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A B S T R A C T   

With an increasing demand for composite materials in many fields, awareness concerning their waste man-
agement collection and treatment is rising. An overview of the composite recycling sector highlights the main 
challenges as well as the implementation of legal restrictions on waste disposal leading to the need to establish a 
good collection system and develop more sustainable waste treatment solutions. The following of the review 
presents existing techniques, among which we can cite mechanical, thermal and chemical processes, whose aim 
was mainly focused on the recovery of the reinforcement fraction as the first use was mainly dedicated to 
thermoset composites. With the emergence of thermoplastic composites, novel routes are under investigation to 
leverage the re-melting and re-moulding properties of the thermoplastic matrix while still preserving the ther-
momechanical properties of the fibers. Several research and projects currently explored are being presented here. 
Despite these intensive and on-going research, the recycling composite sector still suffers from an uncertainty in 
the whole waste treatment chain caused by several factors, which makes it difficult to invest in the recycling and 
the re-manufacturing of these materials. Research gaps as well as logistical obstacles were identified to put 
forward the intensive efforts needed for the sustainability of this sector.   

1. Introduction 

Fiber reinforced polymer composites, FRPC,1 are nowadays gaining 
ground in many fields such as automotive, aeronautic, or in renewable 
energy equipment. Indeed, according to a study conducted by JEC 
Group (Reux et al., 2020), the major industries using composite mate-
rials, in volume, are transportation (28%), construction (20%), electric 
and electronic (16%) and pipelines and tanks (15%). Among those, the 
automotive sector will be the most demanding in composite materials in 
the near future as the number of hydrogen powered cars is expected to 
rise by 38% by 2030. The global composite market has reached 17.7 Mt 
in volume for a value of $86 billion. China (28%) and North America 
(26%) still stand as the major markets, followed Europe (21%) and the 
rest of Asia (19%). 

With an increasing rate of production comes an increase of the 
amount of waste to dispose. Traditional disposal routes such as incin-
eration and landfills are becoming more and more restrictive. It is 
essential to start thinking about more sustainable waste treatment. 

Various technologies are already in place such as thermal, mechanical 
and chemical recycling. Most of them where developed in order to 
process thermoset composites TSC,2 with small length fiber plus matrix 
recovery when dealing with mechanical processing or high cost methods 
for separation of the fibers from the matrix, and then only recycle the 
fibers. However, these routes will not be highlighted in further works as 
the need of tomorrow will be the recycling of thermoplastic composites 
TPC3 offering the possibility of re-using either fiber and matrix. 

Generally speaking, all the processes have to face some barriers such 
as their high cost, the loss of material properties and the lack of market 
using recycled materials. Intensive R&D investigations still have to be 
conducted in diverse areas:  

- More easily recyclable composite materials  
- More efficient and intensified recycling processes  
- Production techniques partially using recycled materials  
- Improvement of the waste collection chain 
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A recent project named SEARRCH, Sustainability Engineering 
Assessment Research for Recycling Composite High-value, was con-
ducted by the French National Agency for Research, ANR, with the aim 
of highlighting stakeholder’s points of view in terms of composite 
recycling (Pillain et al., 2020). Four main criteria were put forward by 
the different categories of people, producers, end-of-life managers, 
Institutional/Normative and researchers:  

- Quality: Properties conservation of the recyclates  
- Norms and regulation: Initiate and oblige the structuration of the 

recycling sector  
- Mastering recycling process: Go towards an industrial scale 
- Maturity of the recycling process: Increase the technological readi-

ness level, TRL.4 

Based on these ideas, every actor intervening in the product chain, 
from cradle-to-cradle, has to pool efforts to produce more sustainable 
products and help improving the waste collection and treatment, in 
order to reduce the carbon foot print. As an example, a life cycle analysis 
estimated that the production of virgin carbon fibers accounted for 80% 
of the carbon foot print contribution among the different stages of the 
product, supporting the need of developing and improving recycling to 
prevent the production of new fibers (Katsiropoulos et al., 2019). 

