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Abstract  
The lack of a proper management of resources and waste, the continue dependence on petrochemical products, 
the greenhouse gas emissions and the adverse consequences it has on the natural environments, are still 
alarming many Nations around the World. In recent years efforts have been made to address those issues. Apart 
from numerous waste prevention and reduction policies and measures, new materials have been developed in 
order to replace effectively conventional plastics, especially packaging and disposable applications – bioplastics. 
Although these polymers have emerged for almost 170 years, only 20 years ago major plastics companies began 
to produce them on a commercial scale. Not only due to the growing adherence of final consumers and financial 
investors, but also due to the policies developed and incentives to support the use of bioplastics. 
Nowadays there is a wide range of bioplastics with similar properties to almost all conventional plastics and 
their corresponding applications. Biopolymers have additional advantages, such as a lower carbon footprint, low 
energy consumption and make use of cheap and renewable feedstock. In many ways it meets the EU Action 
Plan for the Circular Economy. However, the necessity for adequate waste disposal infrastructures, their high 
market price, their limited production and their lower mechanical performance are obstacles that contribute for a 
small 0.6% overall annual plastic production. 
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Introduction 
 
In 1870's were synthetized the first fossil-based 
plastics and about 50 years later these plastics 
began to be produced on a commercial scale. In 
1950 the global production of plastics was only 2 
million tonnes per year (Mt/year) and nowadays it 
reached to 380 Mt/year [1], [2]. The slow 
degradation of disposable plastic waste has led to 
the accumulation of around 5000 Mt of plastic 
waste from 70 years ago in natural environments 
and landfills [2], [3]. Currently, more than 270 
kilo-tonnes (kt) of plastics (200 kt of macroplastics 
and 40 kt of microplastics) are floating in the 
oceans. 29% of these wastes constitute the Great 
Pacific Garbage Patch [1], [4]. The removal and 
recovery of plastics from oceans and coastal areas 
has been the best way to quickly reduce the amount 
of macroplastics. Unfortunately, the existent 
technology cannot remove microplastics, causing 
damage into marine ecosystems [5]–[7]. 
Scientists, plastics industries and governments have 
been striving to find potential alternatives to 
conventional plastics that most contribute to the 
accumulation of plastic waste in the environments, 
such as materials with better degradation efficiency 
in a shorter time – biopolymers. Plastics 
certification, European Commission (EC) policies 
and United Nations (UN) strategies are the keys to 
their success [8]. 

The aim of this paper is to present a critical review 
of the current major biopolymers, analyzing how 
effective and efficient they are as substitutes for 
conventional plastics, not only in terms of 
biodegradability, but also in terms of the required 
mechanical properties, availability of raw 
materials, environmental impacts and disposal 
options. 
 
Biopolymers 
 
Concepts 
 
Bio-based plastics or biopolymers are synthesized 
from renewable sources through the living 
organisms activity [9], [10]. IUPAC names this 
type of plastic as bioplastic [11], although many 
plastics companies, scientific papers and bioplastics 
associations such as European Bioplastics consider 
it as bio-based and/or fossil-based biodegradable 
polymers (approved by  EN 13432) and non-
biodegradable bio-based polymers [12]–[14]. 
 
Biopolymers types 
 
Polymers can be characterized according to their 
physicochemical properties (crystallinity, density 
(ρ), hydrophobicity, ...), their mechanical behavior 
(tensile strength (σs), elongation at break (εb) and 
young modulus (E)) and thermal behavior (glass 
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transition temperature (Tg) and melting temperature 
(Tm)) [15]–[18]. Many of these properties will 
determine the relevant qualities in polymer 
manufacturing and design [19], [20] and which 
final disposition is more appropriate. Polymers can 
be classified according to their biological content 
and their biodegradability [21]–[23]. 
 
