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a b s t r a c t 

Biocomposites being environmentally-friendly alternative to synthetic composites are gaining increasing demand 
for various applications. Hence, biocomposite development should be integrated within a circular economy (CE) 
model to ensure a sustainable production that is simultaneously innocuous towards the environment. This review 

presents an overview of the state-of-the-art technologies for the adoption of the CE concept in biocomposite 
development. The study outlined the properties, environmental and economic impacts of biocomposites. A critical 
review of the life-cycle assessment of biocomposite for evaluating greenhouse gas emissions and carbon footprints 
was conducted. In addition, the opportunities and challenges pertaining to the implementation of CE have been 
discussed in detail. Recycling and utilisation of bio-based constituents were identified as the critical factors in 
embracing CE. Therefore, the development of innovative recycling technologies and an enhanced use of novel 
biocomposite constituents could lead to a reduction in material waste and environmental footprints. This article 
is one of the first studies to review the circularity of biocomposites in detail that will stimulate further research 
in enhancing the sustainability of these polymeric materials. 
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. Introduction 

.1. Plastics and environment 

The global concern over depleting fossil fuels as well as the gradual
ncrease in plastic waste and carbon footprint of products have height-
ned the interest in the usage of alternative environmentally friendly
Abbreviations: ABS, Acrylonitrile butadiene styrene; CE, Circular economy; C2C, C  
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aterials [1] . Most plastics are created from synthetic organic solids
ontaining petrochemicals acquired from fossil-based fuels [2] . The
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illion in 2019 and is estimated to increase by 3.2% annually in the
ext seven years [3] . Although plastics are cheap and have desirable
ong-lasting properties, after their end-of-life, they accumulate as waste
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Fig. 1. (a) Degradation rate of common plastics, (b) Half-lives of common plastics. Figure drawn based on data from Ref. [6] . 
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Fig. 2. Total amount of oxygenated chemicals from typical plastic degradation. 
Figure drawn based on data from Ref. [8] . 
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ental scientists, the global plastic waste in landfills will be around
2,000 million tons by the year 2050 [4] . The annual generation of
lastic waste is reported to be about 400 million tons with almost half
f the amount generated from packaging. Out of the 400 million tons,
50 million tons end up in the world’s oceans [3] . Plastic waste has a
low degradation rate due to its chemical composition, structure and the
ddition of antioxidants and stabilisers, mostly to extend the lifespan of
lastics [5] . It is very evident that the same properties that give plastics
esirable attributes are responsible for the threat they pose to the envi-
onment. Chamas et al. [6] studied degradation rates and half-lives of
ypical plastics commonly occurring in the waste stream (polyethylene
PE), polystyrene (PS), poly vinyl chloride (PVC), polypropylene (PP)
tc.). The authors introduced specific surface degradation rate (SSDR)
s a variable for measuring the mass loss rate of plastic waste. The SSDR
alues and half-lives calculated for some of the plastics are shown in
ig. 1 . According to their research, the degradation rates of plastics ex-
osed to ultraviolet rays or heat was faster compared to buried plastics in
oth land and water. However, while some plastics (polylactide (PLA),
ow-density polyethylene (LDPE)) degraded faster on land others like
igh-density polyethylene (HDPE) and PP had accelerated degradation
ate in ocean. Furthermore, the half-lives of plastic wastes on land were
igher than in ocean. 

It is worth noting that the decomposition of plastic materials results
n the release of noxious chemicals that is a potential threat to the en-
ironment and extremely harmful to human health [7] . Tommaso et al.
8] investigated the volatile organic compounds (VOCs) released from
he degradation of conventional plastic wastes. The authors found out
hat the quantity of compounds released from the plastics after four
eeks of ageing was dependent on the type of plastic. The volatile prod-
cts collected from the degradation process of PP, PE, PS and polyethy-
ene terephthalate (PET) were ketones, lactones, esters, carboxylic acids,
ldehydes, alcohols and ethers as well as non-functionalised aromatics.
he total amount of oxygenated compounds from these plastics are il-

ustrated in Fig. 2 . The analysis showed that PP emitted the highest
mount of volatile chemicals within the four-week interval. Royer et al.
9] stated in their work that the release of noxious chemicals from plastic
aste into the atmosphere will continue as long as there is an exposure
f the materials to sunlight and heat. 

Apart from the toxic chemicals, microplastics generated from the
egradation of long-chain polymers have an adverse effect on humans
nd the environment [ 10 , 11 ]. During degradation process, the plastic
aste undergoes chemical processes such as oxidation, diffusion or ran-
om chain scission, and crosslinking. These actions result in the brit-
leness and fragmentation of the plastic till a lower molecular weight
s achieved for further metabolism by microbes [12] . Marine organ-
sms can consume microplastics, which may carry additives thereby
 c  

2 
ontaminating the food chain [13] . Microplastics also contribute im-
ensely to the emission of greenhouse gases and cause pernicious cli-
ate change [14] . Hale et al. [15] determined the composition of mi-

roplastics, transportation, metabolism and their impact on the envi-
onment. Sampling, identifying the additives in the microplastics and
haracterising the reactions that will occur in an extended period are
ome of the challenges the authors encountered in their research. By
nalysing the progress of impact of microplastics in the soil, Wang et al.
16] discovered that microplastics could alter the soil structure, water-
etaining ability and nutritional content, which will consequently affect
lant growth negatively. From the aforementioned discussion, it is clear
hat the utilisation of petroleum-based plastics and synthetic materials
or polymeric materials development is pernicious towards the environ-
ent. This necessitates the employment of sustainable materials that are

oncurrently renewable and are innocuous towards the environment.
owever, continued use of bio-based resources is not a sustainable so-

ution either and to propagate the beneficial effects of biocomposites
ver the synthetic counterparts, the entire production system must be
endered sustainable. Circular economy (CE) concept can facilitate the
ttainment of such sustainability by encouraging the utilisation of bio-
ased materials that can be readily recycled and reused. However, a
omprehensive review about the various facets of CE that can affect bio-
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Table 1 

Tensile strengths and moduli of biocomposites fabricated with various biofillers. 

Matrix Bio-reinforcement Tensile strength (MPa) Young’s modulus (GPa) Reference 

Polycaprolactone Date palm leaf sheath (20 wt.%) 25 0.279 [34] 

Poly (butylene succinate) Apple pomace (40 wt%) 32 1.5 [35] 

PLA Cork (30 wt%) 25 0.85 [36] 

Polyhydroxybutyrate-co-hydroxyvalerate Cork (30 wt%) 21 1.012 

Poly-e-caprolactone Cork (30 wt%) 16 .375 

Starch-poly-e-caprolactone Cork (30 wt%) 18.5 .362 

TBS Bacterial cellulose (22 wt.%) 31 .361 [37] 

PLA Cellulose nanocrystals (20 wt%) - 2.6 [38] 

PP Egg shell (20 wt.%) and talc shell (20 wt.%) - 2.6 [39] 

PP Shellfish shell (10 wt%) 33 1.5 [40] 

Soya flour Jute fibre (50 wt.%), cellulose whiskers (5 

wt.%) and nanoclay (3 wt.%) 

52.5 2.363 [41] 
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omposite manufacturing, performance properties and use is lacking in
he current literature. Hence, this review article discusses the attributes
f CE with respect to biocomposite development. 

.2. Bioplastics/biocomposites 

The non-degradable nature of synthetic plastic waste in the eco-
ystem has led to an increase in the research on more eco-friendly ma-
erials [17–19] . In this vein, environmentally compatible solutions such
s biocomposites have been developed [17–20] . The added advantages
f recyclability, lightweight nature and cost-effectiveness make biocom-
osites an interesting area for researchers [ 18 , 19 , 21 ]. Biocomposite con-
tituents such as bio-based polymers and fillers are obtained from re-
ewable natural sources and can serve as a possible replacement for
il-based non-renewable plastics [22–25] . Biocomposites have less en-
ironmental footprints, hence, they are safer for humans and other liv-
ng habitats [ 26 , 27 ]. Furthermore, most biocomposites are recyclable
nd reusable. Joshi et al. pointed out one of the most important ad-
antages of biocomposites as having a manageable end of life disposal
otential [28] . Sheldon et al. [29] classified raw materials of biocompos-
tes into two groups, first-generation and second-generation materials.
irst generation raw materials are wood, and their use in larger quan-
ities can lead to deforestation and affect biodiversity, whereas second-
eneration raw materials are lignocellulosic wastes collected from food,
orest and agricultural residues. Until now, second-generation waste has
argely been used for the development of biocomposites, although their
ommercialisation is still limited. Extended research in the area of bio-
omposites has led to the development of different types of biocom-
osites, yet the synthesis and development of these materials are not
ully commercialised and their applications are low [30] . Acknowledg-
ng the processing methods, preparation of biocomposites and their ap-
lication in different sectors could globally reduce the use of oil-based
lastics [ 31 , 32 ]. Biocomposites can be produced from available plastics
PE from bioethanol through bioethylene) or can be developed from
enewable natural sources (PLA from corn starch) [29] . In addition,
iodegradability in oil-based plastics composites may also be increased
y the reinforcement with biofillers. The addition of biofillers can in-
rease the strength (in conjunction with a coupling agent) and modulus
f a polymer and at the same time enhance the biodegradability of the
ntire composite system. Table 1 shows the tensile strength and mod-
lus of some biocomposites reinforced with biofillers. Some polymeric
atrix and fillers used for the fabrication of biocomposites are shown

n Fig. 3 . 
Most of the biowaste reinforced composite investigations targeted

he mechanical and thermal properties [42–47] , hence, there is an op-
ortunity to study the recycling, reuse, biodegradation and environmen-
al impacts of such biocomposites. A detailed investigation into these
ubjects could facilitate the circularity of the composites and benefit
oth the environment and the economy. 
3 
.3. Bioplastics and circular economy 

In light of the aforementioned challenges, several measures have
een put in place to minimise the use of plastics globally and also to con-
ider incineration and recycling as viable strategies for reducing plastic
aste [48] . However, plastic incineration has major drawbacks includ-

ng water and air toxicity owing to the significant harmful chemicals
nd ash waste residue released into the atmosphere during the process
 5 , 49–51 ]. To boost energy production, which is the key advantage of
ncineration, depleting fossil-based fuels like coal are utilised to supple-
ent plastic wastes. Incinerators for commercial applications operate

t an estimated cost of USD 5-53 billion per year and still fail to elim-
nate plastic wastes in the system. Recycling of plastics, though effec-
ive, presents challenges in relation to plastic identification, collection
f recyclable waste, sorting of plastics to prevent phase separation dur-
ng melting and concerns over the preference of virgin plastics to recy-
led ones [52] . One plausible solution is the use of bio-based plastics
nd composites. Bio-based plastic and composites could replace non-
egradable polymers that create environmental problems. Bio-based
aterials, such as agricultural and forestry waste, can be used as rein-

orcement/filler for the development of biocomposites [53] . These ma-
erials are renewable and biodegradable and hence can be a suitable
lternative to fossil-based materials. In addition, the production of bio-
ased plastics and composites ensures the proper utilisation of biomass
astes. The demand for bio-based plastics and composites is projected

o increase at a compound annual growth rate of 11.2 % over the fore-
ast period, i.e. 2017-2030 [3] . This demand can be met by the recycling
f bio-based plastics and composites. Fig. 4 depicts how the concept of
ecyclability can be utilised for biocomposites. 

The increasing demand for the use of natural resources in biocom-
osites manufacturing exemplifies the need for a CE in biocomposites
hat also allows for their recycling and reuse [55] . The main objective
f CE is to maintain sustainability by minimising waste and maintain-
ng resources at their highest value [56] . Although the concept of CE is
oncerned with reducing the carbon footprint at every stage of a prod-
ct’s life cycle, one way to integrate the concept is to use wastes for the
evelopment of composites that will somewhat avert the take – make
use – dispose mindset currently rampant in the contemporary society
 57 , 58 ]. Adaptation of the CE in biocomposites improves their recycla-
ility, reusability and convert biocomposites waste into useful products,
nergy or secondary materials, which could lead to a reduction in bio-
omposites waste landfilling [59] . Furthermore, converting waste into
alue-added products would close the door to discards, which would
nsure the continuous use of raw material inputs in a CE that would al-
ow the conservation of the resource value [ 60 , 61 ]. However, adoption
f a CE in biocomposites is challenging due to the inherent bonding of
he matrix and filler/reinforcement, which makes their separation diffi-
ult and costly [ 61 ]. Adapting circular practises such as design, repair,
e-use and re-cycle [62] in composite manufacturing and developing
ppropriate technologies could help to achieve circularity in biocom-
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Fig. 3. Some matrix and fillers used for the fabrication of biocomposites. Figure drawn based on data from Ref. [33] . 

Fig. 4. Recyclability of biocomposites. Figure drawn based on data from Ref. [54] . 
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osites. Some efforts have been made to adapt CE for biocomposites.
or instance, the Institute for Advanced Composites Manufacturing In-
ovation (IACMI), Knoxville, Tenn., U.S. has taken necessary steps to
dapt circularity in composites for recycling and reusing fibre wastes
 63 , 64 ]. It has been reported that carbon fibre recovery from compos-
tes consumes 15 % less energy than what is required for the production
f virgin carbon fibres [ 63 , 64 ]. All of these benefits can be attained for
iocomposite development by employing CE concepts. Fig. 5 shows the
hases of a CE model for composite materials. 
4 
There are three main factors in attaining CE in biocomposites: us-
ng bio-based raw materials (i.e., bioplastics and bio-based fillers); re-
ycling and Life cycle assessment (LCA) to determine greenhouse gases
GHG) emissions and carbon footprints of the developed composites. In
his light, this review article details the opportunities, challenges and
mportance of maintaining CE in biocomposite materials. In addition,
ffect of bioplastics and bio-reinforcements on environmental impacts,
ecyclability of biocomposites as well as LCA assessment for biocom-
osites are also discussed. At present, there is no comprehensive review
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Table 2 

Comparison of plastic recycling methods. 

Recycling method Mechanical recycling Chemical recycling Thermal recycling 

Advantage Cheap process, efficient, less CO 2 

emissions. 

Enables production of high-quality end products, dyes and 

other contaminants can be removed from waste plastics. 

Used for energy production, reduced 

fuel cost in energy generation. 

Disadvantage Pre-treatment needed, deteriorate 

the plastic properties. 

Cost-intensive, pre-treatment needed, chemicals/catalysts are 

needed. 

Environment pollution. 