The literature search was first conducted on the Scopus database and 
was then completed with additional online database such as Scifinder, 
Science Direct, Research Gate and Web of Science. The search was 
mainly limited to the past 20 y. The main keywords employed were 
“carbon fiber”, “glass fiber”, “Fiber reinforced polymers” and “recy-
cling”. Relevant articles were carefully selected and classified into 3 
categories: the first dealt with articles about the composite recycling 
sector in general, the second one contained papers which focused only 
on one specific technique and the last one with those containing some 
technico-economic aspects. The aim of this work is to give an overview 
of the current situation of the FRPC recycling sector, logistical, technical 
and legal challenges. The following of the review will expose technol-
ogies which have been explored in the past 20 y. Some of them have 
reached an industrial and commercial level, while others are still under 
investigation. Then, a particular focus will be made on novel recycling 
techniques specially dedicated to thermoplastic composites, as their use 
is on a continuous increasing pathway. Finally, remaining gaps will be 
identified. 

2. The composite recycling sector 

Stakes are both environmental and economic. Limiting waste 
disposed in landfills as well as replacing non-renewable resources by 
recycled ones will help promoting the use of composite materials for 
diverse fields of application (Frerejean, 2017). Facing the remaining 
obstacles of the recycling process is essential for the sustainability of this 
sector. 

2.1. Main challenges 

Plastic composites are materials composed of a polymer matrix 
combined with a fiber reinforcement, to which other components such 
as mineral charges can sometimes be added. Attractive by their high 
thermomechanical properties, their lightness and their long-life span, 
the heterogeneous aspect of their composition is one of the factors 
limiting their recyclability (Krawczak, 2011; Yang et al., 2012). As an 
example, waste printed circuit boards are made of a metallic part 
combined with a non-metallic part composed of a thermoset matrix, 
glass fibers, mineral fillers, and fire retardant compounds (Grigorescu 
et al., 2020). 

In the past, TSC accounted for two third of the polymer composites. 
As they cannot be re-moulded, they present a greater difficulty for being 
recycled compared to TPC, leading to a preference towards the latter. In 
2019, thermoset matrices still accounted for 61% counter 39% for 
thermoplastic ones. Glass fibers, GF,5 are by far the most employed 
(88%) counter natural fibers (11%) and carbon fibers, CF,6 (1%) (JEC 
Group, 2020). Despite this discrepancy, recent articles are usually car-
bon fiber reinforced polymers focused, CFRP,7 as CF represent a higher 
commercial value, hence receiving more attention (Oliveux et al., 2015). 
This disparity can be put forward when carrying out a keyword search 
on Scopus. When typing “Glass fiber reinforced polymer” AND “recy-
cling” and in the same way for carbon fibers, Fig. 1 is obtained. Previous 
studies were concentrated on either CF and GF and in a very low pro-
portion. Since 2011, studies have continuously increased in an expo-
nential manner with a steeper slope for CF. 

In spite of numerous studies, many technical, logistical and 
economical obstacles remain. The complexity of their structure and the 
alteration of mechanical properties during the recycling process lead 
mostly to the recovery of energy and fuel matter and materials of a lower 
quality. Added to that, the waste quantity is largely inferior to those of 
plastics or metals, yielding to a lack of interest in recycling them. The 
geographical dispersion of generated waste also makes the collection 
difficult and costly. 

As environmental concerns are omnipresent, the management of 
waste is becoming a priority for the lasting of this type of material. 
Regarding the metal industry, recycling is well established as it is 
economical favourable. On the contrary, for composites, processes are 
not yet always cost-effective as it is usually less expensive to dispose 
them in landfills. 

2.2. Legislative scope 

In order to encourage companies to recycle, governments have to 
interfere by using economic and legislative tools such as increasing taxes 
on landfills and imposing compulsory directives. In the UK, the taxes 
rate for landfills reached £84.40 per ton in 2017 (Zhang et al., 2020), 
making the disposal in landfills more costly than incineration (Li et al., 
2016). 

The concept of extended producer responsibility, has been integrated 
by the European Parliament in the 2008/98/CE Directive. This idea 
means that every person in charge of developing, manufacturing, pro-
cessing, treating, selling or importing products is responsible of the 
upstream and downstream impacts throughout the whole life cycle of 
the product (The European Parliament and of the Council, 2008). To 
encourage this procedure, five specific directives have been created at a 
European level (packages, batteries, end-of-life vehicles, electric and 
electronic devices waste, medicines). Member states may add other 
measures such as France which counts about twenty of them (ADEME, 
2017). 

