some biopolymers might perform well in the laboratory but may still fail during the
up-scale if economic feasibility, environmental performance, regulatory requirements, and
end-of-life management are considered too late in the development process. Challenges
for bio-based and biodegradable plastics occur across the whole value chain: sustainable
feedstocks, efficient production, recycling and waste infrastructure, product requirements,
LCA comparison with conventional plastics, policy frameworks, terminology and com-
munication [100]. Research should be encouraged to design materials with end-of-life
situations, regulatory constraints, industrial processing routes, and consumer communica-
tion in mind, rather than creating novel material and then examining whether is scalable,
safe, and compostable. In order to avoid greenwashing and to find applications where
biopolymers actually perform better than traditional plastics, this kind of integrative study
is crucial.

Transitioning from promising laboratory results to industrial production presents
a challenge due to a range of practical limitations. Large-scale implementation requires
consistent raw material quality, reproducible material properties, compatibility with exist-
ing production equipment, stable supply chains, and cost-effective production processes.
Additional challenges include obtaining regulatory approvals for new formulations and
establishing appropriate procedures for end-of-life material treatment. Addressing these
challenges will require closer collaboration among materials scientists, process engineers,
industry representatives, and regulatory bodies.

The technologies expected to have the most immediate impact on industrial commer-
cialization are those that can be integrated into existing production chains and enhance
the performance of currently available biopolymers. In this context, Al-assisted material
optimization, composite design, material blending, and industrial biorefinery concepts
appear particularly promising for the near future, as they address current limitations re-
garding formulation efficiency, processability, cost reduction, and feedstock utilization. On
the other hand, highly advanced approaches such as fully intelligent packaging systems
or large-scale additive manufacturing can offer significant added value, but they require
longer development periods due to regulatory, technological, and economic hurdles. There-
fore, near-term commercialization will depend more on the optimization, integration, and
scaling up of existing biopolymer platforms.

By strengthening the proposed directions for facilitating the transition of biopoly-
mers toward commercialization, production at sufficient scale with predictable quality,
acceptable cost, verified safety, and clear end-of-life routes may become more achievable.
Each of these approaches addresses different aspects of commercialization, from process
optimization and cost reduction to improved functionality, resource efficiency, and regu-
latory alignment. However, none of these directions are sufficient alone. Only through
the joint, cross-functional interaction of these research directions can biopolymers become
industrially credible.

9. Conclusions

This review adopts a value-chain perspective to assess the industrial transition of
biopolymer-based food packaging—spanning renewable resources, commercial solutions,
and end-of-life management. The analysis demonstrates that the diversity of biopolymers
including naturally isolated polymers, chemically synthesized bio-based polymers, and
microbially produced polymers requires assessments specific to each type, rather than
generalized assumptions based solely on biological origin or biodegradability. At the
production stage, commercialization is influenced by the availability and consistency of
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raw materials, polymer purity, production efficiency, and the ability to achieve reproducible
material properties. Processing technologies serve as a crucial link between polymer devel-
opment and industrial application, with processing limitations, moisture sensitivity, and
performance trade-offs remaining key challenges. From a commercialization perspective,
material optimization—whether through blending, coating, composite fabrication, or the
incorporation of active functionalities—must align with economic viability, food-contact
safety, regulatory compliance, and requirements regarding recyclability and compostability.
Techno-economic analyses and life cycle assessments further confirm that sustainability and
competitiveness depend on the entire value chain, including resource utilization, energy
consumption, packaging performance, and realistic end-of-life scenarios. Future progress
will depend on integrated approaches combining raw material standardization, industrial
infrastructure, regulatory compliance, and improved waste-management systems. Success-
ful commercialization requires the coordinated design of entire packaging value chains,
backed by validated technical, economic, environmental, and regulatory characteristics.
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Abbreviations

Bio-PE  Bio-based polyethylene

Bio-PET  Bio-based polyethylene terephthalate
PBAT Poly(butylene adipate-co-terephthalate)
PBSA Poly(butylene succinate-co-adipate)

PBS Poly(butylene succinate)
PCL Polycaprolactone

PE Polyethylene

PEF Poly(ethylene furanoate)
PET Poly(ethylene terephthalate)
PHA Polyhydroxyalkanoates
PHB Poly(3-hydroxybutyrate)

PHBH Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

PLA Polylactic acid (poly(lactic acid))
PMMA  Poly(methyl methacrylate)

PP Polypropylene

PS Polystyrene

PTT Poly(trimethylene terephthalate)
PVC Poly(vinyl chloride)

TPS Thermoplastic starch
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