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A growing demand for sustainable materials across various industries has
sparked an increasing interest in bio-based polymers as eco-friendly alter-
natives to conventional fossil-based polymers. Sourced from renewable
materials, bio-based polymers offer significant advantages, such as biocom-
patibility, the ability to modify their functional properties for specific appli-
cations and, increasingly sought after, the capability for biodegradation.
This review article provides an overview of bio-based polymer sources, dis-
cussing their unique functional properties, environmental impact and
potential for end-of-life options, such as composting and anaerobic diges-
tion. It highlights the importance of ensuring human health and environ-
mental hazard assessment, by incorporating principles like a Safe and
Sustainable by Design (SSbD) approach and assessing the product’s life
cycle (LCA). The dual role of the anaerobic digestion of biodegradable
polymers and its potential for methane generation is reviewed, emphasising
its contribution to reducing environmental impact and renewable energy
production through waste management. Lastly, possibilities of applications
in different industries and future market trends are reviewed. By integrat-
ing current knowledge, this review highlights the potential of bio-based
polymers in advancing sustainability across various sectors, while addres-
sing key existing challenges and future opportunities in their development,
production, and application across various sectors, while addressing key
existing challenges and future opportunities in their development, produc-
tion and application.

We appear to be on the path toward a paradigm shift in
materials science, with a growing emphasis on developing
of bio-based

and adopting plastics made
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biodegradable polymers, driven by increasing environ-
mental concerns and the urgent need for sustainable alter-
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Understanding bio-based polymers

primarily derived from fossil fuels, are associated with
persistent pollution, greenhouse gas emissions and ecolog-
ical degradation [1]. Despite widespread use, reliable and
eco-friendly end-of-life options are limited, often leading
to long-term pollution and landfill accumulation. This
highlights the critical need to design bio-based and biode-
gradable polymers capable of complete natural degrada-
tion. Biodegradable polymers produced from renewable
biomass are gaining attention due to their potential to
reduce ecological footprints and promote circular econ-
omy models across packaging, agriculture and biomedical
sectors [2]. Prominent examples such as polylactic acid
(PLA), polyhydroxyalkanoates (PHA) and cellulose-
based materials offer promising pathways to replace
fossil-based polymers. However, scalability, cost and per-
formance challenges remain, mainly due to the lack of
reliable, scalable alternatives with comparable functional-
ity to fossil-based plastics [3,4].

The choice of terminology presents an initial chal-
lenge. While the International Union of Pure and
Applied Chemistry actively discourages the use of the
term ‘bioplastic’ [5], it is still widely used within both
the industrial and scientific literature. European Bio-
plastics [6] sees ‘bioplastics’ as an extensive group of
materials that are either ‘bio-based’, or ‘biodegrad-
able’, or carry both properties. The classification
shown in Fig. 1 is based on: (i) feedstock origin (bio-
or fossil-based) and (ii) biodegradability, forming four
quadrants: bio-based and biodegradable (e.g., PLA,
PHA), bio-based but nonbiodegradable (e.g., bio-PE,
bio-PP), fossil-based but biodegradable (e.g., polybuty-
lene adipate terephthalate (PBAT)), and fossil-based
nonbiodegradable (e.g., PET, PE).

The use of more descriptive terminology is encour-
aged to avoid the term ‘bioplastics’ [5,7] The present
review article follows the terminology that refers to:

 ‘bio-based’ polymers, as those entirely or partly
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subgroup of ‘biopolymers’, which are entirely formed
by living organisms [5];

‘biodegradable’ polymers, as those that degrade,
when biological activity lowers the molar masses of
their component macromolecules, and break down
into natural by-products like water, carbon dioxide
and compost [5,6].

The interchangeability of the terms ‘polymer’ and
‘plastic’ can be attributed to the understanding of
‘plastic’ as a polymeric material that may contain cer-
tain additives to improve its properties [5]. This inter-
change is inevitable across various sectors. However,
the descriptive terminology for bio-based and biode-
gradable plastics/polymers (while avoiding the term
‘bioplastics’) has been achieved and formally adopted
by the European Union (EU) [8,9].

This review provides a concise discussion of the ori-
gins, physical, mechanical and functional properties of
bio-based polymers, their market potential, Safe and
Sustainable by Design (SSbD) methodologies, and the
role of aerobic digestion as a valuable end-of-life
(EoL) option for bio-based polymers.

Life cycle assessment

The significance of sustainability in material science
extends beyond environmental benefits to include
social and economic dimensions such as resource effi-
ciency, waste reduction and lifecycle management [10].
Furthermore, conventional plastic production has a
considerable environmental footprint, characterised by
significant CO, emissions, high water usage and sub-
stantial energy consumption. To ensure sustainability
targets are met, the environmental impact of bio-based
and biodegradable polymers must be assessed through-
out their entire life cycle. Life cycle assessment (LCA)
is a tool that can be used to measure the inputs (e.g.,

e.g. PE, PP, PET

e.g. PGA, PBAT, PVA, PCL

derived from living matter (biomass) [5,6], with a energy, resources) and outputs (e.g., emissions, waste)
Bio-based
|
|
Bioplastics : Bioplastics
e.g. bio based PE, PET, 1 e.g. starch blends, PLA, PHA,
PTT, PEF | PHB
|
|
Non biodegradable = = = = = = = = = = = = = = — = = — i Biodegradable
|
|
Conventional plastics : Bioplastics
|
I
I

are fossil-based and
non biodegradable

Fossil-based

Fig. 1. Classification of plastics based on feedstock origin and/or their biodegradability. Adapted from [6].