In the same directive, the European Parliament has also reported the 
waste management hierarchy displayed in Fig. 2:  

1 - Prevention stands at the top of the hierarchy. This step includes any 
measure taken before waste is produced. It can be reducing the 
quantity of resources used, replacing harmful products by harmful-
ness ones, improving the effectiveness of processes, and extending 
the life-span of products.  

2 - The reuse step consists in reusing a material, which has not gone 
through any thermal, mechanical or chemical transformation, for the 
same or for other purposes than the one it has been designed for. As 
an example, a recent study suggested a conceptual solution to extract 

4 TRL: Technological readiness level. 

5 GF: Glass Fiber.  
6 CF: Carbon Fiber.  
7 CFRP/GFRP: Carbon/Glass Fiber Reinforced Polymer. 

R. Bernatas et al.                                                                                                                                                                                                                               



Cleaner Engineering and Technology 5 (2021) 100272

3

segments from decommissioned wind turbine blades and to reuse 
them for structural application for affordable housing communities 
(Bank et al., 2018). 

3 - Recycling comes if any thermal, mechanical, or chemical trans-
formation is needed before reusing the material. Application fields of 
recycled materials are usually less demanding because of the loss of 
properties during the recycling process. The recovery of energy and 
material as well as preserving as much as possible mechanical 
properties are the biggest challenges of this step.  

4 – The last possible solution consists in incinerating the material in 
order to recover as much resources as possible. It can either be:  

- Material and energy  
- Energy only  
- No recovery 

Even if this route generates a great amount of electricity and heat, it 
also increases severely green-house gas emissions and produces ash by- 
products, that can only end-up in landfills (Karuppannan Gopalraj and 
Kärki, 2020). This solution must not be a first choice and will not be 
considered as a recycling technique in this review.  

5 – If none of these previous steps are possible, products are disposed in 
landfills. However, some countries, such as Germany, has already 
forbidden the disposal of composite waste in landfills (Jacob, 2011; 
Katsiropoulos et al., 2019). 

Moreover, The United Nations developed “The Sustainable Devel-
opment Goals” to address global challenges to achieve a better and more 

sustainable future for all. The aim is to achieve all 17 SDGs and 169 
targets by 2030 (United Nations, 2020). Recycling is part of the goal 
number 12, which aims to achieve a responsible consumption and pro-
duction by “doing more and better with less” (United Nations, n.d.). 

2.3. Waste collection and treatment 

A schematic diagram of the recycling chain is presented in Fig. 3. 
Waste can be divided into two categories. On the one side, those 
emanating from the production are more easily treated as they tend to be 
well identified, concentrated in specific areas, and with less contami-
nation. On the other side, waste generated by end-of-life, EOL,8 products 
are much more complicated to deal with for several reasons. Coming 
from disperse places, a specialised channel of collection has to be put in 
place. Moreover, these products are usually mixed, with no longer 
identification labels, resulting in the need of a first sorting out before 
treatment. This mixing can lead to severe contaminations, which 
sometimes prevents recycling. These impurities can be non-extractible 
pollution or extractible pollution which will be turned into additional 
waste to treat (Robin, 2003). Finally, the delay between the production 
and the end-of-life varies between products, giving rise to some fluctu-
ation of the amount of waste to treat. 

Consequently, quantifying composite waste is quite difficult as it 
represents strategic figures for the different stakeholders. Only an esti-
mation can be made. The CReCoF, French Composite Recycling Comity, 
has estimated the amount of waste generated by the production to be 
between 7000 and 15,000 t/year, and the one coming from EOL prod-
ucts between 3000 and 7000 t/y. These last figures are expected to rise 
by 2025, with the first boats and wind turbine blades to be replaced, 
added to the increasing use in the automotive sector. 

Collection and transport also depend on the type of product to treat. 
Some collection chains are already well established such as EOL aircrafts 
and vehicles. Even between these two, differences exist. Indeed, due to 
their huge size, aircraft pieces first need to be cut into smaller pieces for 
ease of transportation, whereas vehicles are more easily transported 
straight away to the dismantling firm. However, waste collection in 
some areas, in particular for small products such as electronic devices or 
leisure equipment is still incomplete and quite difficult because of the 
spreading of their location. 