Biodegradable Biopolymers 
 
Many of these polymers are aliphatic polyesters 
with excellent biodegradability due to their weak 
intermolecular bonds. They are mostly 
thermoplastic with similar mechanical properties to 
polyolefins (POs), polystyrene (PS) and polyvinyl 
chloride (PVC) [24], [25]. They are usually 
produced by fermentation processes using 
renewable and sustainable agricultural feedstock 
such as starch, castor oil or lingo-cellulosic 
biomass [21]. 
 
• Agro-polymers from biomass 

o Cellulose-based polymers 
These materials are one of the most abundant 
natural polymers in the world and can be extracted 
from dry wood, straw, jute, flax, hemp, cotton etc. 
The most abundant cellulose used is type α. Its 
repeating unit is (C6H10O5)n, having a linear chain 
and mechanical properties of thermoplastic fibers 
[24], [26], [27]. The cyclic structure of the main 
chain and covalent bonds confer the polymer 
greater crystallinity and stiffness, high Tm and Tg 
(Table 1)  and consequent higher strength. It is 
insoluble in water and is a good thermal insulator 
[21], [24], [27]. Natural polymers can be modified 
to improve their physicochemical properties while 
keeping the polymer intact [28]. Examples of this 
polymers are regenerated cellulose, cellulose esters 
(cellulose acetate (CA), cellulose acetate butyrate 
(CAB), cellulose acetate propionate (CAP) and 
cellulose triacetate. (CT)), cellulose ethers and 
celluloids [29]. 

o Starch-based polymers 
Starch is a natural biopolymer produced by plants 
(wheat, potatoes, corn, etc.) made by linear 
amylose and branched amylopectin [30]. Starch 
also have a cyclic structure, its repeat unit is 
(C6H10O5)n and its polymerized by condensation. 
While starch is based on α-glucose, cellulose is 
based on β-glucose. That´s why starch can be more 
linear or branched, can form compact structures 
and it is easily decomposed [31]. Starch-based 
polymers are biocompatible and completely 
biodegradable, based on one of the cheapest 
materials in the market and are easily chemically 
modified. Its main disadvantages are water 
solubility and poor mechanical properties caused 
by the high degree of crystallinity. To overcome 
that water sensitivity and reduce brittleness, starch 
is chemically modified and mixed with other 

biopolymers [24] or subjected to specific 
treatments such as plasticization [32], [33]. An 
example of a starch polymer is thermoplastic starch 
(TPS) – a modified starch-based artificial polymer. 
These polymers partially replace low density 
polyethylene (LDPE), high density polyethylene 
(HDPE), polypropylene (PP) and polystyrene (PS) 
[10]. 
 
• Polymers synthetized by microorganisms 

(MOs) 
o Poly(β-hydroxyalkanoate)s (PHAs) 

PHAs are aliphatic polyhydroxyalkanoate 
polyesters whose generic repeating unit is β-
hydroxy acid (C3H3O2R)n. They are artificially 
produced by fermentation processes by a variety of 
MOs (or genetically modified plants) under 
different nutritional and environmental conditions, 
and as function of carbon/ energy reserves of these 
MOs under stress conditions [34]–[37]. They are 
condensation polymers with a linear or branched 
chain. Their properties vary according to the carbon 
source and the MOs who synthetize them [38]–[40] 
(Table 1). Studies are currently underway to use 
other alternative carbon sources such as CO2, food 
scraps, organic fraction of municipal solid waste 
(OFMSW) and wastewater treatment sludge [41]–
[44]. PHAs are the most promising biopolymers to 
emerge in the coming years. They are one of the 
best biodegradable materials, synthesized from low 
cost renewable feedstock with minimal 
environmental impact [21], [25]. 
Polyhydroxybutyrate (PHB), poly(hydroxybutyrate 
co-hydroxyvalerate) (PHBV) and 
poly(hydroxybutyrate co-polyhydroxyhexanoate 
(PHBHx) are the most common PHAs. These 
polymers are considered the best candidates to 
replace LDPE, PS and PP [17]. 