2 FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U017 SUOLULIOD AR 3|01 |dde 8Ly Aq pauienoh afe saole WO ‘SN JO s8N oy A%l 8ul|UO /8|1 U (SUORIPUOD-PUE-SWUBILIOD" A3| 1M AReIq 1 [BUI|UO//STRY) SUORIPUOD PUB SWB L U3 885 *[9202/0/72] Uo AReiqi 8ulluO AB|IM 809819 8URILR0D A EBTOL €9YS-TTZZ/200T OT/I0P/W0d A8 1M ARe1q 1B UO'SGRY//SAY WO PBpeojuMOq ‘0 ‘E9YSTTZE



S. K. Repinc et al.

of a product’s lifecycle, converting these into impact
categories such as climate change, resource depletion
and ecotoxicity [11]. It provides a comprehensive
perspective on environmental sustainability and is
ISO-standardised [12]. Incorporating LCA during the
innovation process facilitates the quantification of the
impact of design objectives and enables the identifica-
tion of hotspots for improvement [2]. Since bio-based
polymer data can be incomplete [13], clearly defining
the LCA’s scope prevents misinterpretation. The typi-
cal process involves the following stages [14]: Firstly,
an inventory analysis (comprising the compilation of
all inputs/outputs, including raw materials and emis-
sions); secondly, an assessment of chemical emissions
(types and quantities of chemicals used/emitted,
including toxic substances); thirdly, a characterisation
of factors (using models like USEtox [15] to evaluate
toxicity impacts); fourthly, an impact assessment (iden-
tifying stages with significant toxicological risks); and
fifthly, hotspot identification (pinpointing critical
manufacturing or waste stages for mitigation). Strate-
gies such as safer chemical substitution, improved
waste treatment and process optimisation have been
shown to reduce risks, with LCA supporting continu-
ous improvement and chemical safety integration
[1,10].

Safe and sustainable by design

SSbD is a framework, developed by the European
Commission for the purpose of minimising the health,
climate and environmental impact of chemicals, mate-
rials, technologies and products throughout their life-
cycle [16,17]. Certain approaches consider both
societal and economic value [2,18]. SSbD is applicable
to both new and existing products through an iterative
process involving: (a) (re)design with guiding principles
to guide the development process and (b) assessment
of safety and sustainability [19-21]. The assessment is
comprised of five distinct steps, as presented in Fig. 2:
(1) hazard assessment, (2) health and safety in produc-
tion, (3) impacts during use, (4) environmental sustain-
ability and (5) optional socio-economic evaluation [2].

Methods

This literature review provides a critical synthesis of the lit-
erature on the properties, degradation and impacts of
bio-based polymers on human health and the environment.
The objective of the search was to identify scholarly publi-
cations that define the current understanding of the topic.
A targeted search was conducted across databases such as
Scopus, Web of Science, Google Scholar and Zenodo. The
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selection criteria were based on thematic relevance, a clear
focus on bio-based polymers and the quality and clarity of
the experimental and theoretical evidence presented, as well
as the conclusions drawn. The selection was intended to
facilitate a critical discussion, highlighting ongoing debates
and emergent research rather than achieving exhaustive
coverage, with a preference for the most recent publications
(2025-2020).

Origin and properties of bio-based
polymers

Origin of bio-based polymers

Bio-based polymers originate from diverse natural
sources, such as plants, animals and microorganisms,
and are obtained through direct extraction or micro-
bial synthesis [8]. Polysaccharides like starch, derived
from crops such as corn, potatoes, bananas, tapioca,
wheat, rice, yam, sago and buckwheat, are primary
renewable resources. Cellulose, mainly from softwood,
and pectin from citrus fruits are also major sources.
Chitin, abundant in crustacean shells, and seaweed
polysaccharides, such as alginate, agar and carra-
geenan, further expand the selection of bio-based poly-
mers [22,23]. Proteins—including casein, whey, gelatin,
zein and animal proteins—are also used as bio-based
polymers [23-25]. Lignin, sourced from lignocellulosic
biomass and agricultural waste, is a key bio-based
polymer by-product [26,27]. Microbial bio-based poly-
mers like polyesters, PHAs, and PLAs are produced
by bacteria under various conditions, often as lipid
granules [22]. Microalgae such as spirulina and chlo-
rella, rich in proteins and carbohydrates, are promising
alternatives. = Some  bio-based  polymers, like
bio-polypropylene (bio-PP) and bio-polyethylene (bio-
PE), are synthesised from bio-based monomers derived
from renewable crops like corn and sugarcane, using
chemical processes to produce polymers structurally
similar to conventional types. Although bio-based,
these materials are often nonbiodegradable because
their chemical structure resists microbial breakdown,
similar to fossil-based polymers.