At the bottom of this diagram can be found the markets, to which 
recycled products will be further sold. That last link in the chain is the 
one dictating requirements and demand on the quality and prices of the 
recycled products. The recycling process chosen is significantly 

Fig. 1. Number of documents published based on CF and GF recycling since 2005.  

Fig. 2. Waste management hierarchy (The European Parliament and of the 
Council, 2008). 

8 EOL: End-Of-Life. 
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influenced by the markets in order to meet all their criteria. 

2.4. Why turn from TSC to TPC 

More and more, composite with thermoplastic matrices have 
attracted attention as they present many advantages over thermoset 
matrices. Amongst these, an easier recyclability is the most cited 
criteria, as well as post-formability, as it meets environmental concerns. 
Indeed, they have the ability to be re-melted and re-moulded upon 
heating, in order to be re-shaped, Fig. 4 (Liu et al., 2017; Murray et al., 
2021). 

The recent success of TPC can also be attributed to the rise of auto-
mated manufacturing processes capable of producing complex parts at 
an industrial production rate resulting in a reduction of manufacturing 
costs and processing times (Babeau et al., 2020). These resins can also be 
thermally joined, so no adhesive bonds are needed. 

Similar mechanical properties are usually observed when compared 
to thermoset composites. A recent study (Murray et al., 2021) estab-
lished a structural characterisation of a 13 m thermoplastic composite 
wind turbine blade that was compared with a thermoset one. Flatwise 
structural static performance and fatigue performance were proved to be 
similar. The main difference noticed was an increase of damping which 
could induce reduced operational loads. 

Finally, storage of TP resins is easier as they can be stored over long 
time period without losing performance or ability to process (Stewart, 
2011). They are stable at ambient temperature in the form of granulates 
or powders, making their handling easier and safer compared to TS 
resins which have to be stored under very cold temperatures (Li and 
Englund, 2017). 

Many processes have already been widely studied for the recycling of 
FRPC as a whole, without necessarily benefiting from the different ad-
vantages of the thermoplastic matrix cited previously. These will be 
presented along the following section 3 while emerging techniques 
focusing on the recycling of TPC will be presented in section 4. 

3. Main processes 

Four main categories (Krawczak, 2011), presented in Fig. 5, stand 
out.  

- Mechanical processes: The material is reintegrated in another object 
without undergoing any modification of its chemical structure. After 
being shredded, fiber-rich and matrix-rich fractions are separated 
and are usually of a lower quality compared to the initial material.  

- Thermal processes: The material goes through a high temperature 
treatment which can lead to the recovery of some solid residues as 
well as some energy.  

- Chemical processes: During chemical depolymerisation, the organic 
and mineral fractions are separated by the use of a solvent, in order 
to be employed as intermediate products in new syntheses or in new 
products. As this route can sometimes generate chemical waste with 
environmental concerns, this technique has not been widely studied 
besides from lab scale. However, the use of super critical-fluids, 
considered as cleaner processes, could be an alternative (Yang 
et al., 2012).  

- Biologic processes: The material is deteriorated under the action of 
living organisms. This route will not be further examined here as 
fiber reinforced polymers are aiming to have a long life-span, and 
thus not be bio-degradable. 

The recycling technique chosen depends significantly on the type of 
fibers composing the material. As virgin glass fibers are less expensive in 
comparison to carbon fibers, the recycling techniques used for GFRP will 
have to be cheaper compared to the ones for CF. Moreover, GF tend to be 
highly damaged through high temperature processes. Consequently, 

Fig. 3. Waste’s origins and treatments.  

Fig. 4. Difference between thermoplastics and thermosets.  
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GFRP will usually undergo mechanical recycling processes while CFRP 
will mostly be treated by a thermochemical process, in order to recover 
the fibers with the less damage as possible, hence preserving their high 
value. Moreover, a technology readiness level assessment of several 
routes has been establish in 2015, confirming that mechanical grinding 
was the most advanced technique for GF while pyrolysis was preferred 
for CF (Rybicka et al., 2016). A more recent study would be necessary in 
order to include progresses in the diverse techniques as well as assessing 
new technologies. All are addressed below, and a comparison is sum-
marized in Table 1. 