Fig. 5. The different phases of the CE model. Figure drawn based on data from 

Ref. [65–67] . 

a  

p

2

 

t  

m  

o  

p  

t  

m  

i  

t  

a  

p  

w  

t  

b  

b  

p  

t  

o  

r  

d  

c  

t  

y  

p  

r  

m  

r  

s  

d  

t  

r  

m  

m  

l  

t  

f  

fl  

f  

A  

c  

r  

t  

t  

r  

s  

t  

p  

r
 

b  

e  

c  

t  

t  

e  

t  

o  

u  

w  

s  

t  

a

3

 

h  

a  

t  

h  

C  

o  

b  

s  

w  

c  

c  

a  

p  

d  

c  

m  

t  

p  

c  

r  

t  

n  

i  
rticle on the concept of CE of biocomposites and as such, the current
aper aims to bridge this gap. 

. Recycling of bioplastics/biocomposites 

The different recycling methods associated with bioplas-
ics/biocomposites can be broadly classified into three types, a)
echanical recycling, b) chemical recycling and c) thermal recycling

r processing [ 65 , 68 , 69 ]. Numerous extrusion/injection cycles are
erformed to re-melt and then simultaneously re-mould bioplas-
ics/biocomposites in mechanical recycling methods. In general, for the
echanical recycling process, plastics are cut, shredded and converted

nto granules, pellets or flakes of adequate quality and then extruded
o produce the new product. During extrusion, virgin plastics are also
dded to increase the quality but the repeated mechanical recycling
rocess causes the properties to deteriorate due to the lower molecular
eight of recycled plastics [70] or the reduction of aspect ratio in

he reinforcements. Thus, it is to be kept in mind that recycling can
e performed up to a certain point, which is still environmentally
eneficial than one-time use plastic materials. In chemical recycling
rocesses, a suitable solvent is selected for the matrix polymer and is
hen subsequently dissolved in this solvent followed by the separation
f reinforcing material from the matrix [ 68 , 71 ]. Through chemical
ecycling process, plastics are converted into monomers or partially
epolymerized to oligomers utilising chemical reactions. Some of the
hemical reactions used in decomposing polymers into monomers are
hermal cracking, microwave degradation, hydrogenation, methanol-
sis, glycolysis, chemical depolymerisation, gasification, pyrolysis,
hotodegradation, ultrasound degradation, catalytic cracking and
eforming and hydrolysis [70] . On the other hand, energy recovery by
eans of incineration or combustion is the major aspect in thermal

ecycling processes. This is a promising solution because it generates
ignificant energy from polymers but is not environmentally safe
ue to the generation of toxic airborne substances that are harmful
o health [70] . Table 2 compares the characteristics of these three
ecycling methods. Among the three categories, mechanical recycling
ethods are considered to be the most successful recovery or recycling
5 
ethods owing to the advantages like processing ease, comparatively
ow cost, and most importantly the ability of the user to control the
echnological parameters [ 69 , 72 ]. The major bottleneck in applications
or recycled composites is that the recovered material should be in
awless condition in order to be re-used, which places a high demand

or the non-destructive testing and recycling of the said material.
dditionally, the possible application areas are much limited, in most
ases, the individual components that have been recovered can be
e-used only in applications which are virtually the same. In the case of
hermoplastic polymers, extrusion can be effectively utilised to process
he ground or chopped material and if deemed necessary additional
einforcements can also be added during this processing to enable
pecific applications. In fibre reinforced biocomposites, depending on
he process control, shortening of the fibres in the material will take
lace during the grinding process. These fibres can still be utilised as a
einforcing or filler material depending on the resulting properties. 

In principle, composite recyclates are not excluded or barred from
eing utilised in any applications including that of food packaging, how-
ver, their uses are governed by strict quality control aspects of the re-
yclates and the method by which the material is recycled. In addition
o these conditions, the recyclates need to adhere to strict safety regula-
ions like the European Union (EU) regulations 89/109, 90/128, 92/39,
tc. [73] . The obtained recyclates could be used to prepare composites
hat can be further recycled several times. However, this would depend
n the number of maximum recycling processes that can be bestowed
pon a material until it affects the reinforcement properties completely
ith regards to the required size reduction post-treatment. However, it

hould be clearly noted that highly structural applications are unlikely
o incorporate the use of recycled materials in the system, and for such
pplications new composites are a must. 

. Properties of recycled biopolymers/biocomposites 

The recycling process of composite materials is on the right track,
owever, in order to make it more commercially viable more challenges
re to be overcome. Research and innovation in this area has just begun
hat helps to understand the properties of the recycled materials and
ence there is a vast sea of opportunities for everyone involved [74] .
haithanya et al. [69] has recently reported the recyclability studies
f biocomposites fabricated from PLA as the matrix and sodium bicar-
onate treated sisal fibres as the reinforcement. In this work, the extru-
ion process was utilised for the recycling studies and the biocomposites
ere recycled for a total of 8 times. It was observed that after the third

ycle the samples demonstrated a severe reduction in the dynamic me-
hanical properties (storage and loss modulus). The recycling process
lso led to extensive fibre and matrix degradation as evidenced by mor-
hological and thermal studies. The major factor contributing to the
egradation process of PLA was found out to be hydrolysis. The authors
oncluded that the recycling of PLA/sisal biocomposites is not recom-
ended above three cycles and samples that have been recycled up to

hree cycles can be used in low to medium strength non-structural ap-
lications [69] . Xu et al. [75] , on the other hand, studied the recycling
apability of carboxymethyl chitosan incorporated epoxidised natural
ubber biocomposites. The recycling capability was studied by chopping
he tensile samples of carboxymethyl chitosan incorporated epoxidized
atural rubber biocomposite into small pieces and then directly mould-
ng at 100 °C for a duration of 5 min. Once the tensile analysis of these
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Fig. 6. (a). Representation of the recycling process, (b, c & d) Stress-strain curves of epoxidised natural rubber/carboxymethyl chitosan biocomposites with 10, 20 
and 30 wt % filler, respectively. Reproduced with permission from [75] , Copyright © 2019 American Chemical Society . 
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amples was completed, the stretched samples were then again chopped
nto small pieces for the next recycling process. It was noted that after
wo recycling, the sample appeared to be getting darker and rougher
robably due to the degradation of carboxymethyl chitosan and hot-
ressing induced ring-opening of epoxy groups. The recycled samples
ecame darker and harder after the third cycle, possibly as a result of
ignificant oxidative degradation of carboxymethyl chitosan [75] . It was
bserved that after three recycling process, the samples demonstrated
 decrease in their tensile performance ( Fig. 6 ). It was concluded that
he several moulding processes during the recycling may lead to addi-
ional covalent cross links within the supramolecular hybrid network.
hese additional cross links could possibly compensate for the deterio-
ation in mechanical performance as a result of changes to the original
tructure due to recycling processes. 

In a similar work, Xu et al. [76] reported that even though con-
entional cross-linking of rubbers leads to better mechanical properties
or the material, the disadvantage of this process is that it makes them
hermosets with no chance of recycling and losing the self-healing abil-
ty. The current sustainable needs of the society thereby require these
wo attractive properties to be integrated with these cross-linked rub-
ers. In order to attain this Xu et al. [76] modified bentonite clay using
itric acid and was later incorporated into epoxidised natural rubber.
he presence of several carboxyl groups on the clay surface acted as
he cross-linking moiety to covalently cross-link epoxidised natural rub-
er by means of beta hydroxyl ester linkages. The thermally activated
ransesterification reactions caused the dynamic shuffling between mod-
fied bentonite and rubber chains. The peculiar vitrimer-like behaviour
s the reason behind the successful recycling of these rubber compos-
tes (which is otherwise not possible) and the probable mechanism of
ecycling is by means of network topography rearrangement during the
bove-mentioned transesterification reactions [76] . The recycling stud-
es were performed by cutting the tensile samples into small pieces and
hen compression moulding at 200 °C for 5 min holding time. It was
bserved by Xu et al. [76] that after the first recycling process, approx-
mately 95 % of the tensile properties were retained. However, it was
lso observed that with increasing recycling times the mechanical prop-
rties started to decline as a result of irreversible covalent cross-linking
rom the self-crosslinking of rubber chains. Nonetheless, as a final state-
ent, it can be said that even after multiple recycling cycles, the rubber
6 
omposites were able to recover a large proportion of the mechanical
roperties [76] . Table 3 depicts a comparative display of few works in
hich the mechanical properties of recycled biocomposites are demon-

trated. 
The mixing of biopolymer matrix with natural fibres or materials

ike starch/chitosan/chitin etc. leads to composites in which both the
atrix and the reinforcement are derived from renewable resources

nd hence are compostable in nature, which makes these biocom-
osites very attractive replacements for glass and carbon fibre rein-
orced petrochemical-based polymeric composites [80] . In addition to
he above advantages, the capability to be recycled makes these ma-
erials more interesting owing to the extension of their respective life
ycles and thereby leading to the reduction of the global impact on the
nvironment by the decreased consumption of raw materials. Several
esearchers have reported successful and effective recycling of flax fibre
einforced PLA based biocomposites by means of mechanical process-
ng [81–83] . Their studies revealed that flax/PLA composites that are
ompostable have been found to have identical mechanical properties
o that of glass fibre/PP, hemp/PP and sisal/PP composites. The inter-
sting observation was that even after three injection cycles, the tensile
roperties of the PLA/flax composites were retained at different fibre
ontents. In general, the authors concluded that even though the re-
ycling or reprocessing leads to a decrease in molecular weight, fibre
ength and separation of the fibre bundles, it did not have a significant
etrimental effect on the mechanical properties even after three cycles
nd hence were considered to be promising results with respect to re-
yclability of the biocomposite [83] . Another method of recycling that
as been employed by researchers is grinding of a biocomposite and then
sing it as a reinforcement. The potential of this method was evaluated
y Grozdanov et al. [84] where biocomposites made up of PLA/rice
usk/kenaf fibre was ground and then reused as a reinforcement. It has
lso been reported that the solid polymeric composite wastes are recy-
led and used in the manufacturing of polymer mortars and concrete
tructures to be used in the low-cost building infrastructure [80] . 

Based on the aforementioned discussion, it is clear that even after few
ycles of recycling, composites were able to retain most of the proper-
ies thereby having potential for their utilisation in a number of appli-
ations. The use of these recycled materials in applications will signifi-
antly contribute to the sustainability aspect and will also greatly reduce
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Table 3 

Mechanical properties of recycled biocomposites. 

Matrix Reinforcement 
Mechanical properties before 
recycling Mechanical properties after recycling Reference 

PLA Sodium bicarbonate treated sisal fibre ~ 56 MPa tensile strength 

~ 101 MPa flexural strength 

~ 22 MPa tensile strength after 8 cycles 

~ 29 MPa flexural strength 

[69] 

Epoxidised natural rubber Carboxymethyl chitosan ~ 2.6 MPa ~ 1.5 MPa after 3 cycles [75] 

Epoxidised natural rubber Citric acid modified bentonite clay ~ 4.2 MPa ~ 3.15 MPa after 3 cycles [76] 

PLA Enzymatic treated cellulosic fibres (2 

wt.%) 

– ~ 800 MPa Young’s modulus 

~ 38 MPa Stress at yield 

[77] 

PP Un-carbonised bagasse (20 wt.%) – 9.2 MPa tensile strength [78] 

Carbonised bagasse (30 wt.%) 11.34 MPa tensile strength 

High-density polyethylene 

/poly (ethylene 

terephthalate) 

Untreated rice husk (70 wt.%) – ~ 23 MPa tensile strength 

~ 45 MPa flexural strength 

[79] 

Alkaline treated rice husk (70 wt.%) ~ 20 MPa tensile strength 

~ 35 MPa flexural strength 
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he impact on the environment. The circular economic aspect of biocom-
osites leads to the creation of an environment that is free of polymer
aste due to the effective recycling of polymeric materials and wastes.
he normal polymeric waste disposal systems that include incineration
nd dumping in landfills lead to a negative effect on the environment
ecause incineration causes harmful greenhouse gases whereas landfills
equire a huge amount of space and can leach toxic substances into the
roundwater. However, by recycling of polymeric composite materials,
he above-mentioned disadvantages can be avoided and can effectively
anage waste disposal and will contribute significantly to CE where

he end life of a material is extended and waste is used to generate
omposite with acceptable performance properties. In general, it can be
onclusively stated that research and development on the recycling of
ompletely bio-based polymeric composites are still only at a prelimi-
ary stage and hence a deep understanding on the different factors that
ffect the properties, economy and sustainability aspects is the need of
he moment. 

. Environmental impacts 

The use of bioplastics and biofillers creates an initial advantage for
he adoption of the CE model because the composites developed can
e easily recycled and/or decomposed without leaving any harmful
esidues. For example, because of the presence of organic composition,
LA can easily be biodegraded through microorganisms that can feed on
t [85] . Furthermore, compared to other plastics, burning or landfilling
f PLA does not produce high amount of toxic emissions and leachates
nd it is reported that PLA uses 30–50 % less fossil fuel, leading to a 50–
0 % reduction in CO 2 emission compared to oil-based plastics [86] . In
nother study, Madival et al. [87] reported lower CO 2 emissions from
LA materials when compared to PET. In addition, it has been reported
hat the GHG emission of PLA may vary depending on the type of blend-
ng material, the reinforcement and the system boundary. Blending of
ioplastics (to other synthetic plastics) could lead to the modification of
roperties (including biodegradability, mechanical and thermal proper-
ies) that allow the tailoring of the characteristics for a desired applica-
ion [88] . 

Thermoplastic starch (TPS) is another bioplastic that is rigid, bio-
ompatible and biodegradable [89] . TPS is degradable in both soil and
ater and can be used as compost. However, TPS has poor mechanical

trength and it is hydrophobic [90] . Consequently, TPS is only used in
imited applications having low moisture content and short life span,
uch as packaging applications. TPS can be blended with other plastics.
n this regard, Mahalle et al. [91] manufactured wood/PLA composite
lended with TPS (30% wood fibre + 35% PLA + 35% TPS). The results
f LCA showed better performance of the TPS blended composite in
erms of global warming and O 3 depletion. The TPS composite blend
howed reduced O 3 depletion (1.04E − 07 kg CFC-11) compared to the
7 
LA/wood composite (1.70E − 07 kg CFC-11) and absolute results of PP
2.20E − 07 kg CFC-11). Increased O 3 depletion in PLA composite was due
o the upstream production of PLA, which consumed more input energy.
or lower O 3 depletion in TPS blended composite, the contribution of
ood was < 1 % and for TPS, it was 18.05%. This investigation shows

hat the blending of the TPS with other bioplastics could lead to an in-
rease in its environmental performance. Suwanmanee et al. [92] also
eported the environmental performance of PLA blended starch material
y comparing the results with that of PS and PLA. It was reported that
he PLA/starch material contributed to 73–97 % of total absolute score
n affecting the global warming potential (GWP) factor, which is due to
he incorporation of indirect land-use change emissions. 