 
• Polymers obtained by biotechnology 

Aliphatic polyhydroxyalkanoate polyesters whose 
repeating unit is α-hydroxy acid ((C2HO2R)n). They 
are chemically synthesized from natural (lactic acid 
or glycolic acid) or synthetic (α-hydroxy acid) 
biological products [45]. They may be degraded by 
non-enzymatic or enzymatic hydrolysis of the ester 
bond, resulting in degradation products as natural 
metabolites in the human body [46], [47]. 

o Polylactic acid (PLA) 
PLA is an aliphatic polyester obtained by 
fermentation processes from renewable resources 
(sugar cane, sugar beet, maize, cassava or even 
CO2, food waste, OFRSW and wastewater [41], 
[48]–[52]), followed by condensation of lactic 
acids [25], [28], [53]. It is a potential substitute of 
polyethylene terephthalate (PET), polyamides 
(PAs), HDPE, PS and PP due to its similar 
properties (Table 1) [10]. It is one of the most 
important biodegradable biopolymers because of 
his high tensile strength and biocompatibility  



 3 

[21], [24]. 
o Poly(glycolic acid) (PGA) 

PGA is a thermoplastic polymer derived from plant 
glycolic acid (eg sugar cane) or synthesized from 
α-hydroxy acid. It is obtained by polycondensation 
of glycolic acids and it is one of the simplest linear 
aliphatic polyesters. Its physicochemical properties 
include good strength and stiffness (especially in 
fiber form), gas permeability, high biodegradation 
rate and due to the high degree of crystallinity it 
becomes poorly soluble in most organic solvents. 
[45], [54], [55]. 
 
Non Biodegradable Biopolymers 
 
Fully or partially bio-based thermoplastic polymers 
with identical properties to their petrochemical 
ancestors [56], also called drop-ins [57], [58]. 

o Polyethylene furanoate (PEF) 
100% recyclable biopolymer made from renewable 
feedstock derived from plants such as sugar cane, 
sugar beet, corn, potatoes and wheat. Its properties 
surpass those of PET, having great potential to 
replace usual petrochemical polymer. It is a 
condensation copolymer, permeable to gases and 
having high rigidity, high Tm and Tg (Table 1), 
which made them resistant to microbial attack [59]. 

o Polytrimethylene terephthalate (PTT) 
PTT is a linear aromatic polyester produced by 
polycondensation of propane-1,3-diol with pure 
terephthalic acid or dimethyl terephthalate. It is a 
non-biodegradable polymer and partly biological 
based since propane diol is synthesized by MOs by 
fermentation. PTT has the rigidity, strength and 
heat resistance of PET and the good processability 
of polybutylene terephthalate (PBT) (Table 1) [17]. 
It´s a crystalline, tough, strong and extremely 
resistant [60]. 

o Biopolyamides (bio-PA) 
Unlike conventional PAs, bio-PAs are derived from 
renewable resources such as fats and natural oils 
(eg castor oil). Thermal and alkaline cleavage are 
the chemical processes behind the synthesis of 
these polymers and their constituent bioamides 
come from sebacic acid (DC10), resulting in PA10-
10, or undecanoic acid, from where PA11 is 
obtained. Both are 100% biological aliphatic 
condensation polyamides and they have excellent 
mechanical properties such as high tensile strength 
and high flexibility (Table 1). Their high chemical 
and thermal resistance and low water absorption 
capacity make these polymers non biodegradable 
[55], [61]. 

o Biopolyethylene terephthalate (Bio-PET) 
Bio-PET is a non-biodegradable polymer, partial or 
fully bio-based obtained by polycondensation. One 
of its precursors, ethylene glycol, is produced from 
biomass (maize, rice grass, wheat straw, etc.) and 
pure terephthalic acid (fossil or bio-based) [62], 
[63]. The synthesis of bio-PET is identical to 

conventional PET. Ethylene glycol is obtained 
from the fermentation of polysaccharides and 
biological terephthalic acid is obtained from 
enzymatic hydrolysis of biomass (lignocellulose 
from forest residues or maize straw) and 
subsequently polymerized [64]. 