3.1. Mechanical processes 

Today, the mechanical recycling consists in a multiple steps process 
of size reduction. After being shredded to a 50–100 mm size, a second 
step of grinding or milling enables obtaining recyclates sizing from 50 
μm to 10 mm. Then, the whole is separated in different size fractions 
using cyclones, sieves or zig-zag air classifier (Palmer et al., 2009) 
ranging from fine powders to fibrous recyclates. The resin rich powder is 
commonly used as filler. At loading level of about 10w%, the mechanical 
properties are tolerable. The final component can be 5% lighter than the 
one using only virgin fillers such as silica or calcium carbonate, as the 
density of the polymer is lower (Pickering, 2006). However, it still quite 
hard to be economically competitive because of the low cost these virgin 
fillers (Otheguy et al., 2009). 

The fibrous fraction is usually employed as a reinforcement. Draw-
backs lie with the fact that fibers are shorter and that the bonding be-
tween the fiber and the new matrix is sometimes poor. This leads to a 
decrease in the mechanical properties of the final product, such as ten-
sile strength, Young modulus and surface quality, by up to 50%, Fig. 6 
(Kiss et al., 2020). 

Despite a reduction in mechanical properties, this route presents the 
advantage of recovering both matrix and fibers, without the use of 
hazardous chemicals and an absence of gas emissions. It has been 
investigated for both CF and GF, however, the degradation of mechan-
ical properties of the fibers limits the possibilities of remanufacturing, 
and is therefore more cost-effective for GFRP (Meira Castro et al., 2014; 
Pimenta and Pinho, 2011). Indeed, a life cycle cost analysis showed that 
the mechanical recycling of CFRP and its use to replace virgin GF, has a 
far higher net cost than landfills or incineration (Li et al., 2016). Added 
to that, the attrition provoked by CF occurring during the recycling 
process causes damage to the equipment, enhancing the operational 
costs, thus decreasing even more the economic benefit of recycling. 
However, an energy analysis showed that the unit process energy for 
mechanical recycling depends of the processing rate. This energy was in 
the order of 2.03 MJ/kg at 10 kg/h and was decreased to 0.27 at 150 

kg/h. Compared to the embodied energy of virgin CF (183–286 MJ/kg), 
these figures are significantly lower, suggesting that these recycled fi-
bers could be used in short fiber composites, in less mechanical 
demanding sectors, providing environmental benefits (Howarth et al., 
2014). 

3.2. Thermal processes 

Thermal processes imply the recovery of the fibers by the removal of 
the resin by volatilizing it, leading to by-products such as gases, liquids 
or inorganic matter. Four main processes can be distinguished: cement 
plant, pyrolysis, fluidised bed, and microwaved pyrolysis. 

3.2.1. Cement industry 
This route consists in using composite waste as fuel in the cement 

industry. After a shredding step, the composite is introduced in the 
cement kiln. The organic part brings calorific value supplying the oven, 
whereas the mineral part enters the composition of the clinker. This way 
results in a 67% of material recovery and a 33% of energy recovery 
(Jacob, 2011). This method acts as an immediate solution, capable to 
treat rapidly big volumes of waste without producing ultimate waste. 
Limits include the fact that for carbon fiber, this process results only in 
an energy recovery. 

3.2.2. Pyrolysis 
Pyrolysis is the most studied route. Composite waste goes through a 

high temperature treatment (from 450 ◦C up to 700 ◦C), in absence of 
oxygen, which separates components while degrading the organic 
compounds. Hence, only fibers are recovered to be further reintroduced 
in materials. The matrix is divided into solid residues and gases which 
both serve as fuels. This route enables the recovery of long fibers with 
high modulus but contaminated by char. A post-pyrolysis treatment, 
consisting in an oxidation using air is needed to burn any char residues 
on the surface of the fiber (Naqvi et al., 2018). This treatment leads to 
the formation of an oxygen rich surface, which promotes chemical 
adhesion between the recycled fibers and the new resin (Cai et al., 2019; 
Mazzocchetti et al., 2018). Increased interfacial bonding between 
recycled short carbon fibers and an epoxy matrix can also be achieved 
through a polydopamine surface-modification (Huan et al., 2020). 