Overview of the physical, mechanical and
functional properties of bio-based polymers

Understanding the physical and mechanical properties
of bio-based polymers, such as tensile strength and
elasticity, is essential for their practical application
across various industries. Tensile strength is defined as
the maximum stress a material can withstand before
failure, whereas elasticity reflects its ability to return to
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Fig. 2. Schematic representation of Safe and Sustainable by Design framework. Reprinted with permission from [18].

its original shape after deformation. These properties
vary significantly depending on the polymer type, rein-
forcements, processing conditions and additives
employed [28,29]. For instance, PLA exhibits high ten-
sile strength and elastic modulus (2500-3500 MPa),
suitable for durability-focused applications, whereas
starch-based plastics exhibit lower values (~10-100
MPa). Reinforcing bioplastics with natural fibres has
been shown to further enhance their performance,
while modifications such as the incorporation of
hydroxyvalerate units improve the flexibility of copoly-
mers such as PHBV [30,31]. In order to make
informed material choices, it is crucial to evaluate
these properties using standardised test methods such
as ASTM D638, ISO 527, ASTM DS§82, ISO 178 and
ASTM D790. These standardised tests enable the com-
parison of bio-based polymers with conventional
fossil-based polymers, ensuring their suitability for spe-
cific applications. Figure 3 provides a visual compari-
son [32]. Most bio-based polymers are not as ductile
as their fossil-based counterparts, but they can with-
stand comparable tensile forces. Bio-based polymers
usually underperform fossil-based ones in water
vapour permeability.

Bio-based polymers like cellulose, starch, carrageenan,
pectin, pullulan, soy and whey proteins, PLA, polyvinyl
alcohol (PVA), PHAs, and polyhydroxybutyrate (PHB)
serve as barriers against gases and moisture, vital in food

preservation [25]. Various natural biopolymers can be
chemically modified to enhance their physicochemical
properties and broaden their range of functional applica-
tions (Fig. 4). Advances—such as composites, multilayer
films or adding nanoparticles—have improved their bar-
rier and functional properties, sometimes exceeding poly-
ethylene terephthalate (PET’s) performance [34,35].
Besides barrier functions, biopolymers can provide anti-
microbial activity, either inherently or via engineering.
For example, chitosan disrupts bacterial cell walls, while
egg proteins contain lysozyme and ovotransferrin [36,37].
These properties can be enhanced by incorporating inor-
ganic compounds, extracts or synthetic antimicrobials,
providing resistance against bacteria (e.g., S. aureus, E.
coli) and fungi [25].

Improving properties of bio-based
polymers: Blending techniques and
scale up for diverse applications

Blending, extrusion and scale up of bio-based
polymers

One of the most effective strategies for enhancing the
properties and functionality of bio-based polymers is
through the process of blending. By combining differ-
ent bio-based polymers, complementary characteristics
can be achieved, allowing the merging of their
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Fig. 3. Tensile strength and water vapour permeability properties of synthetic and bio-based polymers. Reprinted with permission from [32].
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Fig. 4. Examples of sources of biopolymers and their advancement via chemical modifications toward improved properties and
polysaccharides applications. Reprinted with permission from [33].
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desirable properties while mitigating their weaknesses.
Brittleness, low mechanical properties and poor ther-
mal resistance are limitations of many bio-based poly-
mers, which can be overcome by polymer blending,
which physically or chemically combines polymers with
complementary properties. In a review paper by Fredi
and Dorigado [38], the authors made a distinction
between nonreactive techniques. It was posited that
the use of block or graft copolymers can increase com-
patibility, though property enhancements are often
modest improvements of the properties of a bio-based
polymer. Research has found that what is more
impactful are reactive methods, which functionalise
and form compatible copolymers in situ during the
melt-blending process. The incorporation of nanoparti-
cles has been demonstrated to be an effective method
of achieving compatibility through the processes of
interface localisation and morphology control. The
addition of compatibilisers, such as maleic anhydride,
dicumyl peroxide and Joncryl, to enhance the blending
process is a common practice. These compatibilisers
are utilised to address various challenges, including
poor interfacial adhesion between components, limited
scalability and variability in biodegradation rates.
Another notable trend in the field of blending is the
integration of macro and nanoparticles from bio-based
agricultural by-products. Examples include coffee
grounds [39,40], wood dust [41], waste paper [42], dif-
ferent stalk types and cellulose-based sourcing like
nanocellulose and lignin [35,43,44].

Extrusion remains the prevailing technique for shap-
ing bio-based polymers. Nonetheless, its implementation
in the industrial environment still faces several chal-
lenges that limit large-scale and high-performance appli-
cations. During the process, thermal and shear energies
are applied to the material, resulting in thermal sensitiv-
ity and biopolymer stability [45,46], or in repeated
regrinding and extrusion for potential recyclability pur-
poses [47]. It has been demonstrated that bio-based
polymers, like PLA and PHB, are more thermally sensi-
tive than petroleum-based plastics. Their narrow proces-
sing windows and lower degradation thresholds require
careful extrusion control, often with the aid of stabili-
sers, plasticisers or blending strategies. In contrast, PE
and PP exhibit robust thermal stability, facilitating eas-
ier processing and enhanced tolerance to industrial con-
ditions. The differences are presented in Table 1.