o Biopolypropylene (Bio-PP) 
Bio-PP is a lignocellulosic biomass-based polymer 
(low cost renewable feedstock) that can be partially 
or fully biodegradable. Lignin increases the 
toughness of PP matrix and the greater the lignin 
content, the greater the damping effect [65]. 

o Biopolyethylene (Bio-PE) 
Bio-PE repeating unit is ethanol, since ethylene and 
ethanol are chemically similar. It is produced by 
fermentation processes from renewable feedstock 
such as sugar cane or corn. Their physicochemical 
properties are identical to conventional PE, ie they 
are not biodegradable and have high strength and 
stiffness and they are recyclable [66]. 

o Biopolyurethane (Bio-PU) 
Bio-PUR is a bio-based thermoset with 10-100% 
castor oil content and the remaining content is 
natural polyol with diisocyanates [17], [24]. 
 
Polymer Degradation Mechanisms 
 
There are different degradation mechanisms, 
which can be chemical, physical, physicochemical 
or biochemical, occurring according to the 
existing degradation factors [67], [68]. Chemical 
mechanisms include degradation by oxidation or 
hydrolysis. Physical or physicochemical 
mechanisms include UV-light degradation, 
thermal degradation and mechanical degradation 
[68], [69], [70]. The biochemical mechanism 
(biodegradation) includes oxidative and/or 
hydrolytic degradation, followed by microbial 
degradation [26], [68]. Microbial degradation 
refers to the degradation and assimilation of 
polymers by living organisms such as bacteria, 
fungi and algae [67], [71], resulting in different 
end products according to the environmental 
characteristics: [15], [67], [67], [85] 
• aerobic: usually occurs in natural, oxygen-

rich environments (>6% [73]) which acts as 
an electron acceptor 

  𝐶!"#$%&' + 𝑂! → 𝐶𝑂! + 𝐻!𝑂 + 𝐶!"#$%&'( + 𝐶!"#$%&& + ℎ𝑒𝑎𝑡 
 
• anaerobic: usually occurs in controlled, 

oxygen-free environments under mesophilic 
conditions (37°C) or thermophilic (55°C) if 
biogas power plant [74]. 

  𝐶!"#$%&' → 𝑏𝑖𝑜𝑔𝑎𝑠 + 𝐻!𝑂 + 𝐶!"!"#$%& + 𝐶!"#$%&& + ℎ𝑒𝑎𝑡 
 
• partially aerobic: may occur in controlled 

environments (eg industrial composting) or in 
natural environments (eg soil). In industrial 
composting the temperature is 60-70 °C, 60% 
humidity and pH ∼ 8.5 [74]. 
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Degradation factors and Degradation efficiency 
 
The degradability of plastic polymers is a complex 
process influenced by the nature of plastics and the 
conditions to which they are exposed [74], which 
may occur in a few days to several years. The 
degradation of plastic polymers is affected not only 
by the environmental conditions in which they are 
degraded, but also by the characteristics of the 
polymers themselves [25], [75]. Environmental 
characteristics include: abiotic factors such as 
temperature, pH, humidity, sunlight intensity; 
biotic factors such as density and diversity of 
microbial populations. The characteristics of the 
polymer include: chemical and physical properties, 
mechanical properties and thermal properties 
mentioned before; polymer processing; and 
incorporation of additives [15]–[17]. 
 
Degradation in controlled environments such as 
industrial composting or anaerobic digestion 
becomes is so much faster for the most polymers. 
This degradation is complete and can take place in 
a few months (1-3 months for industrial 
composting and 2-5 months for anaerobic 
digestion) (Table 2). Under uncontrolled 
environments such as in oceans, rivers, soil or even 
in landfills, degradation can occur in a longer 
period of time (months to years) because the 
environmental conditions are not so favorable. 
Unlike most plastics, starch-based polymers 
degrade easily when exposed to natural 
environments, especially in aquatic ones, due to 
their high solubility in water. In general, 
biopolymers degrade more easily in soil where 
there are more MOs and the temperature is more 
favorable than in the aquatic systems (Table 2) 
[76]. 
 