PHAs are bioplastics that are biodegradable and recyclable [93] ,
onsisting of polyesters of R-hydroxyalcanoic acid [94] . Qiang et al.
95] used polyhydroxyalcanoates (PHA) blend in PLA wood composites.
he authors produced two different PLA composites, namely PLA wood
omposite (20 wt.% wood fibre + 80 wt.% PLA) and PLA wood compos-
tes blended with PHA (20 wt.% wood fibre + 55 wt.% PLA + 25 wt.%
HA). The CO 2 emission from the PHA blended composite was 3591 kg
O 2 eq./t, whereas the same for the PLA composite was 3742 kg CO 2 
q./t. Overall, the environmental impact of PHA blended composite (1.9
oints) was somewhat lower than that of the PLA composite (1.6 points).
his investigation revealed that the sustainability of PLA-based compos-

te can be enhanced by integrating PHA, however, the authors used the
radle-to-gate approach for the LCA assessment, which does not include
he product utilisation and the end-of-life phases. 

The cost of bioplastic production is high, which can be controlled
y the partial use of natural biomass materials as a reinforcement. Nat-
ral fibre reinforcement in bioplastics minimises production costs and
ncreases the strength of bioplastics while simultaneously reducing GHG
missions and carbon footprint. As reported, the carbon footprint of nat-
ral fibres is about 80 % lower than that of synthetic carbon and glass
bres [96] . For example, the total carbon footprint calculated for the
roduction of one tonne of glass fibre is 1.7–2.5 tonnes of CO 2 -eq and
.3–0.5 tonnes of CO 2 -eq for natural fibre [96] . Singh et al. [97] calcu-
ated the carbon footprint of four different natural fibres, i.e. jute, kenaf,
ax and hemp. The carbon footprint of these bast fibres was between
00 and 600 kg of CO 2 -eq/t. It also reported that their carbon footprint
as 20–50% lower than synthetic fibre. Broeren et al. [98] studied the
HG emission of sisal fibre and compared to glass fibres. The sisal fibre
ad a lower GHG emission of 75–90 %. These outstanding GHG emis-
ion results of natural fibres indicate that they are sustainable and are a
iable reinforcement material for bioplastics. 

In addition to these materials, bio-waste has also been used as a filler
or the development of environmentally friendly biocomposites. Agricul-
ural wastes such as rice husk and wood flour were used as fillers for the
evelopment of polybutylene succinate composites [99] . Biodegradabil-
ty of the composites was tested through a soil burial test. The compos-
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tes showed a weight loss of 5 to 10% over 120 days of burial. The weight
oss was found to be linear from the initial date of burial confirming the
iodegradability of the rice husk and wood flour based biocomposites.
lsewhere, Ambone et al. [100] used waste leather buff (WLB) as a rein-
orcement for the development of PLA composites. It was reported that
he use of leather waste in PLA composite is an alternative solution for
he management of leather waste since it reduces the incineration of
eather waste. In this research, the composite showed improved tensile
trength (45 MPa–10 wt.% WLB) compared to the virgin PLA. Biochar
as been identified as a potential filler for the manufacturing of compos-
te materials in the recent years [101] . Biochar is produced by the pyrol-
sis of biomass at a low or zero oxygen content. Transforming biomass
nto biochar is an efficient way to control GHG emissions by preventing
he decay of biomass [102] . Tadele et al. [103] produced biochar from
iscanthus plants and reported a GWP of 117.6 kg of CO 2 eq/t through-

ut its life cycle. The highest GWP of 23.3 kg CO 2 eq/t was recorded
uring cultivation and the lowest was attained during transportation
4.8 kg CO 2 eq/t). Tadele et al. [104] further investigated the environ-
ental impacts of biochar and PP composites. In their work, two PP

omposites were manufactured with 30 wt.% biochar and 30 wt.% talc
einforcement. The biochar added composite showed a 25% lower envi-
onmental impact than the talc reinforced composite. The matrix/filler
atio has been reported to be the major contributor to the environmental
mpact of PP/biochar composite. This led to the conclusion that further
eductions in the environmental impact can be achieved by optimising
he matrix/filler ratio. 

.1. LCA assessment on biocomposites 

LCA is a technique used to analyse the impact of the individual stages
f a products lifespan (from the manufacturing of raw materials to dis-
osal) on the environment [105] . The protocols for LCA implementation
re documented in ISO 14040 – ISO 14044 series [ 106 , 107 ]. LCA could
e used to test products in the CE models to reveal the limitations and
he effect on factors such as global warming, acidification, water use,
nergy, climate change, etc. so as to establish measures for continuous
mprovements [108] . LCA studies have three main approaches, cradle-
o-factory gate, cradle-to-cradle and cradle-to-grave [109] . In the cradle-
o-factory (C2F) approach, the life of a product is assessed partially, i.e.
rom extraction to the factory gate, but in the cradle-to-grave (C2G) ap-
roach, the entire life of the product is analysed from extraction to dis-
osal [ 110 , 111 ]. The cradle-to-cradle (C2C) approach also assesses the
ntire life of the product, however, the product should be truly or nat-
rally recyclable (i.e. biodegradable) [112] . Of these approaches, C2G
nd C2C are popularly used in the LCA of biocomposites [111] . These
CA methodologies has been extensively applied for the estimation of
HG and carbon footprint of biocomposites. This section reviews the

esearch on LCA assessments of biocomposites. 
Ita-Nagy et al. [113] conducted LCA of bagasse fibre reinforced bio-

omposites and compared them with 100% sugarcane bioPE and fossil-
ased PE. According to their analysis, the biocomposites outperformed
he 100% sugarcane bioPE in global warming, O 3 formation, terrestrial
cidification and fossil resource scarcity. However, an improvement was
een in just global warming and fossil resource scarcity in the compar-
son of the biocomposites with fossil-based PE. It was concluded in the
tudy that, although bagasse fibre reinforcements minimised the envi-
onmental impacts of the original materials, further property enhance-
ent is required to facilitate its use as a replacement for fossil-based
E. 

It is worth mentioning that, most of the LCA assessments of biocom-
osites and plastics focus on the End-of-Life (EoL) assessment, which al-
ow the assessment of landfilling, recycling and incineration. Beigbeder
t al. [114] reported that the EoL of biocomposites should be accessed
rior to their production and commercial installation to reduce their en-
ironmental impact throughout their life cycle. EoL results of biocom-
osites could facilitate material selection during product development.
8 
eigbeder et al. [114] investigated the EoL of two biocomposites (wood
our/PP and flax fibre/PLA composites) through LCA assessment. The
oL investigation was conducted in four areas, namely, incineration,
andfilling, composting and recycling. Both composites had reduced en-
ironmental impacts when they were recycled. However, biocomposites
re incinerated due to a lack of recycling directives and a composite mar-
et for recycled biocomposites [115] . It should also be noted that the
eparation of the reinforcement from the biocomposite matrix is chal-
enging. For example, a thermoplastic matrix is heated to the crystalline
elting point during the manufacturing of organic wood-based compos-

tes [116] . In the molten state, wood particles are added to the matrix
o develop a strong irreversible bond. The strong interaction between
ood and thermoplastic matrix makes recycling difficult, however, it is
ossible to recycle thermoplastics without reinforcement [116] . Recy-
led thermoplastics have lower environmental effects than virgin plas-
ics [117] . Bolin and Smith [118] compared the LCA of wood-based com-
osites and alkaline copper quaternary treated lumber used for decking
pplications. Wood-based composites were developed with 25 wt.% of
DPE, 25 wt.% of recycled HDPE and 50 wt.% of recycled wood flour.
ompared to wood-based composites, treated lumber showed 3 times

ower GHG emissions and 14 times lower fossil fuel use. Importantly,
he authors noted a significant reduction in the LCA results of recycled
DPE when compared with virgin HDPE. The use of 100% recycled
DPE in wood composite fabrication reduced the utilisation of fossil

uels (i.e. 4.4 times the value of treated lumber) when compared with
irgin HDPE made wood composite (14 times the value of treated lum-
er). It was concluded that the composites based on recycled wood are
nvironmentally friendlier than the virgin HDPE. 

In the area of biocomposites, numerous investigations have been con-
ucted on the LCA of natural fibre composites to understand their envi-
onmental aspects and impact [ 119 , 120 ]. Natural fibre composites use
enewable reinforcements that could reduce environmental impacts, but
t is essential to understand the process of extraction of fibres, chemical
reatment, transport during production, and composite production in
rder to carry out a thorough environmental impact assessment [120] .
CA results from natural fibre composites showed that natural fibre com-
osites have reduced dependence on non-renewable energy/materials,
educed GHG emissions, increased energy recovery, minimised pollution
nd EoL biodegradability of components [ 28 , 121 , 122 ]. Natural fibres
n polymer composite manufacturing could reduce the consumption of
ossil fuels. It has been reported that a 50% replacement of glass fibre
omposites in North American auto applications with natural fibre com-
osites could lead to a reduction in CO 2 emissions of up to 3.07 million
onnes, saving 1.19 million m 

3 of crude oil [123] . Natural fibre-based
omposites play a critical role in the storage of carbon since they con-
rol the emission of carbon from natural fibres by reducing decay and
urning of natural fibre [123] . However, this can only be achieved for
 limited period, i.e. until the disposal of the composite material, and it
annot be adapted in all countries because of the application of varying
isposal methods. [124] . 

De Vegt and Haije [125] compared LCA of flax fibre epoxy compos-
te with glass fibre polyester composite and epoxy carbon fibre compos-
te. Flax fibre composites showed better LCA points (1.85) compared to
lass and carbon fibre composites (2.4). In another study, Schmehl et al.
126] carried out LCA of hemp fibre and glass fibre based triglycerides
nd polycarbonic acid anhydride composites used in the manufacturing
f bus body components. The composite LCA was analysed employing
hree factors, namely human health, ecosystem quality and resources.
emp fibre composite had the lowest LCA value of 0.36, which was
0% lower than glass fibre composite (0.74). These two investigations
emonstrated a better LCA of natural fibre composites against synthetic
bre composites. It was observed that the optimised material input was
ritical for natural fibre composites, and investigation with a varying
atural fibre reinforcing percentages could result in variations in the
CA output. It is anticipated that optimised reinforcement of natural
bre could lead to a reduction in environmental impacts. 
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The use of natural fibre composites in the automotive industry helps
o control global warming, as the use of natural fibre mitigates the pro-
ess energy and aids in carbon sequestration [127] . It has been reported
hat automobiles contributed 28 % of total GHG emission in the United
tates in 2018 [128] . This can be improved by controlled fuel utilisation
nd emissions. The use of hemp fibre/epoxy composite in the automo-
ive side panel reduced manufacturing energy by 55 % compared to the
roduction of neat acrylonitrile butadiene styrene (ABS) doors [129] .
urthermore, the hemp fibre reinforced composite side panel showed
 reduced weight of 27 % compared to the neat ABS made composite
ide panel, which contributed to an 80 % reduction in fuel consump-
ion during the use phase. Shen and Patel [130] recommended natu-
al fibre-based composites for automotive parts manufacturing, such as
ront sub-frames and interior side panels, due to a 15 % reduction in
HG emissions compared to traditional materials. Similar to synthetic fi-
re composites, natural fibre composites have comparable LCA results in
he production phase. Better LCA can be noted for natural fibre compos-
tes only when the utilisation and disposal phase are considered [131] .
n this basis, it can be concluded that the production phase of natural
bre composites is a crucial stage in environmental impact assessment.
owever, the production phase and EoI of natural fibre composites have
ot yet been clearly addressed, which need to be investigated in order to
scertain their effect in the LCA. For instance, in the investigation done
y Luz et al. [132] it was reported that sugarcane fibre reinforced PP
omposite had 25 % reduced emission than talc reinforced PP compos-
te during the production and recycling phase. In contrast, Alves et al.
133] reported that in the production phase jute fibre polyester compos-
te had 8% higher environmental impact than the glass fibre polyester
omposite. The environmental impact reported on LCA on biocompos-
tes is shown in Table 4 . 

In summary, the introduction of the LCA in CE model could increase
he chances of mitigation of environmental impacts, which would also
llow CE decision-makers to assess the environmental impacts of trade-
ffs. In addition, in the CE of biocomposites and recycled biocomposites,
CA can show a clearer picture of their impacts. In the recycling and re-
se of bio-composites, LCA could facilitate the process of recycling that
rovides valuable recycling at industrial scales. In order to achieve this,
t is essential to develop appropriate manufacturing technology, without
hich the benefits of CE and LCA cannot be attained. 

. Economic impact of biocomposites 

The current study has shown that compared to conventional poly-
eric materials, biocomposites have comparatively lower environmen-

al impacts. However, the sustained production and application of bio-
omposites on a commercial basis is highly dependent on the cost in-
olved [140] . Biocomposite fabrication using natural fibres have been
resented as a viable option for reducing the production cost. Rodriguez
t al. [136] applied a life cycle cost performance method to assess the
conomic impacts of biocomposites from banana fibre. In their analy-
is, the production cost was grouped into material, energy, labour and
achine costs. Although, the cost of the banana fibre was low, the pre-

reatments administered for property improvement increased the mate-
ial cost. However, the authors observed that the manufacturing cost of
he banana fibre biocomposite was 17 % less than that of the polyester
esin. Additionally, substituting fibre-glass with natural fibres reduced
he production energy cost by 80% and the biocomposite cost by 5%
141] . A market research on the global biocomposite utilisation showed
n estimate of $19.6 billion in 2020 with an anticipated growth to about
38.07 billion and a compound annual growth rate (CAGR) of 14.2% in
025. However, the global synthetic fibre market, which was valued at
147.16 billion in 2019 is only expected to grow at a 5% CAGR by 2025
ignifying a decrease in the consumption rate [53] . In addition, global
lant fibre production has increased exponentially over the last 20 years
nd is expected to grow from 107 million tonnes in 2018 to 145 mil-
ion tonnes by 2030 [142] . With increased technological innovations
9 
eared towards identifying novel composite materials and new appli-
ations coupled with investment in research and commercialisation of
nished products, the biocomposite market size will grow considerably
esulting in a further increase in the economic benefits of biocomposites
143] . 