Current uses and future potential in various
industries

Bio-based and biodegradable polymers have been
increasingly recognised and explored as sustainable

S. K. Repinc et al.

Table 1. Thermal and processing properties of polymers relevant
to blending and extrusion.

Property PLA PHB PEP PPT

Onset (°C) 280-300 260-280 350-400 320-350

Tmax (°C) 330-370 290-310 450-500 400-450

Processing 180-210 160-180 180-250 200-250
temp. (°C)

Thermal Moderate Low High High
stability

Degradation High Very high Low Low
risk (hydrolysis)

Drying Yes Yes No No
required

alternatives to conventional materials in numerous
industrial sectors, offering renewability, biodegradabil-
ity and reduced environmental impact. Although bio-
based and biodegradable polymers currently account
for only 0.5% of the approximately 414 million tonnes
of polymers produced annually, the market is expand-
ing rapidly. Production is projected to rise from 2.1
million tonnes in 2023 to 5.7 million tonnes by 2029
[48]. Packaging remains the leading application of bio-
based and biodegradable polymers, accounting for
about 45% of total production (1.12 million tonnes in
2024), including films and bottles [48]. However,
emerging applications in the domains of automotive,
electronics, textiles and soil-degradable agricultural
films are also projected to expand [49]. In the field of
healthcare, biopolymers such as chitosan and PLA
have a wide range of applications. This includes
wound dressing, tissue engineering and drug delivery
systems, where antimicrobial and barrier properties
can enhance infection control and controlled release of
therapeutics [36,50]. Biopolymer membranes and floc-
culants are also being applied in water treatment and
environmental remediation, due to their ability to filter
contaminants while remaining eco-friendly [51]. In the
field of textiles, coating from bio-based polymers has
been employed to improve water resistance and pro-
vide antimicrobial protection, while in the automotive
and electronic industry, lightweight and moisture-
resistant components enhance both performance and
sustainability [52-54]. In the agricultural sector, biode-
gradable films and seed coatings provide protection
against moisture loss and microbial contamination,
while naturally degrading in soil [55]. Emerging inno-
vations, such as high-barrier and multifunctional bio-
polymers, enabled by incorporating nanomaterials,
natural extracts and chemical modifications, further
improve durability, stability and applicability under
demanding conditions [49]. The ongoing pressure from
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STRENGTHS
* Renewable, biodegradable, and
environmentally friendly, reducing
ecological footprints.
e Support circular economy models in

packaging, agriculture, and healthcare.

* Offer functional properties such as
barrier protection, water resistance,
and antimicrobial activity.

e Growing market driven by policy
incentives, consumer demand, and
innovation in material design.

OPPORTUNITIES

Development of integrated

collection, sustainable harvesting,

and efficient extraction methods.

¢ Innovations in material design,
pretreatment, and microbial
bioaugmentation to enhance
performance.

¢ Harmonized biodegradability

standards to facilitate waste

materials and tailored
biodegradability solutions.

Fig. 5. SWOT analysis of bio-based and biodegradable polymers.

regulatory bodies, coupled with the growing consumer
demand for sustainable and health-conscious materials,
is a key driver of innovation.

Despite rapid development, challenges remain in
terms of scaling production and managing waste.
Future research will be primarily driven by bio-based
composites, innovative materials and tailored biode-
gradability solutions, thereby paving the way for a sus-
tainable future and addressing issues of resource
depletion and climate change [56]. Furthermore, in
order to unlock their full potential while minimising
environmental impact, there is a necessity for the
development of integrated collection, sustainable har-
vesting, efficient and greener extraction techniques
[57]. Figure 5 provides an illustrative representation of
the aforementioned aspects in the form of a strengths,
weaknesses, opportunities and threats (SWOT)
analysis.

Impact on human health and
environment

Bio-based polymers, such as chitosan, gelatin, carbox-
ymethyl cellulose (CMC), cellulose, PVA, PLA, gellan
gum and dextran, are widely used in bioengineering

valorization and market acceptance.
¢ Expansion into new sectors like smart

Understanding bio-based polymers

WEAKNESSES

* High production costs and economic
constraints hinder widespread
adoption.

¢ Dispersed raw material sources
complicate supply chains, affecting
large-scale, consistent production.

¢ Performance variability and scalability
issues limit some applications.

e Limited infrastructure for collection,
recycling, and processing of bio-based
and biodegradable polymers.

THREATS

e Competition from conventional fossil-
based polymers with established
infrastructure and lower costs.

¢ Regulatory uncertainties or lack of
enforcement may slow market growth.

¢ Dispersed raw material sources pose
logistical challenges, risking supply
chain disruptions.

¢ Potential environmental impacts if bio-
based and biodegradable polymers are
not properly managed at end-of-life.