Biopolymers Life Cycle Assessment 
 
Life Cycle 
 
The following life cycle assessment (LCA) will be 
the kind of cradle to factory gate, cradle to grave 
and cradle to cradle. The general interactions 
between the product (biopolymer) and the 
environment will be analyzed, from raw material 
extraction to processing and manufacturing, use 
and final disposal. The life cycle of those plastics 
consists on the following steps:[41], [64], [77]–[80] 
 
• Feedstock production and extraction 
This stage consists of the production and extraction 
of polysaccharide-rich plants such as sugar cane, 
sugar beet, corn and wheat by farmers. There are 
other sources of polysaccharide-rich raw material 
such as flax-cellulosic from agricultural residues, 
forest residues or plant crops not suitable for 
human or animal consumption. 

 
• Feedstock processing and polymers production 
This step begins with feedstock processing to 
obtain the polysaccharides (starch, cellulose, etc.). 
Subsequently the polysaccharides are oxidized and 
purified in biorefineries to obtain the biomonomers. 
Sometimes is necessary to use fermentative and/or 
enzymatic processes to obtain them. Subsequently, 
bio-monomers are polymerized into granules or 
pellets which are finally manufactured to form 
functional and suitable plastics. This manufacture 
includes conformation, use of additives, mixing 
with recycled materials by compounders and 
converters. For CO2-based polymer synthesis is 
necessary to resort fermentation processes, catalytic 
reactions or electrochemical transformation, to 
convert CO2 into polymers [41]. 
 
• Product Packaging and Distribution 
 
• Use, Repair, and Reuse by consumers 
 
• Plastic waste management  

• Recycling 
After waste prevention, reduction and reuse, this is 
the best option in the waste hierarchy. Recycling of 
bio-based plastic waste can be mechanical or 
organic. 
In mechanical recycling the waste is recovered and 
transformed into secondary or tertiary raw 
materials without changing its chemical structure. 
The residues are sorted in order to obtain a higher 
purity of the recycled ones. Some biopolymers 
need appropriate installations because they require 
additional treatments such as polycondensation 
and/or crystallization [81]. 
Organic recycling includes anaerobic digestion and 
industrial composting. 
Anaerobic digestion is a process of treating organic 
waste and only applies to biodegradable or 
compostable plastics [57]. In anaerobic digestion, 
the process of biodegradation is called 
biomethanization, where the organic matter is 
degraded by microbial action, producing biogas 
and organic compost. It consists firstly in 
anaerobic fermentation and secondly in 
composting and aerobic stabilization [82]. 
Industrial composting is a controlled aerobic 
process consisting of active composting and on the 
second phase occurs the curing of compost. This 
results in humic substances that can be used as a 
substrate for plants  [13], [83]. 
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Table 1 – Biopolymers properties according to the feedstock origin, at room temperature. 

Polymer ρ (g/cm3) E (GPa) σs (MPa) εb (%) Tg (°C) Tm (°C) Source 
starch 1,17-1,25 0,18-0,28 17-30 670-800 -54 - [17] 
TPS 1,5 0,13 7,5 59 60 256-258 [28],[84], [76], 
PHB 1,22 3,1-3,3 25-27 3-6 2,85 173-180 [24], [55], [29], [85] 

PHBV 1,25 0,8 20 50 -1 145 [86], [87] 
PHBHx 1,07-1,25 4,88-10,28 1,18-1,66 191,9-222,7 -16,14 e 2,7 172 [17], [88] 

PLA 1,24-1,29 3 50-70 5-10 55-60 154-243 [54], [89], [85], [90] 
PGA 1,52 7 68,9 15-20 35-40 225-230 [24], [54], [85] 
PTT 1,34 0,86-0,89 59,54-63,48 5,78-6,58 53,85 225 [55], [91] 
PEF 1,43 3-3,5 67-77 2-5 89 218 [92], [93] 

PA11 1,03 1,32 41 >200 35-45 189 [85], [94] 
PA10-10 1,04 1,4 45 >200 42-60 202 [55], [94] 

 
Table 2 – Degradation efficiency and degradation time at different environmental conditions of each biopolymer. Adapted from [76], [95]. 