. Introduction of CE in biocomposite manufacturing: 

pportunities and challenges 

The adherence to the CE improves material diversity and optimises
nergy use, resource as well as recycling efficiencies. Composite waste,
ike all other materials in the waste stream, needs to be recycled and
ooped into production in order to fit into the CE model [144] . How-
ver, the processing methods must meet environmental standards, gov-
rnment legislations, acceptable energy usage levels for recycling and
ost [145–147] . There is a myriad of challenges in relation to the inte-
ration of composites in CE (mostly related to the recycling aspect) that
ave been reported in the literature. This section reviews these chal-
enges and presents possible measures for addressing them. Fig. 7 shows
he CE concept for the fabrication of bio-based polymeric composites. 

There have been some studies regarding recycling of composites
astes to make new composites. Nevertheless, the inability of con-

umers, product manufacturers and policymakers to appreciate the re-
ycling value of composite waste has limited its research to lab-scale
nvestigations. It is worth stating that, most of the regulations and leg-
slation governing the processing of composite waste consider them as
lastic waste. Therefore, there exists a lack of implementation of suit-
ble waste management techniques for composites [149] . This has also
ranslated into extended procedures for certifying new methods of re-
ycling and reuse as well as products made from composite waste [71] .
ue to the complexity of the composition and/or constituents of com-
osite waste, it is required that policymakers consider composite waste
s a separate component of the waste stream to enforce stringent mea-
ures for its management. Documentation of material handling from the
aw state to end-of-life can be a crucial step in achieving an effective
E. 

In the work of Yang et al. [71] , the authors found out that the lack
f efficient and well-organised collection and transportation systems for
he delivery of composite waste limit the effectiveness of the CE system.
lthough much efforts have been invested in achieving a coordinated
ollection process, the rates are rather low. The means of transportation
f composite waste is also highly dependent on the size of the mate-
ial. In light of this, it is much more convenient to transport lighter and
maller scraps than products like discarded vehicles or aircraft, which
ust be disassembled before transportation. 

The dismantling and separation of bio-based fibres from the polymer
atrix is yet another pertinent issue encountered in the circularity of

omposite waste. The combination of materials with different chemical
ompositions in conjunction with the various manufacturing processes
he product undergoes makes it almost impossible to separate the con-
tituents of composite waste without damaging the fibres [ 150 , 151 ].
Simpler’ products can be manufactured by reducing the types of mate-
ials in the design stage of the product while maintaining quality. Al-
ernatively, the use of additives that enhance the separation and recy-
lability of composites can be encouraged. The research on recycling of
omposite waste has been an area of progressive interest for over the
ast two decades. The development of new technologies for fibre re-
rieval and recycling involves huge investments in terms of time and
oney. However, one major problem faced by the research institutions

nd industries is that most materials get out-of-date before their recy-
ling technologies mature for industrial applications [ 71 , 152 ]. Hence,
hese industries fail to meet the bulk material demand required to com-
ercialise the technologies. Technology development could be geared

owards a more generalised approach suitable for processing materials
ith a wide range of properties. 
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Table 4 

LCA results of biocomposites (Environmental impact). 

Biocomposite manufactured Material used 
(product/biocomposite) LCA approach used System boundaries Findings Reference 

Matrix Reinforcement 

PP Biocarbon and 

Miscanthus fibre 

Biocomposite made 

automotive 

component 

Cradle-to-grave Resource extraction, 

transportation among 

life cycle stages, 

processing and 

conversion, 

manufacturing, use of 

the products, 

and disposal. 

Fabricated 

biocomposites showed 

lowest GWP of 11.08 

kg CO 2 eq. for 

conventional material 

it was 12.53 kg CO 2 

eq. 

[134] 

PLA Chicken feathers Biocomposite Cradle-to-gate Chicken feathers 

stabilisation, crushing 

and composite plate 

manufacturing. 

Addition of chicken 

feather to PLA 

reduced the 

environmental impact, 

PLA/chicken feather 

composite showed 

GWP of 4.10E + 01 kg 

CO 2 eq. 

[135] 

Polyester Banana fibre Biocomposite Cradle-to-manufacture Banana fibre 

conditioning (cut, 

extraction, washing, 

and 

drying) and 

biocomposite 

materials 

manufacturing 

(pretreatment of BF 

and biocomposite 

materials 

fabrication). 

The major contributor 

to the environmental 

impact was polyester 

(63.3 %), while the 

impact of banana fibre 

was 36.7 %. 

[136] 

PLA/TPS Wood fibre Biocomposite Cradle-to-gate Raw material 

extraction, input 

manufacturing, 

pre-treatment of 

inputs and 

biocomposite 

manufacturing. 

TPS causes less 

environmental burden 

than PLA. PLA 

environmental 

performance 

increased when it was 

blended with TPS 

[91] 

PLA Dried distillers grains 

with solubles, flax, 

hemp, rice husks, 

wood, glass and talc 

Biocomposite Cradle-to-grave Raw material 

acquisition, 

transportation, 

manufacturing and 

processing, 

consumption, and 

end-of-life treatment. 

Compared to organic 

filler talc and glass, 

organic filled 

reinforcement in PLA 

showed reduced 

environmental impact, 

and energy intensity. 

[137] 

Poly(3- 

hydroxybutyrate-co-3- 

hydroxyvalerate) 

(PHBV) 

Vine shoots Biocomposite made 

rigid trays 

Cradle-to-grave Vine shoots collection, 

transportation, tray 

manufacturing, use, 

and end-of-life 

treatment. 

20 % of global 

warming was reduced 

by the addition 30 

vol.% of the vine 

shoots to the virgin 

PHBV. 

[138] 

Melamine Empty fruit bunch 

(EFB) 

Biocomposite made 

tableware 

Cradle to grave Palm fibre 

preparation, melamine 

compound 

preparation, tableware 

manufacturing, use 

and disposal. 

Increase in the EFB 

reinforcement 

reduced the climatic 

change. 30 wt.% of 

EFB reinforcement 

reduced the climatic 

change by 21 % and 

for 10 wt.% EFB 

reinforcement it was 

1.4 % 

[139] 

PP Sugarcane 

bagasse/talc 

Biocomposite Cradle-to-grave Raw material 

production, composite 

manufacturing and 

processing, use, and 

end-of-life treatment. 

During production 

and recycle phase 

talc/PP composites 

showed 25 % high 

emission than the 

sugar cane 

bagasse/composite 

[132] 

10 
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Fig. 7. CE for bio-polymeric composites manufacturing. Figure drawn based on data from Ref. [ 58 , 148 ]. 
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Gopalraj et al. [153] conducted an in-depth review on the life cy-
le of composite waste and their recyclability. In their analysis, it was
tated emphatically that, although the replacement of virgin compos-
tes with recycled materials is promising, the environmental effects are
nversely proportional to the profit margins made by the recycling in-
ustries. Recycling processes can present high energy, carbon footprints
nd contribute to the release of toxic chemicals. Lee at al. [154] re-
orted the average greenhouse gas emissions for chemical recycling of
omposites to be 1196.22 g CO 2 -eq and 5916.08 g CO 2 -eq for the pyrol-
sis process. The impact of composite recycling on climate change was
lso evaluated by Witik et al. [155] . Even though lower impacts were
bserved for recycling as compared with incineration and landfilling,
ecycling stood a 20% chance of negatively affecting the climate zones.

The increase in energy requirement and high processing cost of fibre
ecovery in composite waste management result in an increase in the
rices of recycled materials usually even higher than the price of vir-
in materials [156] . The assessment from Roux et al. [157] proved that
ecycling cost is dependent on the complexity of the material. The cost
actor tremendously decreases the demand for recycled composite mate-
ials as consumers opt for relatively cheap and quality virgin materials
158] . Technological advancement in efficient recycling methods and
aterial development within the acceptable energy levels, quality and

ost will drastically support the implementation of CE [159] . Lower cost
f the recycled composite will increase its applicability, market demand
nd in turn, minimise the dependence on raw materials. 

Lastly, some separation and purification techniques, as well as recy-
ling treatments such as acid treatments and thermal recycling meth-
ds, reduce the mechanical properties like the tensile strength of the
ecycled composites. Pyrolysed composite waste retains just about 70–
5 % of its strength. This reduction in strength further minimises the
verall performance of the recycled material in subsequent applications.
o increase the quality of recycled composites, manufacturers combine
hem with virgin materials to compensate for the reduced mechanical
roperties. Furthermore, technologies such as gamma irradiation are be-
ng considered as an alternative to the conventional recycling methods
ince it greatly improves the physicochemical and mechanical proper-
11 
ies of composite waste [160] . Other developed techniques such as tape
nd hybrid yarn spinning technologies give the materials excellent ten-
ile properties [161] . The fish bone diagram in Fig. 8 summarises some
trategies which can be implemented to enhance the recyclability of
omposites without compromising on their performance properties. 

. Benefits of circular economy in biocomposites 

CE in biocomposites manufacturing benefits the environment, econ-
my and society ( Fig. 9 ). A high amount of energy and a relatively high
nit cost per kilogram of weight is associated with compositeshence,
heir disposal or dumping in landfills represents a loss in high-value ma-
erials and economy and eliminates any chance of re-using these high-
alue materials. Therefore, the need of the hour is to develop business
pportunities for recycling of these materials through a CE model [162] .
ethods or processes to improve the recyclability of fibre reinforced

omposites (FRCs) is an important factor in economic benefits for both
he user and the producer. The major advantage of these recycling pro-
esses will be the recovery of high energy materials, which presents a
athway towards lower energy consumption and economic profit while
he reduction in impact on the environment is the added advantage. All
hese factors are driving the interest in improved recycling processes for
omposite materials. The recovered matrix (thermoset or thermoplas-
ic) and the reinforcement (fibre, particulate, etc.) can be either mixed
gain together or used separately for different applications. Hence, the
urrent major aim of the composite industry and research is to achieve
eliable recycling processes that can be used to recover materials from
oth scrap and end of life composites. 

The productivity and sustainability in the CE can be enhanced by
he effective recycling of biocomposites. In fact, a CE approach in the
ase of fully bio-based composites can provide suitable incentives for
he effective recycling and re-use of both the polymeric matrix and the
einforcement. This approach is highly significant to society because
olymeric wastes are a severe threat to the environment thereby mak-
ng a suitable and practical end of life treatment for these biocomposites
 necessity. Recent years have witnessed researchers increasingly focus-
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Fig. 8. Strategies to overcome composite recycling problems. 

Figure 9. Sustainable benefits of recycling bio- 
composites in CE. 
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ng on the area of sustainable designing of composites so as to facilitate
he circular economic aspects of composite materials [163] . The major
omponents of this kind of methodology are: a) material life cycle ex-
ension and b) recovery of the constituent materials completely after its
ife cycle by means of recovery processes that ensure the materials sta-
ility during this recovery process [56] . As per European commission
015, the end value of the materials is retained as long as possible and
aste is kept at the lowest possible limit in a perfect circular economic

cenario [164] . 

. Conclusions 

This article examines the challenges and opportunities for the de-
elopment and implementation of the concept of CE in biocomposites.
io-based polymeric composites have been found to be capable of be-

ng recycled, which facilitates the achievement of the benefits of CE.
t was realised in this study that although the implementation of CE
resents major economic and lower environmental impacts compared
o the synthetic counterparts, the assessment of the end-of-life perfor-
ance of biocomposites has not been significantly explored. In addition,
12 
he recycling methods applied for the recovery and reuse of biocompos-
te constituents are very limited. Consequently, this can minimise the
roduction and applications of biocomposites. To embrace CE in bio-
omposites, robust technological advancement in relation to material
ecovery and recycling must be achieved through research and optimi-
ation of the existing methods. Subsequently, innovative methodologies
or the planning and development of business models for the CE and
roduct-service solutions should be established. In addition, to further
nhance the effectiveness of CE, biocomposite development should also
mbrace blue economy, that encourages the utilisation of ocean-based
esources in creating high-value products. In essence, blue economy
oints towards the vast untapped resource pool, which when utilised
ill bolster the concept of CE in biocomposite development. 
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nterests or personal relationships that could have appeared to influence
he work reported in this paper. 



V. Shanmugam, R.A. Mensah, M. Försth et al. Composites Part C: Open Access 5 (2021) 100138 

A

 

(

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cknowledgment 

Oisik Das and Qiang Xu express their gratitude towards STINT
51911530151, China side, and CH2018-7733, Sweden side). 

eferences 

[1] S.B. Roy, S.C. Shit, G.R.A. Sen, P.R. Shukla, A review on bio-composites: fabrica-
tion, properties and applications, Int. J. Innov. Res. Sci. Eng. Technol. 3 (2014)
16814–16824, doi: 10.15680/ijirset.2014.0310058 . 

[2] Ş . Y ı ld ı zhan, A. Çal ı k, M. Özcanl ı , H. Serin, Bio-composite materials: a short review
of recent trends, mechanical and chemical properties, and applications, Eu. Mech.
Sci. 2 (2018) 83–91, doi: 10.26701/ems.369005 . 

[3] Plastics Market Size, Share & Trends Report, 2020-2027, (n.d.). https://www.
grandviewresearch.com/industry-analysis/global-plastics-market , (accessed De-
cember 1, 2020). 

[4] Plastic waste pollution, Access Science, 2017, doi: 10.1036/1097-8542.
BR0802171 . 

[5] H. Webb, J. Arnott, R. Crawford, E. Ivanova, Plastic degradation and its environ-
mental implications with special reference to poly(ethylene terephthalate), Poly-
mers 5 (2012) 1–18, doi: 10.3390/polym5010001 . 

[6] A. Chamas, H. Moon, J. Zheng, Y. Qiu, T. Tabassum, J.H. Jang, M. Abu-Omar,
S.L. Scott, S. Suh, Degradation rates of plastics in the environment, ACS Sustain.
Chem. Eng. 8 (2020) 3494–3511, doi: 10.1021/acssuschemeng.9b06635 . 

[7] S. Ray, R.P. Cooney, Thermal degradation of polymer and polymer composites„ in:
Handbook of Environmental Degradation Of Materials, Third Edition, Elsevier Inc.,
2018, pp. 185–206, doi: 10.1016/B978-0-323-52472-8.00009-5 . 