[50]. However, the presence of the term bio-based or
biodegradable does not necessarily guarantee low tox-
icity. Zimmermann et al. [58] found that the toxicity
of bio-based products, especially starch and cellulose-
based, was comparable to that of fossil-based plastics,
as studied on 43 commercially available consumer
products. Lestido-Cardama et al. [59] observed that
novel bio-based monomers and oligomers frequently
exhibit an absence of toxicity data. In silico toxicity
prediction has the potential to address data gaps;
however, it should be noted that the accuracy
declines as molecular weight increases [60]. Liu et al.
[61] discovered that starch-based microplastics accu-
mulate in mouse organs, resulting in microstructural
damage and metabolic disturbances. Shi et al. [62]
suggest that poly(lactic-co-glycolic acid) nanoparticles
used in medical applications may contribute to car-
diovascular stenosis. It is important to note that
nanocellulose also raises toxicity concerns. As posited
by Yanamala et al. [63], oxidative stress and lung
inflammation have been reported as a consequence of
exposure to cellulose nanocrystals, while Yamashita
et al. [64] found that cellulose nanofibrils induced
macrophage buildup, an increase in lung weight and
inflammation.
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The environmental fate of bio-based polymers is
another critical concern. PHB microbeads have been
demonstrated to cause harm to fish tissues [65], while
xylan-starch blends have been shown to be noneco-
toxic [66]. Furthermore, it has been demonstrated that
biodegradation processes have the capacity to induce
alterations in microbial ecosystems. De Bernardi et al.
[67] found that composted bio-based polymers did not
affect earthworm fertility. However, they did induce
DNA damage at high concentrations and impact fun-
gal communities. Boisseaux et al. [68] observed low
toxicity from pork gelatine, fish gelatine, chitosan and
macroalgae-based biopolymers in Daphnia magna,
though water acidification was a concern. As Koumen-
takou et al. [69] summarise, the use of chitosan and its
derivatives is generally low-risk, except for certain
marine species, although nano-chitosan may increase
toxicity. PLA-based plastics can harm marine cells
[70]. Cucina [71] emphasised that truly biodegradable
bio-based polymers pose a lower environmental risk
than their fossil-based counterparts.

LCA of bio-based polymers

Plastics derived from bio-based polymers offer a prom-
ising alternative, with LCA indicating that the produc-
tion of 1 kg of PET results in 2.15-2.50 kg carbon
dioxide equivalent (CO,-eq), whereas the production
of bio-based plastics such as PLA and PHA emits sub-
stantially lower quantities, ranging from 0.50 to
0.80 kg CO,-eq. Starch-based films have been shown
to emit only 0.20-0.50 kg CO,-eq, with lower energy
demands than PET [72]. LCA reports on bio-based
polymers show some clear environmental trade-offs
[73-77]. Bio-based materials excel at reducing fossil
fuel depletion and sequestering carbon. However, envi-
ronmental burdens are associated with feedstock
sourcing. Worse performance is reported for categories
such as agricultural land occupation, water use and
eutrophication potential. Collection and EoL. manage-
ment are critical for amplifying their climate benefits
[76,78,79].

Recent research highlights the environmental benefits
of using nonedible feedstocks for bio-based polymer
production. Specifically, producing PLA from food
waste significantly reduces its impacts on climate
change, eutrophication and ecotoxicity compared to
using corn [80]. Furthermore, PHB from lignocellulosic
biomass has a lower environmental impact than PLA
from the same source [l1]. Similarly, poly-
dihydroxybutyric acid made from nonedible carbon
feedstock performs better than PLA across most
environmental categories [81]. The environmental
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performance of PBAT produced from second-
generation bio-based feedstocks improves by up to
93% compared to its fossil-based counterpart [82], and
the utilisation of biomass by-products further reduces
the overall environmental impact of bio-based poly-
mers [83]. However, it is important to note that a
poorly sourced bio-based polymer could still have a
significantly worse climate impact than a petrochemical
alternative [84]. Nano-sized bio-based additives from
chitin, starch or cellulose, that provide improvement of
polymer properties, carry a negative environmental
impact due to high chemical and energy consumption
in the production phase. Chemical emissions from the
growth medium and electricity consumption have a
negative environmental impact in the case of bio-based
polymer produced from Spirulina microalgae [85].

The preferred EoL scenario suggestions vary by
polymer and approach, which consider idealised or
real EoL options. In the study by Newby er al. [86],
anaerobic digestion resulted in the lowest net environ-
mental impacts across most categories due to the envi-
ronmental offsets from energy generation. On the
other hand, mechanical recycling of the PLA rug was
the best-performing scenario in a cradle-to-grave case
study over 100 years [87], because it retains the bio-
genic carbon captured by the source material (sugar
beets). Incineration with energy recovery was reported
[88] to be favourable for PLA derived from corn sto-
ver. Industrial composting was found to be the least
favourable EoL option for short-life PHBV-based
products, favouring mechanical recycling [89]. Schwarz
et al. [90] demonstrated a novel depolymerisation tech-
nology as an effective chemical recycling method for
PLA. Sustainability outcomes for PLA and PHA bio-
based polymers were reported to be highly dependent
on regional factors such as energy grid mix and indus-
trial composting infrastructure, rather than the mate-
rial itself [91]. Transportation distances can highly
influence the impact [86].