Glass fibers’ mechanical properties can be severely hindered, up to 
50% under very high temperature treatments. As the minimum tem-
perature of this process is 450 ◦C, this technique is commonly used for 
carbon fibers, which preserve 95–99% of their initial mechanical 
properties, depending on the treatment conditions. A compromise has to 
be made between resulting mechanical properties and the amount of 
remaining chars. A temperature between 500 and 550 ◦C was found to 

Fig. 5. Main recycling processes.  
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be the higher limit to preserve the strength of the CF (Oliveux et al., 
2015). 

This technique has reached a high technology readiness level of 8. In 
2010, ELG Carbon Fiber specialised one of its business unit in the 
recycling of CF, making them nowadays, one of the leaders in that field. 
Their research are still ongoing to optimise the length of the recycled CF 
and to seek for new opportunity markets (Holmes, 2018). Their part-
nership with Boeing in 2019 showed the possibility of using recycled 
CFRP in the aerospace industry. 

3.2.3. Oxidation in fluidised bed 
This technique consists in exposing the composite to a hot and 

oxygen-rich flow, in which it is combusted (450 ◦C up to 550 ◦C) 
(Pickering et al., 2000). The working temperature is selected in function 
of the matrix to be decomposed, to limit damages of the fibers. After a 
shredding step to 6–20 mm size, the composite is introduced into a bed 
of silica sand, on a metallic mesh, in which the resin will be decomposed 
into oxidized molecules and fiber filaments (Naqvi et al., 2018; Picker-
ing, 2006). These components will be carried up with the air stream 
while heavier particles will sink in the bed. This last point is a great 
advantage for contaminated end-of-life products, with painted surfaces, 
foam cores or metal insert. A cyclone enables the recovery of fibers of 
length ranging between 5 and 10 mm and with very little contamination 
(Pickering, 2006). The matrix is fully oxidized in a second burner 
operating at approximatively 1000 ◦C leading to energy recovery and a 
clean flue gas, Fig. 7. 

Regarding tensile strength, a reduction of 50% is achieved for glass 
fibers when treated at 450 ◦C while retaining the same stiffness. It can 
rise up to 90% when treated at 550 ◦C. For carbon fibers, the reduction is 

only of a 25% at 550 ◦C, with good potential for bonding to a new 
polymer matrix (Pickering, 2006). Pickering’s team claims that the en-
ergy consumption to reclaim CF using the fluidised bed process repre-
sents only 5–10% of the one needed to manufacture virgin CF (Pickering 
et al., 2015). Moreover, a life cycle analysis relative to the recovery of CF 
states that a reduction between 30 and 50% of Global Warming Potential 
and Primary Energy Demand can be achieve for a recycled CFRP having 
the same mechanical properties as those with virgin CF (Meng et al., 
2017). 

However, this process has not been intensively applied as it does not 
allow as much recovery of the resin part compared to the pyrolysis 
process. Only gases are recovered. Moreover, CF properties seems to be 
more hindered and would necessitate optimisation. 

3.2.4. Microwaves assisted pyrolysis 
Microwaves technology consist in the use of an electromagnetic 

irradiation of wavelength comprised between 0.01 m and 1 m. Micro-
waves can be decomposed into two perpendicular components, an 
electric and a magnetic field. Material presenting an absorbent property 
will convert electromagnetic energy into thermal energy. Unlike con-
ventional heating, where the heat is transferred from the surface to-
wards the inside, microwave heating will heat the material straight from 
the inside, enabling faster thermal transfer and energy savings (Mota-
semi and Afzal, 2013). Moderate temperature can therefore be used 
which is an advantage for the recycling of glass fibers which tend to be 
damage under high temperature treatments. 

A study investigated the possibility of recycling GFRP arising from a 
wind turbine blade (Åkesson et al., 2012). Reclaimed glass fibers rep-
resented a 70% of the initial mass of the GFRP. These fibers presented an 

Table 1 
Summary of the different common recycling process.  