[8] T. Lomonaco, E. Manco, A. Corti, J.La Nasa, S. Ghimenti, D. Biagini, F. Di
Francesco, F. Modugno, A. Ceccarini, R. Fuoco, V. Castelvetro, Release of harm-
ful volatile organic compounds (VOCs) from photo-degraded plastic debris: A ne-
glected source of environmental pollution, J. Hazard. Mater. 394 (2020) 122596,
doi: 10.1016/j.jhazmat.2020.122596 . 

[9] S.-J. Royer, S. Ferrón, S.T. Wilson, D.M. Karl, Production of methane and ethylene
from plastic in the environment, PLoS One 13 (2018) e0200574, doi: 10.1371/jour-
nal.pone.0200574 . 

[10] R. Roychand, B.K. Pramanik, Identification of micro-plastics in Australian road
dust, J. Environ. Chem. Eng. 8 (2020) 103647, doi: 10.1016/j.jece.2019.103647 . 

[11] C. Zhang, H. Zhou, Y. Cui, C. Wang, Y. Li, D. Zhang, Microplastics in offshore
sediment in the Yellow Sea and East China Sea, China, Environ. Pollut. 244 (2019)
827–833, doi: 10.1016/j.envpol.2018.10.102 . 

[12] L. Peng, D. Fu, H. Qi, C.Q. Lan, H. Yu, C. Ge, Micro- and nano-plastics in marine
environment: Source, distribution and threats — a review, Sci. Total Environ. 698
(2020) 134254, doi: 10.1016/j.scitotenv.2019.134254 . 

[13] L. Hermabessiere, A. Dehaut, I. Paul-Pont, C. Lacroix, R. Jezequel, P. Soudant,
G. Duflos, Occurrence and effects of plastic additives on marine envi-
ronments and organisms: A review, Chemosphere 182 (2017) 781–793,
doi: 10.1016/j.chemosphere.2017.05.096 . 

[14] M. Shen, W. Huang, M. Chen, B. Song, G. Zeng, Y. Zhang, Micro)plastic crisis: Un-
ignorable contribution to global greenhouse gas emissions and climate change, J.
Cleaner Prod. 254 (2020) 120138, doi: 10.1016/j.jclepro.2020.120138 . 

[15] R.C. Hale, M.E. Seeley, M.J. La Guardia, L. Mai, E.Y. Zeng, A global perspective on
microplastics, J. Geophys. Res. 125 (2020), doi: 10.1029/2018JC014719 . 

[16] W. Wang, J. Ge, X. Yu, H. Li, Environmental fate and impacts of microplastics in
soil ecosystems: Progress and perspective, Sci. Total Environ. 708 (2020) 134841,
doi: 10.1016/j.scitotenv.2019.134841 . 

[17] M.C. Righetti, P. Cinelli, N. Mallegni, A. Stäbler, A. Lazzeri, Thermal and
mechanical properties of biocomposites made of poly(3-hydroxybutyrate-
co-3- hydroxyvalerate) and potato pulp powder, Polymers 11 (2019),
doi: 10.3390/polym11020308 . 

[18] A. Kumar, T. Jyske, V. Möttönen, Properties of injection molded biocomposites
reinforced withwood particles of short-rotation aspen and willow, Polymers 12
(2020), doi: 10.3390/polym12020257 . 

[19] M.C. Righetti, P. Cinelli, N. Mallegni, C.A. Massa, L. Aliotta, A. Lazzeri, Thermal,
mechanical, viscoelastic and morphological properties of poly(lactic acid) based
biocomposites with potato pulp powder treated with waxes, Materials 12 (2019),
doi: 10.3390/ma12060990 . 

[20] O. Das, T.A. Loho, A.J. Capezza, I. Lemrhari, M.S. Hedenqvist, A novel way of ad-
hering PET onto protein (Wheat Gluten) plastics to impart water resistance, Coat-
ings 8 (2018) 388, doi: 10.3390/COATINGS8110388 . 

[21] C. Girometta, A.M. Picco, R.M. Baiguera, D. Dondi, S. Babbini, M. Cartabia,
M. Pellegrini, E. Savino, Physico-mechanical and thermodynamic properties of
mycelium-based biocomposites: a review, Sustainability (Switzerland) 11 (2019),
doi: 10.3390/su11010281 . 

[22] R. Sundarakannan, V. Arumugaprabu, V. Manikandan, S. Vigneshwaran,
Mechanical property analysis of biochar derived from cashew nut shell
waste reinforced polymer matrix, Mater. Res. Express 6 (2019) 125349,
doi: 10.1088/2053-1591/ab6197 . 

[23] O. Das, R.E. Neisiany, A.J. Capezza, M.S. Hedenqvist, M. Försth, Q. Xu, L. Jiang,
D. Ji, S. Ramakrishna, The need for fully bio-based facemasks to counter
coronavirus outbreaks: a perspective, Sci. Total Environ. 736 (2020) 139611,
doi: 10.1016/j.scitotenv.2020.139611 . 

[24] O. Das, N.K. Kim, M.S. Hedenqvist, R.J.T. Lin, A.K. Sarmah, D. Bhattacharyya, An
attempt to find a suitable biomass for biochar-based polypropylene biocomposites,
Environ. Manage. 62 (2018) 403–413, doi: 10.1007/s00267-018-1033-6 . 
13 
[25] O. Das, M.S. Hedenqvist, E. Johansson, R.T. Olsson, T.A. Loho, A.J. Capezza,
R.K. Singh Raman, S. Holder, An all-gluten biocomposite: comparisons with car-
bon black and pine char composites, Composites, Part A 120 (2019) 42–48,
doi: 10.1016/j.compositesa.2019.02.015 . 

[26] F. Vilaplana, E. Strömberg, S. Karlsson, Environmental and resource aspects of
sustainable biocomposites, in: Polymer Degradation and Stability, Elsevier, 2010,
pp. 2147–2161, doi: 10.1016/j.polymdegradstab.2010.07.016 . 

[27] P.A. Fowler, J.M. Hughes, R.M. Elias, Biocomposites: technology, environmen-
tal credentials and market forces, J. Sci. Food Agric. 86 (2006) 1781–1789,
doi: 10.1002/jsfa.2558 . 

[28] S.V. Joshi, L.T. Drzal, A.K. Mohanty, S. Arora, Are natural fiber composites envi-
ronmentally superior to glass fiber reinforced composites? Composites, Part A 35
(2004) 371–376, doi: 10.1016/j.compositesa.2003.09.016 . 

[29] R.A. Sheldon, M. Norton, Green chemistry and the plastic pollution chal-
lenge: Towards a circular economy, Green Chem. 22 (2020) 6310–6322,
doi: 10.1039/d0gc02630a . 

[30] S. Ramakrishna, Z.-M. Huang, in Biocomposites, Reference Module in Materials Sci-
ence and Materials Engineering, Elsevier, 2016, doi: 10.1016/b978-0-12-803581-
8.00965-6 . 

[31] S. Sekar, S. Suresh Kumar, S. Vigneshwaran, G. Velmurugan, Evaluation of me-
chanical and water absorption behavior of natural fiber-reinforced hybrid biocom-
posites, J. Nat. Fibers (2020) 1–11, doi: 10.1080/15440478.2020.1788487 . 

[32] M.R. Sanjay, S. Siengchin, J. Parameswaranpillai, M. Jawaid, C.I. Pruncu, A. Khan,
A comprehensive review of techniques for natural fibers as reinforcement in
composites: Preparation, processing and characterization, Carbohydr. Polym. 207
(2019) 108–121, doi: 10.1016/j.carbpol.2018.11.083 . 

[33] A.K. Mohanty, S. Vivekanandhan, J.M. Pin, M. Misra, Composites from renewable
and sustainable resources: challenges and innovations, Science 362 (2018) 536–
542, doi: 10.1126/science.aat9072 . 

[34] H. Dhakal, A. Bourmaud, F. Berzin, F. Almansour, Z. Zhang, D.U. Shah, J. Beau-
grand, Mechanical properties of leaf sheath date palm fibre waste biomass rein-
forced polycaprolactone (PCL) biocomposites, Ind. Crops Prod. 126 (2018) 394–
402, doi: 10.1016/j.indcrop.2018.10.044 . 

[35] M.C. Picard, A. Rodriguez-Uribe, M. Thimmanagari, M. Misra, A.K. Mohanty, Sus-
tainable biocomposites from poly(butylene succinate) and apple pomace: a study
on compatibilization performance, Waste Biomass Valorization 11 (2020) 3775–
3787, doi: 10.1007/s12649-019-00591-3 . 

[36] E.M. Fernandes, V.M. Correlo, J.F. Mano, R.L. Reis, Cork-polymer biocomposites:
Mechanical, structural and thermal properties, Mater. Des. 82 (2015) 282–289,
doi: 10.1016/j.matdes.2015.05.040 . 

[37] Y.Z. Wan, H. Luo, F. He, H. Liang, Y. Huang, X.L. Li, Mechanical, mois-
ture absorption, and biodegradation behaviours of bacterial cellulose fibre-
reinforced starch biocomposites, Compos. Sci. Technol. 69 (2009) 1212–1217,
doi: 10.1016/j.compscitech.2009.02.024 . 

[38] L. Petersson, K. Oksman, Biopolymer based nanocomposites: comparing layered sil-
icates and microcrystalline cellulose as nanoreinforcement, Compos. Sci. Technol.
66 (2006) 2187–2196, doi: 10.1016/j.compscitech.2005.12.010 . 

[39] P. Toro, R. Quijada, M. Yazdani-Pedram, J.L. Arias, Eggshell, a new bio-
filler for polypropylene composites, Mater. Lett. 61 (2007) 4347–4350,
doi: 10.1016/j.matlet.2007.01.102 . 

[40] H.Y. Li, Y.Q. Tan, L. Zhang, Y.X. Zhang, Y.H. Song, Y. Ye, M.S. Xia, Bio-filler from
waste shellfish shell: Preparation, characterization, and its effect on the mechanical
properties on polypropylene composites, J. Hazard. Mater. 217–218 (2012) 256–
262, doi: 10.1016/j.jhazmat.2012.03.028 . 

[41] M. Iman, K.K. Bania, T.K. Maji, Green jute-based cross-linked soy flour nanocom-
posites reinforced with cellulose whiskers and nanoclay, Ind. Eng. Chem. Res. 52
(2013) 6969–6983, doi: 10.1021/ie400609t . 

[42] A. Veerasimman, V. Shanmugam, S. Rajendran, D.J. Johnson, A. Sub-
biah, J. Koilpichai, U. Marimuthu, Thermal properties of natural fiber sisal
based hybrid composites – a brief review, J. Nat. Fibers (2021) 1–11,
doi: 10.1080/15440478.2020.1870619 . 

[43] E.O. Ogunsona, A. Codou, M. Misra, A.K. Mohanty, A critical review
on the fabrication processes and performance of polyamide biocompos-
ites from a biofiller perspective, Mater. Today Sustain. 5 (2019) 100014,
doi: 10.1016/j.mtsust.2019.100014 . 

[44] G. Tripathi, P. Choudhury, B. Basu, Development of polymer based bio-
composites: A review, Mater. Technol. 25 (2010) 158–176, doi: 10.1179/
175355510x12723642365089 . 

[45] A.K. Mohanty , M. Misra , G. Hinrichsen , Biofibres, biodegradable polymers and
biocomposites: An overview, Macromol. Mater. Eng. 276–277 (2000) 1–24
10.1002/(SICI)1439-2054(20000301)276:1 < 1::AID-MAME1>3.0.CO;2-W . 

[46] S. Vigneshwaran, R. Sundarakannan, K.M. John, R.D. Joel Johnson, K.A. Prasath,
S. Ajith, V. Arumugaprabu, M. Uthayakumar, Recent advancement in the natural
fiber polymer composites: a comprehensive review, J. Cleaner Prod. 277 (2020)
124109, doi: 10.1016/j.jclepro.2020.124109 . 

[47] V. Arumugaprabu, R.D.J. Johnson, S. Vigneshwaran, in: Mechanical Performance
of Nanocomposites and Biomass-Based Composite Materials and Its Applications:
An Overview, in: Handbook of Nanomaterials and Nanocomposites for Energy and
Environmental Applications, Springer International Publishing, Cham, 2020, pp. 1–
14, doi: 10.1007/978-3-030-11155-7_123-1 . 

[48] X. Chen, N. Yan, A brief overview of renewable plastics, Mater. Today Sustain. 7–8
(2020) 100031, doi: 10.1016/j.mtsust.2019.100031 . 

[49] Z. Yang, F. Lü, H. Zhang, W. Wang, L. Shao, J. Ye, P. He, Is incineration the
terminator of plastics and microplastics? J. Hazard. Mater. 401 (2021) 123429,
doi: 10.1016/j.jhazmat.2020.123429 . 

https://doi.org/10.15680/ijirset.2014.0310058
https://doi.org/10.26701/ems.369005
https://www.grandviewresearch.com/industry-analysis/global-plastics-market
https://doi.org/10.1036/1097-8542.\penalty -\@M BR0802171
https://doi.org/10.3390/polym5010001
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1016/B978-0-323-52472-8.00009-5
https://doi.org/10.1016/j.jhazmat.2020.122596
https://doi.org/10.1371/journal.pone.0200574
https://doi.org/10.1016/j.jece.2019.103647
https://doi.org/10.1016/j.envpol.2018.10.102
https://doi.org/10.1016/j.scitotenv.2019.134254
https://doi.org/10.1016/j.chemosphere.2017.05.096
https://doi.org/10.1016/j.jclepro.2020.120138
https://doi.org/10.1029/2018JC014719
https://doi.org/10.1016/j.scitotenv.2019.134841
https://doi.org/10.3390/polym11020308
https://doi.org/10.3390/polym12020257
https://doi.org/10.3390/ma12060990
https://doi.org/10.3390/COATINGS8110388
https://doi.org/10.3390/su11010281
https://doi.org/10.1088/2053-1591/ab6197
https://doi.org/10.1016/j.scitotenv.2020.139611
https://doi.org/10.1007/s00267-018-1033-6
https://doi.org/10.1016/j.compositesa.2019.02.015
https://doi.org/10.1016/j.polymdegradstab.2010.07.016
https://doi.org/10.1002/jsfa.2558
https://doi.org/10.1016/j.compositesa.2003.09.016
https://doi.org/10.1039/d0gc02630a
https://doi.org/10.1016/b978-0-12-803581-\penalty -\@M 8.00965-6
https://doi.org/10.1080/15440478.2020.1788487
https://doi.org/10.1016/j.carbpol.2018.11.083
https://doi.org/10.1126/science.aat9072
https://doi.org/10.1016/j.indcrop.2018.10.044
https://doi.org/10.1007/s12649-019-00591-3
https://doi.org/10.1016/j.matdes.2015.05.040
https://doi.org/10.1016/j.compscitech.2009.02.024
https://doi.org/10.1016/j.compscitech.2005.12.010
https://doi.org/10.1016/j.matlet.2007.01.102
https://doi.org/10.1016/j.jhazmat.2012.03.028
https://doi.org/10.1021/ie400609t
https://doi.org/10.1080/15440478.2020.1870619
https://doi.org/10.1016/j.mtsust.2019.100014
https://doi.org/10.1179/\penalty -\@M 175355510x12723642365089
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0045
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0045
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0045
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0045
https://doi.org/10.1016/j.jclepro.2020.124109
https://doi.org/10.1007/978-3-030-11155-7_123-1
https://doi.org/10.1016/j.mtsust.2019.100031
https://doi.org/10.1016/j.jhazmat.2020.123429


V. Shanmugam, R.A. Mensah, M. Försth et al. Composites Part C: Open Access 5 (2021) 100138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

[50] M.S. Qureshi, A. Oasmaa, H. Pihkola, I. Deviatkin, A. Tenhunen, J. Man-
nila, H. Minkkinen, M. Pohjakallio, J. Laine-Ylijoki, Pyrolysis of plastic waste:
opportunities and challenges, J. Anal. Appl. Pyrolysis 152 (2020) 104804,
doi: 10.1016/j.jaap.2020.104804 . 