Polymer Environmental conditions Degradation 
efficiency (%) 

Degradation time 
(months) Source 

Starch-
based 

compost 
58 °C 85 3  [96] 

23 °C, 55% humidity 27 2-3  [74] 
soil 20 °C, 60% humidity 15 3-4  [97] 

marine water room temperature 69 7-8  [98] 
Cellulose-

based compost  58 °C >80 5  [99] 

TPS 

marine ASTM D6691, 30 °C 

>90 

1  

[76] 
fresh water ISO 14851, 21 °C 1-2  

aquatic anaerobic digestion ISO 11734, 35 °C 2  
soil ISO 17556 5-6  

industrial anaerobic digestion ISO 15985, 52 °C ~80 4-5  

PHA 
soil 

20 °C, 60% humidity 49 9-10  [97]  
35 °C >90 2  [100] 

PHB 

ISO 17556 >90 4-5  [76] 
real conditions  98 10  [101] 

compost 
55 °C, 70% homemade 80 1  [102] 

ISO 14855, 58 °C >90 1-2  [76] 
industrial anaerobic digestion ISO 15985, 52 °C >90 4-5  

[76] 
aquatic anaerobic digestion ISO 11734, 35 °C >90 2  

sea water 

25 °C 80 1/2  [103] 
21 °C, static 99 1-2  

[104] 
12-22 °C, pH 7,9-8,1 30 3  
ASTM D6691, 30 °C >90 2-3  [76] 

brackish water 32 °C, pH 7,06 100 2  [105] 
fresh water ISO 14851, 21 °C >90 2  [76] 

PHBV sea water 
21 °C, static 99 1-2  

[104] 12-22 °C, pH 7,9-8,1, 
dynamic 30 3  

PLA 

soil 
ISO 17556 <5 432  [76] 

30% humidity 10 3-4  [106] 

compost 

ISO 14855, 58 °C >90 2-3  [76] 
58 °C, pH 8,5, 63% 

humidity 84 2  [107] 

55 °C, 70% humidity 70 1  [102] 
industrial anaerobic digestion ISO 15985, 52 °C ~90 2-3  [76] 

 
 



 6 

• Incineration 
If plastic waste recycling is not possible, energy 
recovery incineration can be a viable option. This is 
a process of thermal degradation in which the waste 
incinerated results in ashes, gases and heat. 
Infrastructure doesn’t need to be adapted to 
biopolymers because the science behind it is 
independent of the physicochemical properties of 
plastics. The energy content of bioplastics may be 
similar to conventional plastics and the CO2 
emissions generated by burning them are 
considered neutral since carbon does not come 
from fossil sources [108]. 
 
Impact Categories 
 
In plastic’s LCA there are 4 impact categories that 
deserve to be mentioned and analyzed: [17], [109]–
[114]: 
• Feedstock availability and natural resources 

depletion 
If the ratio of the amount of feedstock required and 
the amount of biopolymers produced is 4 to 1[17], 
[115], then the annual global forest residues 
available (134 Mt) [116] is 16 times the amount of 
feedstock required (7 Mt) to satisfy the current 
global production capacity of biopolymers [117]. If 
biopolymer production capacity equals to the  
current global plastics production capacity (348 
Mt/year) [118], then would be necessary 1325 
Mt/year of biomass, which corresponds to the same 
amount of global food wasted annually [119], or 
even about 10 times the production of forest 
residues [120]. 
Researchers are developing polymers based on new 
potential alternative feedstocks than are not food 
crops, the so-called second and third generation 
feedstocks. 2nd generation feedstock refer to 
lignocellulosic biomass, 1st generation feedstock 
residues, animal remains (shells, scales, bones, 
feathers, ...), castor oil, OFMSW, sludge and water 
from wastewater treatment plants and CO2 [44]. 
The 3rd generation raw materials refer to algae-
derived biomass. [16], [42], [76], [121]–[123] 
 