Process Recovery Advantages Drawbacks TRL 

Mechanical (See section 
3.1) 

Matrix rich fraction: Filler 
Fiber rich fraction: 
Reinforcement  

- Recovery of both fibers and matrix 
<sup>a,b</sup>

- No use of hazardous chemical substances  
- No gas emissions  
- Low cost energy  

- Loss of mechanical properties (length reduction and 
degradation)c  

- Poor bonding between fiber/matrix  
- CF damage the equipmentd 

8-9 
(GF)e 

6-7(CF) 

Cement plant (See 
section 3.2.1) 

Organic part: Energy 
recoveryf 

Mineral part: Composition 
of the clinker  

- Big volumesf  

- No ultimate waste  
- For CF, only energy recoveryf  

Pyrolysis (See section 
3.2.2) 

Matrix: Energy 
Fiber: Reinforcement  

- Fiber length retentiong  

- No use of hazardous chemical substances  
- Char contaminationg  

- Gas emission  
- Recovered fiber properties highly influenced by process 

parameters (Especially GF hindered by high temperature) 

8 
(CF)e,d 

6-7 
(GF)e 

Fluidised bed (See 
section 3.2.3) 

Matrix: Energy 
Fiber: Reinforcement  

- High tolerance to contaminated material 
(paint, foam cores, metal inserts)d  

- No char contaminationc  

- Loss of mechanical properties (length reduction)b  

- No recovery of matrix material  
- Less energy recovered than pyrolysis  
- GF hindered by high temperatures 

4e 

Microwaved pyrolysis 
(See section 3.2.4) 

Matrix: Energy 
Fiber: Reinforcement  

- Moderate temperaturei  

- Less damage of GFj  

- No char residue and full retention of 
mechanical properties of CFk  

- Char residues on GFj  

- CF with flaw under airk  

- Need of Ar or N2 atmosphere for CFk 

3e 

Solvolysis (See section 
3.3) 

Matrix turned into 
oligomers/monomersb,d 

Fiber: Reinforcement  

- Long clean fibers <sup>b,d</sup>
- Retention of mechanical properties  
- No char residue  
- High recovery of the matrix  

- Expensive equipment <sup>b,</sup> d  

- Resistance to corrosion  
- Possible use of hazardous solvent  
- Post-treatment of the solvent  
- High temperature and pressure conditions 

4b,e,d  

a (Pimenta and Pinho, 2011). 
b (Oliveux et al., 2015). 
c (Pickering, 2006). 
d (Zhang et al., 2020). 
e (Rybicka et al., 2016). 
f (Frerejean, 2017). 
g (Naqvi et al., 2018). 
i (Motasemi and Afzal, 2013). 
j (Åkesson et al., 2012). 
k (Obunai et al., 2015). 
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altered surface du to char residues leading to a loss of adhesion between 
the fibers and the matrix. In order to obtain tolerable mechanical 
properties, these recycled GF were reintroduced in a proportion of 25w 
% combined with virgin GF into the new composite. Such composite 
would be used for applications with lower mechanical demands. 

Another study conducted microwave irradiation on CFRP waste 
under different atmospheres, argon, nitrogen and air (Obunai et al., 
2015). The resin elimination ratio achieved 100% in air after 300s, and 
90% in nitrogen or argon. However, under air atmosphere, SEM images 
showed flaws on the carbon fibers, concluding that argon and nitrogen 
were the best atmospheres to extract CF without flaw. The strength of 
the extracted fibers through microwave pyrolysis were similar to virgin 
fibers or to fibers extracted using the conventional routes. 

Jiang et al. performed microwave pyrolysis on a carbon fiber rein-
forced thermoset composite under nitrogen flow in order to prevent 
oxidation. When introducing the recycled CF into two different ther-
moplastic matrices, the polypropylene composite presented better 
properties than nylon composite. The latter had better properties when 
using virgin CF. These observation were attributed to differences in 
surface roughness and surface bonding, which leads to think intelli-
gently when reusing fibers (Jiang et al., 2015). 

Other recent reviews proposed a green microwave assisted chemical 
method. The microwave process was accelerated by the use of H2O2 
acting as a green oxidation agent, combined with tartaric acid, natural 
organic acid (Zabihi et al, 2020a, 2020b). The operation was conducted 
on both CF and GF reinforced amine cured epoxy polymer. On the one 
side, the recycling of CF reached a 95% yield for a 1min decomposition 
time, followed by a 25min cooling period. Reclaimed CF presented only 
8% reduction in tensile strength, no reduction in Young modulus and 
6.3% reduction in strain to failure (Zabihi et al., 2020b). On the other 
side, GF were recovered with a 92.7% tensile strength, a 96.2% strain to 

failure and a 99% Young modulus retention. Process decomposition 
lasted for 3min, followed by a cooling period of 1 h and achieved a 90% 
yield (Zabihi et al., 2020a). 