[51] L. De Weerdt, T. Sasao, T. Compernolle, S. Van Passel, S. De Jaeger,
The effect of waste incineration taxation on industrial plastic waste gen-
eration: a panel analysis, Resour. Conserv. Recycl. 157 (2020) 104717,
doi: 10.1016/j.resconrec.2020.104717 . 

[52] J. Hopewell, R. Dvorak, E. Kosior, Plastics recycling: challenges and opportunities,
Philos. Trans. Royal Soc. 364 (2009) 2115–2126, doi: 10.1098/rstb.2008.0311 . 

[53] T. Gurunathan, S. Mohanty, S.K. Nayak, A review of the recent developments in
biocomposites based on natural fibres and their application perspectives, Compos-
ites, Part A 77 (2015) 1–25, doi: 10.1016/j.compositesa.2015.06.007 . 

[54] S. RameshKumar, P. Shaiju, K.E. O’Connor, Bio-based and biodegradable polymers
- State-of-the-art, challenges and emerging trends, Curr. Opinion Green Sustain.
Chem. 21 (2020) 75–81, doi: 10.1016/j.cogsc.2019.12.005 . 

[55] F.M. Lamberti, L.A. Román-Ramírez, J. Wood, Recycling of bioplas-
tics: routes and benefits, J. Polym. Environ. 28 (2020) 2551–2571,
doi: 10.1007/s10924-020-01795-8 . 

[56] M.C. den Hollander, C.A. Bakker, E.J. Hultink, Product design in a circular econ-
omy: development of a typology of key concepts and terms, J. Ind. Ecol. 21 (2017)
517–525, doi: 10.1111/jiec.12610 . 

[57] K. Winans, A. Kendall, H. Deng, The history and current applications of the
circular economy concept, Renew. Sustain. Energy Rev. 68 (2017) 825–833,
doi: 10.1016/j.rser.2016.09.123 . 

[58] P. Stegmann, M. Londo, M. Junginger, The circular bioeconomy: its elements and
role in European bioeconomy clusters, Resour. Conserva. Recycl. 6 (2020) 100029,
doi: 10.1016/j.rcrx.2019.100029 . 

[59] E. Loiseau, L. Saikku, R. Antikainen, N. Droste, B. Hansjürgens, K. Pitkänen, P. Lesk-
inen, P. Kuikman, M. Thomsen, Green economy and related concepts: An overview,
J. Cleaner Prod. 139 (2016) 361–371, doi: 10.1016/j.jclepro.2016.08.024 . 

[60] D. Ayre, Technology advancing polymers and polymer composites towards sus-
tainability: A review, Curr. Opinion Green Sustain. Chem. 13 (2018) 108–112,
doi: 10.1016/j.cogsc.2018.06.018 . 

[61] Y. Zhou, P. Stanchev, E. Katsou, S. Awad, M. Fan, A circular economy use
of recovered sludge cellulose in wood plastic composite production: Recy-
cling and eco-efficiency assessment, Waste Manage. (Oxford) 99 (2019) 42–48,
doi: 10.1016/j.wasman.2019.08.037 . 

[62] D. Reike, W.J.V. Vermeulen, S. Witjes, The circular economy: new or refurbished as
CE 3.0? — exploring controversies in the conceptualization of the circular economy
through a focus on history and resource value retention options, Resour. Conserv.
Recycl. 135 (2018) 246–264, doi: 10.1016/j.resconrec.2017.08.027 . 

[63] Enabling a circular economy approach to advanced composites innovation,
manufacturing and use, Part 1 | CompositesWorld, (n.d.). https://www.
compositesworld.com/articles/enabling-a-circular-economy-approach-to- 
advanced-composites-innovation-manufacturing-and-use-part-1 , (accessed De-
cember 16, 2020). 

[64] Enabling a circular economy approach to advanced composites innovation,
manufacturing and use, Part 2 | CompositesWorld, (n.d.). https://www.
compositesworld.com/articles/enabling-a-circular-economy-approach-to- 
advanced-composites-innovation-manufacturing-and-use-part-2 , (accessed De-
cember 16, 2020). 

[65] V. Shanmugam, O. Das, R.E. Neisiany, K. Babu, S. Singh, M.S. Hedenqvist,
F. Berto, S. Ramakrishna, Polymer recycling in additive manufacturing: an
opportunity for the circular economy, Mater. Circular Econ. 2 (2020) 11,
doi: 10.1007/s42824-020-00012-0 . 

[66] J. Zhang, V.S. Chevali, H. Wang, C.H. Wang, Current status of carbon fibre
and carbon fibre composites recycling, Compo. Part B 193 (2020) 108053,
doi: 10.1016/j.compositesb.2020.108053 . 

[67] N.D. Sanandiya, C. Ottenheim, J.W. Phua, A. Caligiani, S. Dritsas, J.G. Fernan-
dez, Circular manufacturing of chitinous bio-composites via bioconversion of urban
refuse, Sci. Rep. 10 (2020) 1–8, doi: 10.1038/s41598-020-61664-1 . 

[68] J. Rybicka, A. Tiwari, G.A. Leeke, Technology readiness level assessment of
composites recycling technologies, J. Cleaner Prod. 112 (2016) 1001–1012,
doi: 10.1016/j.jclepro.2015.08.104 . 

[69] S. Chaitanya, I. Singh, J. Il Song, Recyclability analysis of PLA/Sisal fiber bio-
composites, Compos. Part B 173 (2019) 106895, doi: 10.1016/j.compositesb.
2019.05.106 . 

[70] M. Grigore, Methods of recycling, properties and applications of recycled thermo-
plastic polymers, Recycling 2 (2017) 24, doi: 10.3390/recycling2040024 . 

[71] Y. Yang, R. Boom, B. Irion, D.J. van Heerden, P. Kuiper, H. de Wit,
Recycling of composite materials, Chem. Eng. Process. 51 (2012) 53–68,
doi: 10.1016/j.cep.2011.09.007 . 

[72] J.D. Badia, E. Strömberg, S. Karlsson, A. Ribes-Greus, Material valorisation of amor-
phous polylactide. Influence of thermo-mechanical degradation on the morphol-
ogy, segmental dynamics, thermal and mechanical performance, Polym. Degrad.
Stab. 97 (2012) 670–678, doi: 10.1016/j.polymdegradstab.2011.12.019 . 

[73] K. Tarverdi, Improving the mechanical recycling and reuse of mixed plastics and
polymer composites, in: Management, Recycling and Reuse of Waste Composites,
Elsevier Inc., 2009, pp. 281–302, doi: 10.1533/9781845697662.3.281 . 

[74] G. Oliveux, L.O. Dandy, G.A. Leeke, Current status of recycling of fibre reinforced
polymers: Review of technologies, reuse and resulting properties, Prog. Mater Sci.
72 (2015) 61–99, doi: 10.1016/j.pmatsci.2015.01.004 . 

[75] C. Xu, J. Nie, W. Wu, Z. Zheng, Y. Chen, Self-healable, recyclable, and strength-
ened epoxidized natural rubber/carboxymethyl chitosan biobased composites with
14 
hydrogen bonding supramolecular hybrid networks, ACS Sustain. Chem. Eng. 7
(2019) 15778–15789, doi: 10.1021/acssuschemeng.9b04324 . 

[76] C. Xu, R. Cui, L. Fu, B. Lin, Recyclable and heat-healable epoxidized natu-
ral rubber/bentonite composites, Compos. Sci. Technol. 167 (2018) 421–430,
doi: 10.1016/j.compscitech.2018.08.027 . 

[77] M.A. Laadila, K. Hegde, T. Rouissi, S.K. Brar, R. Galvez, L. Sorelli, R. Ben Cheikh,
M. Paiva, K. Abokitse, Green synthesis of novel biocomposites from treated cellu-
losic fibers and recycled bio-plastic polylactic acid, J. Cleaner Prod. 164 (2017)
575–586, doi: 10.1016/j.jclepro.2017.06.235 . 

[78] J.O. Agunsoye, V.S. Aigbodion, Bagasse filled recycled polyethylene bio-
composites: Morphological and mechanical properties study, Results Phys. 3 (2013)
187–194, doi: 10.1016/j.rinp.2013.09.003 . 

[79] R.S. Chen, S. Ahmad, Extrusion processing of a high fibre loading of agrowaste
in recycled polyolefin biocomposite, J. Thermoplast. Compos. Mater. (2019)
089270571983801, doi: 10.1177/0892705719838015 . 

[80] A. Soroudi, I. Jakubowicz, Recycling of bioplastics, their blends
and biocomposites: A review, Eur. Polym. J. 49 (2013) 2839–2858,
doi: 10.1016/j.eurpolymj.2013.07.025 . 

[81] K. Mäkinen, Biokomposiittien pitkäaikaiskestävyys: Diplomityö, Technical Uni-
versity of Tampere, Tampere, Finland, 2002 https://cris.vtt.fi/en/publications/
long-term-permanence-of-biocomposites-masters-thesis accessed November 30,
2020 . 

[82] A. Mohanty, M. Misra, L. Drzal (Eds.), Natural Fibers, Biopolymers, and Biocom-
posites, CRC Press, 2005, doi: 10.1201/9780203508206 . 

[83] A.Le Duigou, I. Pillin, A. Bourmaud, P. Davies, C. Baley, Effect of recycling on
mechanical behaviour of biocompostable flax/poly(l-lactide) composites, Compos.
Part A 39 (2008) 1471–1478, doi: 10.1016/j.compositesa.2008.05.008 . 

[84] A. Grozdanov, M. Avella, A. Buzarovska, G. Gentile, M.E. Errico, Reuse of natural
fiber reinforced eco-composites in polymer mortars, Polymer Eng. Sci. 50 (2010)
762–766, doi: 10.1002/pen.21582 . 

[85] J.H. Song, R.J. Murphy, R. Narayan, G.B.H. Davies, Biodegradable and compostable
alternatives to conventional plastics, Philos. Trans. Royal Soc. 364 (2009) 2127–
2139, doi: 10.1098/rstb.2008.0289 . 

[86] E.T.H. Vink, K.R. Rábago, D.A. Glassner, P.R. Gruber, Applications of life cycle
assessment to NatureWorksTM polylactide (PLA) production, Polym. Degrad. Stab..
80 (2003) 403–419. doi:10.1016/S0141-3910(02)00372-5. 

[87] S. Madival, R. Auras, S.P. Singh, R. Narayan, Assessment of the environmental
profile of PLA, PET and PS clamshell containers using LCA methodology, J. Cleaner
Prod. 17 (2009) 1183–1194, doi: 10.1016/j.jclepro.2009.03.015 . 

[88] A. van Wijk, I. van Wijk, 3D printing with biomaterials: Towards a sustainable and
circular economy, IOS Press, 2015, doi: 10.3233/978-1-61499-486-2-i . 

[89] T.Y. Chong, M.C. Law, Y.S. Chan, The potentials of corn waste lignocellulosic fibre
as an improved reinforced bioplastic composites, J. Polym. Environ. (2020) 1–19,
doi: 10.1007/s10924-020-01888-4 . 

[90] A.M. Nafchi, M. Moradpour, M. Saeidi, A.K. Alias, Thermoplastic starches:
properties, challenges, and prospects, Starch/Staerke 65 (2013) 61–72,
doi: 10.1002/star.201200201 . 

[91] L. Mahalle, A. Alemdar, M. Mihai, N. Legros, A cradle-to-gate life cycle assessment
of wood fibre-reinforced polylactic acid (PLA) and polylactic acid/thermoplastic
starch (PLA/TPS) biocomposites, Int. J. Life Cycle Assess. 19 (2014) 1305–1315,
doi: 10.1007/s11367-014-0731-4 . 

[92] U. Suwanmanee, V. Varabuntoonvit, P. Chaiwutthinan, M. Tajan, T. Mungcharoen,
T. Leejarkpai, Life cycle assessment of single use thermoform boxes made from
polystyrene (PS), polylactic acid, (PLA), and PLA/starch: cradle to consumer gate,
Int. J. Life Cycle Assess. 18 (2013) 401–417, doi: 10.1007/s11367-012-0479-7 . 

[93] Shabina Muhammadi, M. Afzal, S. Hameed, Bacterial polyhydroxyalkanoates-eco-
friendly next generation plastic: Production, biocompatibility, biodegradation,
physical properties and applications, Green Chem. Lett. Rev. 8 (2015) 56–77,
doi: 10.1080/17518253.2015.1109715 . 

[94] P. Basnett, S. Ravi, I. Roy, Natural bacterial biodegradable medical polymers: poly-
hydroxyalkanoates„ in: Science and Principles of Biodegradable and Bioresorbable
Medical Polymers: Materials and Properties, Elsevier Inc., 2017, pp. 257–277,
doi: 10.1016/B978-0-08-100372-5.00008-8 . 

[95] T. Qiang, D. Yu, A. Zhang, H. Gao, Z. Li, Z. Liu, W. Chen, Z. Han,
Life cycle assessment on polylactide-based wood plastic composites tough-
ened with polyhydroxyalkanoates, J. Cleaner Prod. 66 (2014) 139–145,
doi: 10.1016/j.jclepro.2013.11.074 . 