• Soil use 
Nowadays the majority of biopolymers are 
synthetized from plants rich in carbohydrates [124]. 
However this kind of feedstock requires soil to 
grow. Sugar-based polymers are the ones who 
needs less agriculture area to produce their raw 
materials. Sugar beet and potato present the best 
yield [58], [115], [125], [126]. 
In 2018 0,81Mha of agriculture soil were used to 
produce biopolymers’ feedstock, which 
corresponds to 0,02% of global agriculture area. 
Despite the prevised biopolymer market growth for 
the next 5 years, there wont be necessary much 
more land than that [117]. It´s expected 
improvements in biotechnology that will minimize 

the resources’ waste and will increase the 
production capacity [17], [117].  
• Greenhouse gases (GHG) emissions 
GHG emission savings1 are strongly influenced by 
biopolymer composition. When incineration is the 
final disposal, starch-based polymers and bends 
emit 3 times less GHG than fossil-based polymers 
(1.2-3.7 kg CO2eq emission savings/kg of starch 
polymer) and about 2 times less than PLA and 
PHAs. PLA has a reduction of 0.8 CO2eq/kg and 
PHAs has a reduction of 1.1-2.5 kg CO2eq/kg. 
Fossil-based additives  also contribute negatively 
for those GHG emissions because the carbon isn’t 
biogenic [17], [127]. 
• Energy Use 
Regarding the energy use 2  from non-renewable 
sources, starch-based polymers have the lowest 
consumption (24-52 MJ/ kg), followed by PLA (22 
MJ/kg), PHAs with 17-26 MJ/kg and PTT with 13 
MJ/kg. Energy consumption is expected to be 
increasingly lower by optimizing biopolymer 
production technology [17]. 
 
Overall polymers GHG emissions and energy 
consumption, biopolymers have the lower, which 
translates into monetary savings opportunities [17]. 
 
Linear Economy to Circular Economy 
 
Non-biodegradable and/or non-recyclable plastics 
have a linear supply chain. The natural raw 
material are extracted for new polymer synthesis 
and at the end-of-life (landfill, incineration or 
disposal in the environment) this material is not 
incorporated into the cycle again (cradle-to-grave). 
In this type supply chain there is depletion of 
natural resources, accumulation of waste, higher 
generation of GHG emissions and toxic byproducts 
[2]. But sometimes these destinations are 
unavoidable due to the lack of composting and 
recycling facilities adequated for biopolymers [15]. 
Repair and recycling waste (mechanical or organic) 
are the solutions to close the cycle and obtain a 
circular supply chain [128]. These end-of-life allow 
the recovery of waste. In the case of biopolymer 
plastics, the raw material used for their 
manufacture are renewable and at the end of life of 
the product the residues are degraded or 
reintegrated in the cycle as new feedstock. By-
products of biopolymer degradation may be used in 
agricultural crops as a source of nutrients. And 
these nutrients, in turn, become more biomass that 
could be used for the synthesis of new biopolymers 
(cradle-to-cradle). 
                                                             
1 Emission savings compared to 50% LLDPE + 50% 
HDPE (4,8 kg CO2eq/kg polymer) [143]. Emissions refer 
to incineration. [17] 
2  Energy savings compared to 50% LLDPE + 50% 
HDPE (76 MJ/kg polymer) [143]. Non-renewable 
energy. [17] 
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Standards e Certification Systems 
 
Nowadays there is a large number of standards 
related to the origin of polymers’ feedstock and 
related to its degradability at the end of life, for 
different final disposals. These standards are not 
mandatory and indicate requirements that standards 
must follow. 
 