Scaling up bio-based polymer production [89,92],
purification [88], solvent recovery [93] and replacing
the standard electricity source with solar energy [85]
can provide a significant reduction in environmental
impacts. It was also reported that proper accounting
of biogenic carbon in PLA assessment can reduce
GWP of about 79% [94].

SSbD approaches in the development of bio-
based polymers

While literature frequently promotes bio-based poly-
mers using broad labels such as ‘safety’ (referring
to Dbiocompatibility or intrinsic nontoxicity) and
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‘sustainability’ (due to renewable sourcing and biode-
gradability) [3,95-98], such assessments are often either
assumed or based on selected factors rather than a
holistic approach. Recent studies on SSbD frameworks
have revealed that only a limited number of sources
have adopted this approach for particular bio-based
polymers. Caldeira et al. [99] found that only one of
their 155 reviewed sources (mostly conceptual)
included bio-based and biodegradable polymers. Elser
and Buchmeiser’s [100] study concluded that SSbD is
the optimal assessment method for fibre-reinforced
bio-based polymer composites. However, the study did
not provide concrete examples to support this asser-
tion. Marques et al. [101] also propose a design for
promoting safe and sustainable biorefineries, driven
solely by conceptual considerations.

Zhen and Chew [102] used a multi-criteria optimisa-
tion framework to evaluate six different process routes
for the production of PHA from nonfood crops. The
selection of the most suitable road for PHA produc-
tion was made possible by assessing economic factors
and sustainability. The safety factors were not consid-
ered during the optimisation process. Todea et al.
[103] demonstrated an integrated experimental and
computational approach for rapid screening of bio-
based polyester oligomers, with a particular focus on
their marine biodegradability and ecotoxicity. Oliaei
et al. [104] claimed to follow the SSbD principles, but
without closed disclosure about safety and sustainabil-
ity metrics taken into consideration. Nonetheless, cer-
tain safety and sustainability principles can be
identified in the context of material sourcing, molecu-
lar design that allows chemical recycling to monomer
without destroying the fibre, recycling conditions
avoiding strong acidity or high temperatures and pro-
cess safety through using a catalyst approved for bio-
medical applications. Zappatera et al. [105] designed
and synthesised bio-based functionalised oligoesters by
pairing predictive modelling with green, low-input syn-
thetic routes. Despite the absence of disclosure regard-
ing SSbD workflow metrics, the approach employed in
silico prescreening to rationally select promising poly-
mer structures, focusing on fully bio-based sourcing
and predicting performance-relevant properties. The
synthesis minimised environmental impact, and the
final oligoester was assessed for biodegradability and
ecotoxicity.

Medina et al. [106] have demonstrated a SSbD
screening tool in a case study on organic aerogel com-
posites, based on a combination of raspberry fruit
pulp waste, nanocellulose and carbon nanotubes. The
starting materials and the final aerogel form and
installation have an influence on safety and

Understanding bio-based polymers

environmental exposure, while synthesis processes, pri-
marily due to electricity use for drying, dominate the
sustainability impact, which could be optimised by
recycling solvents and catalysts and realising energy
savings during the product’s use phase. Smith et al.
[107] conducted a comprehensive SSbD evaluation of
alginate extraction from Macrocystis pyrifera. A chem-
ical hazard assessment was performed on 23 existing
alginate extraction methods by evaluating the hazard
levels of their solvents and reagents to human and
environmental health. A partial life cycle assessment
was then performed on three protocols utilising low-
to-moderate hazard chemicals. A clear trade-off
between the environmental impact and the physico-
chemical properties of the resulting alginate for high-
performance bio-based polymer products has been
highlighted.

The development of integrated safety and sustain-
ability assessment methods is imperative to facilitate
their practical use. The holistic SSbD approach has
been applied in a variety of case studies utilising bio-
based polymers [108,109] and the detailed reports can
be expected in the near future.

Degradation of bio-based polymers

Environmental degradation

The assessment of biodegradation and disintegration
helps understand plastic waste in different environ-
ments. The degradation of polymers is a process that
requires specific conditions to occur. In case of mis-
management, there is a potential for environmental
harm to be caused [110]. PLA, one of the most com-
mon bio-based polymers, disintegrates into microplas-
tics faster than fossil-based plastics, posing threats to
biota, especially since it may not degrade naturally
without enzymes, as confirmed by several studies
[111-114]. Various microorganisms can degrade poly-
mers: about 53 species affect bio-based plastics, while
only 16 species have been shown to degrade fossil-
based plastics. Microorganisms like Aspergillus, Bacil-
lus, Fusarium, Penicillium and Streptomyces can
degrade both types, with Amycolatopsis and Cladospor-
ium capable of degrading PLA, polycaprolactone
(PCL) and polybutylene succinate (PBS) [115]. The
external environment that supports or prohibits micro-
bial community, the intrinsic physicochemical proper-
ties of the polymer and the characteristics of any
additives largely influence the biodegradation in real-
life natural conditions [116-118]. Therefore, the bio-
degradation behaviour of bioplastics in various envi-
ronments needs to be thoroughly explored, together
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with ecotoxicity. Moreover, an appropriate assessment
of real-life EoL options is crucial to facilitate their sus-
tainability potential [77].