[96] M. Barth, Marta; Carus, Carbon Footprint and Sustainability of Differ-
ent Natural Fibres for Biocomposites and Insulation Material Study provid-
ing data for the automotive and insulation industry MultiHemp, (2015).
https://library.wur.nl/WebQuery/titel/2100133 , (accessed December 15, 2020). 

[97] A.K. Singh , M. Kumar , S. Mitra , Carbon footprint and energy use in jute and allied
fibre production, Indian J. Agri. Sci. 88 (2018) 1305–1311 . 

[98] M.L.M. Broeren, S.N.C. Dellaert, B. Cok, M.K. Patel, E. Worrell, L. Shen,
Life cycle assessment of sisal fibre – exploring how local practices can in-
fluence environmental performance, J. Cleaner Prod. 149 (2017) 818–827,
doi: 10.1016/j.jclepro.2017.02.073 . 

[99] H.S. Kim, H.S. Yang, H.J. Kim, Biodegradability and mechanical properties of agro-
flour-filled polybutylene succinate biocomposites, J. Appl. Polym. Sci. 97 (2005)
1513–1521, doi: 10.1002/app.21905 . 

100] T. Ambone, S. Joseph, E. Deenadayalan, S. Mishra, S. Jaisankar, P. Saravanan,
Polylactic acid (PLA) biocomposites filled with waste leather buff (WLB), J. Polym.
Environ. 25 (2017) 1099–1109, doi: 10.1007/s10924-016-0891-3 . 

101] O. Das, D. Bhattacharyya, D. Hui, K.T. Lau, Mechanical and flammability charac-
terisations of biochar/polypropylene biocomposites, Compos. Part B 106 (2016)
120–128, doi: 10.1016/j.compositesb.2016.09.020 . 

https://doi.org/10.1016/j.jaap.2020.104804
https://doi.org/10.1016/j.resconrec.2020.104717
https://doi.org/10.1098/rstb.2008.0311
https://doi.org/10.1016/j.compositesa.2015.06.007
https://doi.org/10.1016/j.cogsc.2019.12.005
https://doi.org/10.1007/s10924-020-01795-8
https://doi.org/10.1111/jiec.12610
https://doi.org/10.1016/j.rser.2016.09.123
https://doi.org/10.1016/j.rcrx.2019.100029
https://doi.org/10.1016/j.jclepro.2016.08.024
https://doi.org/10.1016/j.cogsc.2018.06.018
https://doi.org/10.1016/j.wasman.2019.08.037
https://doi.org/10.1016/j.resconrec.2017.08.027
https://www.compositesworld.com/articles/enabling-a-circular-economy-approach-to-advanced-composites-innovation-manufacturing-and-use-part-1
https://www.compositesworld.com/articles/enabling-a-circular-economy-approach-to-advanced-composites-innovation-manufacturing-and-use-part-2
https://doi.org/10.1007/s42824-020-00012-0
https://doi.org/10.1016/j.compositesb.2020.108053
https://doi.org/10.1038/s41598-020-61664-1
https://doi.org/10.1016/j.jclepro.2015.08.104
https://doi.org/10.1016/j.compositesb.\penalty -\@M 2019.05.106
https://doi.org/10.3390/recycling2040024
https://doi.org/10.1016/j.cep.2011.09.007
https://doi.org/10.1016/j.polymdegradstab.2011.12.019
https://doi.org/10.1533/9781845697662.3.281
https://doi.org/10.1016/j.pmatsci.2015.01.004
https://doi.org/10.1021/acssuschemeng.9b04324
https://doi.org/10.1016/j.compscitech.2018.08.027
https://doi.org/10.1016/j.jclepro.2017.06.235
https://doi.org/10.1016/j.rinp.2013.09.003
https://doi.org/10.1177/0892705719838015
https://doi.org/10.1016/j.eurpolymj.2013.07.025
https://cris.vtt.fi/en/publications/long-term-permanence-of-biocomposites-masters-thesis
https://doi.org/10.1201/9780203508206
https://doi.org/10.1016/j.compositesa.2008.05.008
https://doi.org/10.1002/pen.21582
https://doi.org/10.1098/rstb.2008.0289
https://doi.org/10.1016/j.jclepro.2009.03.015
https://doi.org/10.3233/978-1-61499-486-2-i
https://doi.org/10.1007/s10924-020-01888-4
https://doi.org/10.1002/star.201200201
https://doi.org/10.1007/s11367-014-0731-4
https://doi.org/10.1007/s11367-012-0479-7
https://doi.org/10.1080/17518253.2015.1109715
https://doi.org/10.1016/B978-0-08-100372-5.00008-8
https://doi.org/10.1016/j.jclepro.2013.11.074
https://library.wur.nl/WebQuery/titel/2100133
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0097
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0097
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0097
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0097
https://doi.org/10.1016/j.jclepro.2017.02.073
https://doi.org/10.1002/app.21905
https://doi.org/10.1007/s10924-016-0891-3
https://doi.org/10.1016/j.compositesb.2016.09.020


V. Shanmugam, R.A. Mensah, M. Försth et al. Composites Part C: Open Access 5 (2021) 100138 

[  

 

 

[  

 

[  

 

 

[  

 

[  

[  

 

[  

 

 

[  

 

[  

 

[  

[  

 

 

[  

 

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

[  

 

 

[  

[  

 

[  

 

 

[  

 

[  

 

 

[  

[  

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

 

[  

[  

 

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

 

[  

 

 

102] M. Hertsgaard, As Uses of Biochar Expand, Climate Benefits Still Un-
certain, Yale Environ. 360 (2014) 7–9 https://e360.yale.edu/features/as_
uses_of_biochar_expand_climate_benefits_still_uncertain . accessed December 15,
2020 . 

103] D. Tadele, P. Roy, F. Defersha, M. Misra, A.K. Mohanty, Life cycle assessment of
renewable filler material (biochar) produced from perennial grass (Miscanthus),
AIMS Energy 7 (2019) 430–440, doi: 10.3934/energy.2019.4.430 . 

104] D. Tadele, P. Roy, F. Defersha, M. Misra, A.K. Mohanty, A compar-
ative life-cycle assessment of talc- and biochar-reinforced composites for
lightweight automotive parts, Clean Technol. Environ. Policy 22 (2020) 639–649,
doi: 10.1007/s10098-019-01807-9 . 

105] J.B. Guinée, R. Heijungs, Life Cycle Assessment, Kirk-Othmer Encyclopedia of
Chemical Technology, John Wiley & Sons, Inc., Hoboken, NJ, USA, 2005,
doi: 10.1002/0471238961.lifeguin.a01 . 

106] M. Finkbeiner, in: Introducing “Special Types of Life Cycle Assessment, Springer,
Dordrecht, 2016, pp. 1–9, doi: 10.1007/978-94-017-7610-3_1 . 

107] ISO 14044:2006(en), Environmental management — Life cycle assess-
ment — Requirements and guidelines, (n.d.). https://www.iso.org/obp/ui/
#iso:std:iso:14044:ed-1:v1:en , (accessed December 16, 2020). 

108] J. Bachmann, C. Hidalgo, S. Bricout, Environmental analysis of innova-
tive sustainable composites with potential use in aviation sector —a life
cycle assessment review, Sci. China Technol. Sci. 60 (2017) 1301–1317,
doi: 10.1007/s11431-016-9094-y . 

109] M.Z. Hauschild, R.K. Rosenbaum, S.I. Olsen, Life Cycle Assess-
ment: Theory and Practice, Springer International Publishing, 2017,
doi: 10.1007/978-3-319-56475-3 . 

110] N. Stoiber, M. Hammerl, B. Kromoser, Cradle-to-gate life cycle assessment of CFRP
reinforcement for concrete structures: calculation basis and exemplary application,
J. Cleaner Prod. 280 (2021) 124300, doi: 10.1016/j.jclepro.2020.124300 . 

111] P. Ramesh, S. Vinodh, State of art review on life cycle assessment of polymers, Int.
J. Sustainable Eng. 13 (2020) 411–422, doi: 10.1080/19397038.2020.1802623 . 

112] J. Ghosh, S. Hait, S. Ghorai, D. Mondal, S. Wießner, A. Das, D. De, Cradle-to-cradle
approach to waste tyres and development of silica based green tyre composites, Re-
sour. Conserv. Recycl. 154 (2020) 104629, doi: 10.1016/j.resconrec.2019.104629 .

113] D. Ita-Nagy, I. Vázquez-Rowe, R. Kahhat, I. Quispe, G. Chinga-
Carrasco, N.M. Clauser, M.C. Area, Life cycle assessment of bagasse
fiber reinforced biocomposites, Sci. Total Environ. 720 (2020) 137586,
doi: 10.1016/j.scitotenv.2020.137586 . 

114] J. Beigbeder, L. Soccalingame, D. Perrin, J.C. Bénézet, A. Bergeret, How
to manage biocomposites wastes end of life? A life cycle assessment ap-
proach (LCA) focused on polypropylene (PP)/wood flour and polylactic acid
(PLA)/flax fibres biocomposites, Waste Manage. (Oxford) 83 (2019) 184–193,
doi: 10.1016/j.wasman.2018.11.012 . 

115] P.F. Sommerhuber, J.L. Wenker, S. Rüter, A. Krause, Life cycle assessment of wood-
plastic composites: analysing alternative materials and identifying an environ-
mental sound end-of-life option, Resour. Conserv. Recycl. 117 (2017) 235–248,
doi: 10.1016/j.resconrec.2016.10.012 . 

116] P.F. Sommerhuber, J. Welling, A. Krause, Substitution potentials of re-
cycled HDPE and wood particles from post-consumer packaging waste
in Wood-Plastic Composites, Waste Manage. (Oxford) 46 (2015) 76–85,
doi: 10.1016/j.wasman.2015.09.011 . 

117] E. Oneil, R. Bergman, H. Sup Han, Life-Cycle Assessment of Redwood Decking in
the United States with a Comparison to Three Other Decking Materials Final Report
The Consortium for Research on Renewable Industrial Materials, 2013. 

118] C.A. Bolin, S. Smith, Life cycle assessment of ACQ-treated lumber with compar-
ison to wood plastic composite decking, J. Cleaner Prod. 19 (2011) 620–629,
doi: 10.1016/j.jclepro.2010.12.004 . 

119] C. Cao, Sustainability and life assessment of high strength natural fibre composites
in construction, in: Advanced High Strength Natural Fibre Composites in Construc-
tion, Elsevier Inc., 2017, pp. 529–544, doi: 10.1016/B978-0-08-100411-1.00021-2 .

120] S.M. Da Luz, V.M.Z. De Sousa, LCA modelling for natural fibre compos-
ites, Int. J. Comput. Aided Eng. Technol. 10 (2018) 166–178, doi: 10.1504/IJ-
CAET.2018.088837 . 

121] V. Dornburg, I. Lewandowski, M. Patel, Comparing the land requirements, energy
savings, and greenhouse gas emissions reduction of biobased polymers and bioen-
ergy, J. Ind. Ecol. 7 (2003) 93–116, doi: 10.1162/108819803323059424 . 

122] A.K. Mohanty, M. Misra, L.T. Drzal, Sustainable bio-composites from renewable
resources: Opportunities and challenges in the green materials world, J. Polym.
Environ. 10 (2002) 19–26, doi: 10.1023/A:1021013921916 . 

123] M. Pervaiz, M.M. Sain, Carbon storage potential in natural fiber composites, Resour.
Conserv. Recycl. 39 (2003) 325–340, doi: 10.1016/S0921-3449(02)00173-8 . 

124] M. Akhshik, S. Panthapulakkal, J. Tjong, M. Sain, A comparative life cycle assess-
ment based evaluation of greenhouse gas emission and social study: natural fibre
versus glass fibre reinforced plastic automotive parts, Int. J. Global Warming 15
(2018) 350–369, doi: 10.1504/IJGW.2018.093125 . 

125] O.M. De Vegt, W.G. Haije, Comparative Environmental Life Cycle Assessment of
Composite Materials, Undefined. 82 (1997) 466–481. 

126] M. Schmehl, J. Müssig, U. Schönfeld, H.B. Buttlar, Life cycle assessment on a bus
body component based on hemp fiber and PTP®, J. Polym. Environ. 16 (2008)
51–60, doi: 10.1007/s10924-008-0103-x . 

127] C. Boland, R. Dekleine, A. Moorthy, G. Keoleian, H.C. Kim, E. Lee, T.J. Wallington,
A life cycle assessment of natural fiber reinforced composites in automotive applica-
tions, SAE Technical Papers, SAE International, 2014, doi: 10.4271/2014-01-1959 .

128] Environmental protection agency, sources of greenhouse gas emissions, Clim.
Change (2019) 1–2 https://www.epa.gov/ghgemissions/sources-greenhouse-
gas-emissions . accessed December 15, 2020 . 
15 
129] K. Wötzel , R. Wirth , M. Flake , Life cycle studies on hemp fibre reinforced
components and ABS for automotive parts, Die Angewandte Makromolekulare
Chemie 272 (1999) 121–127 10.1002/(SICI)1522-9505(19991201)272:1 < 121::
AID-APMC121>3.0.CO;2-T . 

130] L. Shen, M.K. Patel, Life cycle assessment of polysaccharide materials: A review, J.
Polym. Environ. 16 (2008) 154–167, doi: 10.1007/s10924-008-0092-9 . 

131] X. Xu, K. Jayaraman, C. Morin, N. Pecqueux, Life cycle assessment of wood-fibre-
reinforced polypropylene composites, J. Mater. Process. Technol. 198 (2008) 168–
177, doi: 10.1016/j.jmatprotec.2007.06.087 . 

132] S.M. Luz, A. Caldeira-Pires, P.M.C. Ferrão, Environmental benefits of substituting
talc by sugarcane bagasse fibers as reinforcement in polypropylene composites:
Ecodesign and LCA as strategy for automotive components, Resour. Conserv. Re-
cycl. 54 (2010) 1135–1144, doi: 10.1016/j.resconrec.2010.03.009 . 

133] C. Alves, P.M.C. Ferrão, A.J. Silva, L.G. Reis, M. Freitas, L.B. Rodrigues, D.E. Alves,
Ecodesign of automotive components making use of natural jute fiber composites,
J. Cleaner Prod. 18 (2010) 313–327, doi: 10.1016/j.jclepro.2009.10.022 . 