EN 13432: 2000 and ISO 18606 – standards of 
requirements for packaging recoverable through 
composting and biodegradation. Ensure the product 
is ≥ 90% compostable within 6 months [56], [81], 
[129]. 
EN 14995:2006 – test scheme and specifications to 
evaluate plastics compostability. Ensure the 
product is ≥ 90% compostable within 6 months 
[129]. 
ASTM D6400 – standard of requirements that 
companies must meet if they want their product to 
be considered anaerobically composted in 
municipal or industrial facilities [28]. 
ASTM D6002 – standard guide for assessing the 
compostability of environmentally degradable 
plastics [70], [130]. 
ISO 17088:2012 – standard of requirements for 
biodegradable plastics. Ensure that under aerobic 
conditions plastic converts ≥ 90% in CO2, water, 
inorganic compounds and biomass, without 
generating visible or toxic residues, within 6 
months. Under anaerobic conditions plastic 
converts ≥ 50% into biogas within 2 months [56], 
[129]. 
EN 17033 – standard of requirements for 
biodegradable mulching films on the soil. Ensure 
the product is ≥ 90% compostable within 2 years at 
room temperature [129]. 
ASTM D5988 – Standard test method for 
determining aerobic biodegradation in soil of 
plastic materials [70], [130]. 
ASTM D6691 – Standard test method for 
determining aerobic biodegradation of plastic 
materials in the marine environment by a defined 
microbial consortium [70], [129]. 
 
Advantages and Opportunities 
 
Renewable bio-based polymers have better 
qualities when compared to fossil-based ones, due 
to his feedstock origin. Some of the most relevant 
advantages include: - the degradation of bio-based 
wastes does not generate toxic products to living 
organisms[54]; – greater materials recovery at the 
end of the product life, both in natural and 
controlled environments [108], [131]; – the 
abundance and availability of biomass, especially 
from 2nd generation feedstock [124]; – 2nd 
generation feedstock present lower cost that 1st’s 
[21], [25]; – biopolymers do not compete with food 
or biofuel agriculture for land or resources [64], 

[132], [133] and constitute a significant source of 
income for the agricultural sector [13]; – they 
contribute to restore the carbon cycle because 
biomass used as feedstock for biopolymer synthesis 
stores atmospheric CO2 in the form of 
polysaccharides during the photosynthesis [134]. 
Which makes the carbon footprint of biopolymers 
smaller than the carbon footprint of conventional 
plastics [135]; – they are an excellent opportunity 
for governments to meet their targets for 
sustainable production standards, GHG emissions 
and climate change [136]. Specially in the case of 
CO2-based polymers, based on practically 
inexhaustible feedstock, resulting from the GHG 
emissions valorization and contributing to the 
development of a circular economy [14], [41].  
 
Problems and Challenges 
 
The current biopolymers global production 
capacity still much lower than conventional plastics 
production. Possible causes lie behind the inability 
of large-scale production of biopolymers [137], 
stemming not only from the lack of financial 
support for this industry to readjust production 
processes, as well as the fact that biopolymers are 
not yet economically competitive [138]. In order to 
achieve mass production, it is necessary to develop 
the processes of converting biomass into polymers 
on a large scale [139]. 
Due to the low volume of biopolymer waste, it has 
been treated in conventional recycling facilities that 
were not designed to accommodate this type of 
polymers and there is a short-term risk of sorted 
waste being contaminated. In future, dedicated 
bioplastic recycling facilities will be needed [13]. 
 
Conclusion 
 
Although biotechnology systems and biopolymers 
are still at an early stage of their development, 
demand for this type of plastic has been increasing, 
especially in the packaging industry [42]. Promoted 
environmental policies, new legislation, product 
certification and consumer choice for greener 
products contributed for that [129], [140], [141]. 
The market trend for the next 5 years is to continue 
to grow, especially non-biodegradable biopolymers 
(drop-ins) that can be recycled in current facilities 
[142]. Growth in sales depends on the expansion of 
biopolymers in consumer goods and engineering 
applications [13]. It is crucial that the industry 
keeps up with this demand, not only with more 
manufacturing and composting infrastructure, but 
also with improved production capacity, and that 
technology will able to make use of alternative 
feedstock. The involvement of multinational 
companies in the biopolymers mass production is 
central to further growth of these plastics market 
[141].  
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