Anaerobic degradation of bio-based polymers for
methane production

Bio-based polymers represent a sustainable alternative
to conventional fossil-derived plastics, as they are pro-
duced from renewable biological resources and, in
many cases, are also biodegradable. Their end-of-life
management can be accomplished through biological
processes such as composting or anaerobic
digestion (AD).

AD provides a sustainable and energy-efficient
method for managing bio-based polymer waste,
enabling the transformation of biodegradable polymers
into methane-rich biogas and nutrient-dense digestate
through microbial activity under oxygen-free condi-
tions [119,120]. The efficiency of the anaerobic degra-
dation of bio-based polymers is influenced by
environmental conditions, particularly temperature, as
well as the specific properties of the bio-based polymer
in question. Under mesophilic conditions (30-38 °C),
four out of ten tested bio-based polymers showed bio-
degradation levels ranging from 57.9% to 84.6%,
largely facilitated by bacterial orders such as Anaeroli-
neales, Bacteroidales and Clostridiales [120]. In con-
trast, thermophilic conditions (49-57 °C) support
faster and more complete degradation, with five bio-
based polymers achieving up to 95.7% biodegradabil-
ity through the activity of thermophilic bacteria such
as Coprothermobacter and methanogenic archaea
such as Methanothermobacter [120]. PHB has demon-
strated high anaerobic biodegradability, with methane
conversion efficiencies between 80% and 98% under
thermophilic conditions, especially when codigested
with organic waste [119]. PLA, however, is more recal-
citrant and typically requires alkaline or thermal pre-
treatment to achieve comparable biodegradation
(~70%). Various pretreatment strategies have been
developed to enhance the degradability of resistant
polymers like PLA and PBS. Alkaline and thermal
treatments significantly improve degradation by
increasing surface accessibility and reducing crystallin-
ity. Thermo-alkaline pretreatment, such as exposing
PHB to 70 °C in NaOH, achieved over 70% abiotic
degradation in a few hours [121]. Codigestion with
organic-rich substrates such as sewage sludge improves
microbial diversity and process stability, thereby fur-
ther enhancing methane production [122].

Bio-based polymers vary significantly in AD behav-
iour, influenced by their structure (e.g., crystallinity
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and aromatic content) and process conditions (temper-
ature, hydraulic retention time (HRT), microbes,
pH and inhibitors). PHAs (including PHB and
polyhydroxybutyrate-co-valerate (PHBV)) are fully
bio-based, showing excellent biodegradability under
mesophilic and thermophilic conditions. Their aliphatic
ester backbone enables rapid microbial conversion,
often reaching over 80% of the theoretical methane
potential within 3040 days [120,123]. Thermoplastic
starch (TPS), derived from native starch, degrades
quickly due to its hydrophilic, amorphous nature, pro-
ducing high methane yields within 15-30 days. It is
often used to improve the degradability of composite
polymeric materials [124]. Fossil-based PCL degrades
under thermophilic conditions within 60 days, facili-
tated by lipase-mediated hydrolysis [125]. PLA
degrades slowly in mesophilic systems but can yield up
to 260 L CHy/kg volatile solids (VS) in thermophilic
AD after extended retention times (> 80 days) [120].
Its breakdown depends on surpassing its glass transi-
tion temperature and microbial activity. PBAT and
PBS show limited biodegradability: PBAT achieves
only 20-40% degradation thermally, with methane
yields below 10%, while PBS yields are around
11-20 L CHy/kg VS even under thermophilic condi-
tions [119,120]. Mixed polymeric materials often
degrade unevenly, with biodegradable components
such as TPS mineralising faster than recalcitrant frac-
tions such as PLA and PBAT, which can fragment
into microplastics. Among bio-based polymers, PHA
and TPS are the most promising for energy recovery
due to their high methane yields and compatibility
with existing AD systems, especially when codigested
with nitrogen-rich waste [120]. Conversely, PLA,
PBAT and PBS require pretreatment or microbial aug-
mentation to improve biogas production. Incorporat-
ing additives such as biodegradable fibres or enzymes
into plastics offers a future route to enhance in situ
degradation, though this remains in the early develop-
ment stages [120]. For a complete overview of the
anaerobic degradability and biochemical methane
potential (BMP) from bio-based polymer types and
sources, check Table 2.

Aerobic degradation (composting) of bio-based
polymers

The composting of bio-based polymers is an aerobic
biological process in which microorganisms such as
bacteria and fungi enzymatically break down polymer
chains into smaller molecules that are mineralised into
CO,, H,O and biomass [132]. The mechanism of bio-
polymer composting involves a sequence of enzymatic
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Table 2. Overview of the anaerobic degradability and methane potential from bio-based and biodegradable polymer types and sources.