134] P. Roy, F. Defersha, A. Rodriguez-Uribe, M. Misra, A.K. Mohanty, Evaluation of
the life cycle of an automotive component produced from biocomposite, J. Cleaner
Prod. 273 (2020) 123051, doi: 10.1016/j.jclepro.2020.123051 . 

135] G. Molins, M.D. Álvarez, N. Garrido, J. Macanás, F. Carrillo, Environmental Im-
pact Assessment of Polylactide(PLA)/Chicken Feathers Biocomposite Materials, J.
Polym. Environ. 26 (2018) 873–884, doi: 10.1007/s10924-017-0982-9 . 

136] L.J. Rodríguez, C.E. Orrego, I. Ribeiro, P. Peças, Life-cycle assessment and life-cycle
cost study of banana (musa sapientum) fiber biocomposite materials, in: Procedia
CIRP, Elsevier B.V., 2018, pp. 585–590, doi: 10.1016/j.procir.2017.11.145 . 

137] R. Haylock, K.A. Rosentrater, Cradle-to-grave life cycle assessment and techno-
economic analysis of polylactic acid composites with traditional and bio-based
fillers, J. Polym. Environ. 26 (2018) 1484–1503, doi: 10.1007/s10924-017-1041-2 .

138] G. David, G. Croxatto Vega, J. Sohn, A.E. Nilsson, A. Hélias, N. Gontard,
H. Angellier-Coussy, Using life cycle assessment to quantify the environmental ben-
efit of upcycling vine shoots as fillers in biocomposite packaging materials, Int. J.
Life Cycle Assess. (2020) 1–15, doi: 10.1007/s11367-020-01824-7 . 

139] S. Intrachooto, R. Mungkung, K. Kitpakornsanti, in: Eco-design and Life Cycle As-
sessment of Japanese Tableware from Palm-Melamine Bio-composites, Springer,
Singapore, 2017, pp. 1009–1019, doi: 10.1007/978-981-10-0471-1_69 . 

140] P. Roy, D. Tadele, F. Defersha, M. Misra, A.K. Mohanty, Environmental and eco-
nomic prospects of biomaterials in the automotive industry, Clean Technol. Envi-
ron. Policy 21 (2019) 1535–1548, doi: 10.1007/s10098-019-01735-8 . 

141] N. Venkateshwaran, A. ElayaPerumal, A. Alavudeen, M. Thiruchitrambalam, Me-
chanical and water absorption behaviour of banana/sisal reinforced hybrid com-
posites, Mater. Des. 32 (2011) 4017–4021, doi: 10.1016/j.matdes.2011.03.002 . 

142] Global fibre production reaches all-time high | Materials & Production News, News,
2021 n.d.. https://www.ecotextile.com/2019112625333/materials-production-
news/global-fibre-production-reaches-an-all-time-high.html , accessed February
12. 

143] K.G. Satyanarayana, G.G.C. Arizaga, F. Wypych, Biodegradable composites based
on lignocellulosic fibers-an overview, Progr. Polymer Sci. (Oxford) 34 (2009) 982–
1021, doi: 10.1016/j.progpolymsci.2008.12.002 . 

144] S.R. Naqvi, H.M. Prabhakara, E.A. Bramer, W. Dierkes, R. Akkerman, G. Brem, A
critical review on recycling of end-of-life carbon fibre/glass fibre reinforced com-
posites waste using pyrolysis towards a circular economy, Resour. Conserv. Recycl.
136 (2018) 118–129, doi: 10.1016/j.resconrec.2018.04.013 . 

145] T. Väisänen, A. Haapala, R. Lappalainen, L. Tomppo, Utilization of agricultural and
forest industry waste and residues in natural fiber-polymer composites: A review,
Waste Manage. (Oxford) 54 (2016) 62–73, doi: 10.1016/j.wasman.2016.04.037 . 

146] A. Conroy, S. Halliwell, T. Reynolds, Composite recycling in the con-
struction industry, Composites, Part A 37 (2006) 1216–1222, doi: 10.1016/j.
compositesa.2005.05.031 . 

147] J.P. Snudden, C. Ward, K. Potter, Reusing automotive composites production waste,
Reinf. Plast. 58 (2014) 20–27, doi: 10.1016/S0034-3617(14)70246-2 . 

148] S. Spierling, C. Röttger, V. Venkatachalam, M. Mudersbach, C. Herrmann, H.J. En-
dres, Bio-based plastics - a building block for the circular economy?„ in: Procedia
CIRP, Elsevier B.V., 2018, pp. 573–578, doi: 10.1016/j.procir.2017.11.017 . 

149] R. Stewart, Legislation for recycling waste composites„ in: Management, Re-
cycling and Reuse of Waste Composites, Elsevier Inc., 2009, pp. 20–38,
doi: 10.1533/9781845697662.1.20 . 

150] H.J. Huang, S. Ramaswamy, U.W. Tschirner, B.V. Ramarao, A review of separation
technologies in current and future biorefineries, Sep. Purif. Technol. 62 (2008)
1–21, doi: 10.1016/j.seppur.2007.12.011 . 

151] A. Bourmaud, D.U. Shah, J. Beaugrand, H.N. Dhakal, Property changes in plant
fibres during the processing of bio-based composites, Ind. Crops Prod. 154 (2020)
112705, doi: 10.1016/j.indcrop.2020.112705 . 

152] D. Hull, T.W. Clyne, An Introduction to Composite Materials, Cambridge University
Press, 1996, doi: 10.1017/cbo9781139170130 . 

153] S. Karuppannan Gopalraj, T. Kärki, A review on the recycling of waste carbon fi-
bre/glass fibre-reinforced composites: fibre recovery, properties and life-cycle anal-
ysis, SN Appl. Sci. 2 (2020) 1–21, doi: 10.1007/s42452-020-2195-4 . 

154] C.K. Lee, Y.K. Kim, P. Pruitichaiwiboon, J.S. Kim, K.M. Lee, C.S. Ju, Assess-
ing environmentally friendly recycling methods for composite bodies of railway
rolling stock using life-cycle analysis, Transport. Rese. Part D 15 (2010) 197–203,
doi: 10.1016/j.trd.2010.02.001 . 

155] R.A. Witik, R. Teuscher, V. Michaud, C. Ludwig, J.A.E. Månson, Car-
bon fibre reinforced composite waste: an environmental assessment of recy-
cling, energy recovery and landfilling, Composites, Part A 49 (2013) 89–99,
doi: 10.1016/j.compositesa.2013.02.009 . 

https://e360.yale.edu/features/as_uses_of_biochar_expand_climate_benefits_still_uncertain
https://doi.org/10.3934/energy.2019.4.430
https://doi.org/10.1007/s10098-019-01807-9
https://doi.org/10.1002/0471238961.lifeguin.a01
https://doi.org/10.1007/978-94-017-7610-3_1
https://www.iso.org/obp/ui/\043iso:std:iso:14044:ed-1:v1:en
https://doi.org/10.1007/s11431-016-9094-y
https://doi.org/10.1007/978-3-319-56475-3
https://doi.org/10.1016/j.jclepro.2020.124300
https://doi.org/10.1080/19397038.2020.1802623
https://doi.org/10.1016/j.resconrec.2019.104629
https://doi.org/10.1016/j.scitotenv.2020.137586
https://doi.org/10.1016/j.wasman.2018.11.012
https://doi.org/10.1016/j.resconrec.2016.10.012
https://doi.org/10.1016/j.wasman.2015.09.011
https://doi.org/10.1016/j.jclepro.2010.12.004
https://doi.org/10.1016/B978-0-08-100411-1.00021-2
https://doi.org/10.1504/IJCAET.2018.088837
https://doi.org/10.1162/108819803323059424
https://doi.org/10.1023/A:1021013921916
https://doi.org/10.1016/S0921-3449(02)00173-8
https://doi.org/10.1504/IJGW.2018.093125
https://doi.org/10.1007/s10924-008-0103-x
https://doi.org/10.4271/2014-01-1959
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0129
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0129
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0129
http://refhub.elsevier.com/S2666-6820(21)00033-5/sbref0129
https://doi.org/10.1007/s10924-008-0092-9
https://doi.org/10.1016/j.jmatprotec.2007.06.087
https://doi.org/10.1016/j.resconrec.2010.03.009
https://doi.org/10.1016/j.jclepro.2009.10.022
https://doi.org/10.1016/j.jclepro.2020.123051
https://doi.org/10.1007/s10924-017-0982-9
https://doi.org/10.1016/j.procir.2017.11.145
https://doi.org/10.1007/s10924-017-1041-2
https://doi.org/10.1007/s11367-020-01824-7
https://doi.org/10.1007/978-981-10-0471-1_69
https://doi.org/10.1007/s10098-019-01735-8
https://doi.org/10.1016/j.matdes.2011.03.002
https://www.ecotextile.com/2019112625333/materials-production-news/global-fibre-production-reaches-an-all-time-high.html
https://doi.org/10.1016/j.progpolymsci.2008.12.002
https://doi.org/10.1016/j.resconrec.2018.04.013
https://doi.org/10.1016/j.wasman.2016.04.037
https://doi.org/10.1016/j.\penalty -\@M compositesa.2005.05.031
https://doi.org/10.1016/S0034-3617(14)70246-2
https://doi.org/10.1016/j.procir.2017.11.017
https://doi.org/10.1533/9781845697662.1.20
https://doi.org/10.1016/j.seppur.2007.12.011
https://doi.org/10.1016/j.indcrop.2020.112705
https://doi.org/10.1017/cbo9781139170130
https://doi.org/10.1007/s42452-020-2195-4
https://doi.org/10.1016/j.trd.2010.02.001
https://doi.org/10.1016/j.compositesa.2013.02.009


V. Shanmugam, R.A. Mensah, M. Försth et al. Composites Part C: Open Access 5 (2021) 100138 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

[  

 

 

 

[  

 

 

[  

 

[  

 

[  

 

156] V.R. Patlolla, R. Asmatulu, Recycling and reusing fiber-reinforced composites,
in: Recycling: Technological Systems, Management Practices and Environ-
mental Impact, 2013: pp. 193–207. https://web.b.ebscohost.com/abstract?
direct = true&profile = ehost&scope = site&authtype = crawler&jrnl = 19353049& 
AN = 93708316&h = eC7UGIXJl8mlS0l%2F4O99KuKPwJBDMFJ3Ck1csTZwgNIiCy 
DEhXVM0V5HkwFcEysFuxi0Wyo8enEWJyOS1VJGGw%3D%3D&crl = c&resultNs =
AdminWebAuth&resultLocal = E , (accessed December 1, 2020). 

157] Eguemann Roux, High performance thermoplastic composite processing and
recycling from cradle to cradle, Conference: SAMPE 34th International Tech-
nical Conference, 2013 https://www.researchgate.net/publication/257944993_
High_ Performance_Thermoplastic_Composite_Processing_and_Recycling_from_ 
Cradle_to_Cradle accessed December 1, 2020 . 

158] O. Zabihi, M. Ahmadi, C. Liu, R. Mahmoodi, Q. Li, M.R. Ghandehari Fer-
dowsi, M. Naebe, A Sustainable approach to the low-cost recycling of waste
glass fibres composites towards circular economy, Sustainability 12 (2020) 641,
doi: 10.3390/su12020641 . 

159] S.H. Mamanpush, A.T. Tabatabaei, Heterogeneous thermoset/thermoplastic recy-
cled carbon fiber composite materials for second-generation composites, (2020).
doi: 10.31224/osf.io/hmyqx . 
16 
160] G. Martínez-Barrera, N. González-Rivas, E. Vigueras-Santiago, Á. Martínez-López,
J.A. Tello-González, C. Menchaca-Campos, Waste and recycled materials and their
impact on the mechanical properties of construction composite materials, Compos-
ites from Renewable and Sustainable Materials, InTech, 2016, doi: 10.5772/65433 .

161] M.F. Khurshid, M. Hengstermann, M.M.B. Hasan, A. Abdkader, C. Cherif,
Recent developments in the processing of waste carbon fibre for thermo-
plastic composites – a review, J. Compos. Mater. 54 (2020) 1925–1944,
doi: 10.1177/0021998319886043 . 

162] P.T. Mativenga, A.A.M. Sultan, J. Agwa-Ejon, C. Mbohwa, Composites in a circular
economy: a study of united kingdom and South Africa, in: Procedia CIRP, Elsevier
B.V., 2017, pp. 691–696, doi: 10.1016/j.procir.2016.11.270 . 

163] M. Sauerwein, E. Doubrovski, R. Balkenende, C. Bakker, Exploring the potential of
additive manufacturing for product design in a circular economy, J. Cleaner Prod.
226 (2019) 1138–1149, doi: 10.1016/j.jclepro.2019.04.108 . 

164] European Commission, Closing the loop - An EU action plan for the Circu-
lar Economy, Brussels, 2015. https:// eur-lex.europa.eu/legal-content/EN/TXT/
?uri = CELEX:52015DC0614 , (accessed July 20, 2020). 

https://web.b.ebscohost.com/abstract?direct=true\046profile=ehost\046scope=site\046authtype=crawler\046jrnl=19353049\046AN=93708316\046h=eC7UGIXJl8mlS0l\046\043x0025;2F4O99KuKPwJBDMFJ3Ck1csTZwgNIiCyDEhXVM0V5HkwFcEysFuxi0Wyo8enEWJyOS1VJGGw\046\043x0025;3D\046\043x0025;3D\046crl=c\046resultNs=AdminWebAuth\046resultLocal=E
https://www.researchgate.net/publication/257944993_High_Performance_Thermoplastic_Composite_Processing_and_Recycling_from_Cradle_to_Cradle
https://doi.org/10.3390/su12020641
https://doi.org/10.31224/osf.io/hmyqx
https://doi.org/10.5772/65433
https://doi.org/10.1177/0021998319886043
https://doi.org/10.1016/j.procir.2016.11.270
https://doi.org/10.1016/j.jclepro.2019.04.108
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015DC0614

	Circular economy in biocomposite development: State-of-the-art, challenges and emerging trends
	1 Introduction
	1.1 Plastics and environment
	1.2 Bioplastics/biocomposites
	1.3 Bioplastics and circular economy

	2 Recycling of bioplastics/biocomposites
	3 Properties of recycled biopolymers/biocomposites
	4 Environmental impacts
	4.1 LCA assessment on biocomposites

	5 Economic impact of biocomposites
	6 Introduction of CE in biocomposite manufacturing: opportunities and challenges
	7 Benefits of circular economy in biocomposites
	8 Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