Methane Anaerobic
Anaerobic potential biodegradation
Acronym Full name Origin biodegradability  (BMP) [%] Source
PLA Polylactic acid Bio-based Partial 4.4-453 | 4.2-975 [120,121,125-127]
(thermophilic, CHy/kg VS
slow in
mesophilic)
PLA blend Polylactic acid blend Bio—/Fossil-based Moderate 84-442.6 L 36.2-80.6 [126]
(varies by CHa/kg VS
composition)
PHB Polyhydroxybutyrate Bio-based Excellent 199-518 L 57.6-93.2 [119,121,125,126]
CHa/kg VS
PHBV Polyhydroxybutyrate-co-valerate  Bio-based Excellent 271-397.8 L 73-96 [126,128]
CHa/kg VS
TPS Thermoplastic starch Bio-based High 278.2 79.6-96.2 [119,125-127]
-338.8 L
CHa/kg VS
Starch-based  Starch-based bioplastics Bio-based High 119-392 L 72.1-96.4 [125-127]
CHa/kg VS
PBS Polybutylene succinate Fossil-/Bio-based  Low to 0.47-11 L 0.5-4.8 [125-127]
moderate CHa/kg VS
PBSA Poly(butylene Fossil-/Bio-based Moderate 50.7-1645 L 27.9-71.7 [126,127,129,130]
succinate-co-adipate) (thermophilic CHy/kg VS
preferred)
PVA Polyvinyl alcohol Fossil-based Variable 68.9-71.4 L 8-29.5 [120,126,127]
CHa/kg VS
PET Polyethylene terephthalate Fossil-/Bio-based  None Negligible <1 [125,126,131]
PE Polyethylene Fossil-/Bio-based  None Negligible <1 [125,126,131]
PGA Polyglycolic acid Fossil-/Bio-based  Limited Not well - [125,126]
established
CA Cellulose acetate/cellulose Bio-based Moderate 326.3 8.9-100 [126,127]
diacetate -519.3 L
CHa/kg VS
(mesophilic)

and microbial processes. Initially, microorganisms
secrete extracellular enzymes such as esterases, lipases
and cutinases that hydrolyse ester bonds in polymers
like polylactic acid (PLA) and polyhydroxyalkanoates
(PHA), producing smaller monomers and oligomers
[133]. These intermediates are subsequently assimilated
and metabolised by microorganisms, resulting in the
formation of CO,, H,O and biomass under aerobic
conditions [132]. Industrial composting typically pro-
gresses through three thermal stages: a mesophilic
phase allowing microbial adaptation, a thermophilic
phase (50-70 °C) characterised by intense biodegrada-
tion and a final maturation phase [134]. During the
maturation phase, temperatures typically decline from
the thermophilic peak to mesophilic or ambient levels,
allowing microbial communities to stabilise and fur-
ther break down complex compounds, contributing to
the formation of stable humic substances. The rate

and extent of degradation of biopolymers in compost-
ing are significantly influenced by both the polymer’s
structural characteristics and environmental condi-
tions. Key polymer factors include: (a) the presence of
hydrolysable bonds in the polymer chain, which are
susceptible to breakdown via hydrolysis, (b) polymer
morphology, where amorphous regions degrade faster
than crystalline structures due to easier enzyme access
and (c) the molecular weight, with lower molecular
weight polymers typically degrading more quickly.
Environmental parameters critical to effective biodeg-
radation include temperature—higher temperatures,
especially in industrial composting (55-70 °C), acceler-
ate hydrolysis and microbial activity—moisture avail-
ability, which facilitates enzymatic reactions, oxygen
presence for aerobic microbial degradation, and pH
levels that affect microbial populations and enzyme
function [135-138]. The degradation of PLA generally
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requires industrial composting conditions, charac-
terised by elevated temperatures of around 60 °C, con-
trolled humidity and a composting period of at least
90 days to achieve approximately 90% degradation
[136,138,139]. In natural settings, such as soil or
marine environments, PLA shows much slower degra-
dation and can persist for extended periods. Bio-PBS
is  biodegradable wunder industrial composting
conditions.

The extent and rate of its degradation depend on
factors such as the polymer’s physical form, the com-
position of the microbial community and the specific
environmental conditions within the composting pro-
cess. Under optimised conditions, biodegradation
levels of up to 80% have been reported [140]. On the
other hand, Polythioesters (PTE) is resistant to biodeg-
radation and not suitable for composting [141].

Conclusion

From research and development perspective, bio-based
polymers, including natural biopolymers, are seen as
sustainable alternatives to fossil-based polymers, espe-
cially where barrier properties, water resistance and
antimicrobial properties are needed. They offer renew-
ability, with some types also offering biodegradability,
as well as reduced environmental impact. However,
their broader adoption is hindered by economic con-
straints and market adaptation challenges. These mate-
rials, which are derived from various biological
sources, support circular economy models across sec-
tors such as packaging, agriculture and healthcare.
However, the dispersed raw material sources compli-
cate supply chains, posing logistical and economic
challenges for large-scale, consistent production.
Proper assessment of health and environmental impact
is necessary to provide clear superiority of bio-based
polymers. Addressing performance consistency, scal-
ability, health and environmental impacts, and cost-
effectiveness remains critical. Innovations in material
design, pretreatment, waste collection and microbial
bioaugmentation, alongside harmonised biodegradabil-
ity standards, are vital for advancing the field of bio-
based polymer applications, particularly with regards
to waste valorisation and circular bioeconomy strate-
gies. Legislation and policies that set standards and
provide incentives are expected to further boost mar-
ket demand and R&D.
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