3.3. Chemical processes 

The use of a chemical approach requires the need of a reactive me-
dium operating at low temperature (<350 ◦C) to degrade the resin. 
Under the action of the solvent, the matrix of the composite is decom-
posed into oligomers, while the fibers stay inert and can be recovered for 
further use. Giving the wide range of available solvent, this route offers 
many different processing variables such as temperature, pressure and 
the use of catalysts, as it will be further detailed in subsections 3.3.1, 
3.3.2 and 3.3.3. The reactive solvent combined with co-solvent or cat-
alysts diffuses into the composite and breaks specific bonds. This tech-
nique produces monomers from the resin and long clean fibers with no 
char residue on the surface, with preserved mechanical properties. 
Temperature and pressure conditions depend on the nature of the resin. 
Higher temperature are usually needed for epoxy matrices compared to 
polyester matrices. 

Several reactive mediums have been studied, with water being the 
most used, as it is the eco-friendliest. Often combined with alkaline 
catalysts, it can also be associated with acidic catalysts when more 
resistant resins are needed to be degraded. Other solvent such as 
ethanol, acetone or mixtures of them have been studied. 

Inconvenient of this route lies with the fact that it requires expensive 
equipment capable of resisting corrosive environment, containing haz-
ardous solvents and withstanding temperatures and pressures when 
supercritical conditions are reached. This technique has been numer-
ously studied at a lab-scale but not much at an industrial scale. It has 
now reached a TRL of 4 for CF (Zhang et al., 2020). 

Fig. 6. Mechanical properties of recycled and virgin panels (left: PP-GF based materials, right: PA6-CF based materials) (Kiss et al., 2020).  

Fig. 7. The fluidised bed process (Pickering et al., 2000).  
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3.3.1. Low temperatures (<200 ◦C) and pressure 
For low temperatures and atmospheric pressure, catalysts and stir-

ring are generally needed. Acid mediums are mostly used compared to 
alkaline mediums as they are more aggressive towards the resin. This 
last point can make this process very dangerous in terms of safety and 
can sometimes produce solutions difficult to dispose of. Advantage of 
this route is the better control of the reaction due to lower temperature, 
limiting side-products and enhancing the recovery of monomers. 

G. Cicala recycled a hybrid system composed of flax/CF and a bio 
based epoxy resin by using an acetic acid aqueous solution at 80 ◦C for 
1h30 (Cicala et al., 2018). Y. Ma et al. compared depolymerisation using 
benzyl alcohol/K3PO4 at 200 ◦C and acid digestion using acetic 
acid/H2O2 at 110 ◦C (Ma et al., 2017; Ma and Nutt, 2018). Both routes 
were proved to be viable processes but the acid digestion was more 
effective for highly crossed linked amine-epoxy composites. For a CFRP 
with a thermoset matrix, the system acetic/H2O2 was proved to be 
efficient at 65 ◦C for 4 h, enabling a resin decomposition of 97% and the 
recovery of clean fibers with high mechanical properties retention (Das 
et al., 2018). The use of KOH/MEA solvent system operating at 160 ◦C 
for 90min enabled a degradation ratio of the amine cured epoxy resin of 
98%, with a tensile strength and modulus retention of 93% (Zhao et al., 
2020). 

3.3.2. Sub-critical and super critical conditions 
More recently, sub and supercritical fluids have been studied. Under 

specific temperature and pressure conditions, supercritical fluids pre-
sent the advantage of behaving liquid-like (high densities, dissolution 
power) and gas-like (high diffusivities, low viscosities). They can 
therefore penetrate the material and dissolve the organic part, while still 
being relatively innocuous under atmospheric conditions (Pimenta and 
Pinho, 2011). Here again, water was mainly studied, but because of the 
intense conditions needed to reach the critical point, other solvent such 
as ethanol, methanol, propanol, acetone with lower critical conditions 
have been investigated. They do not always reduce the necessary tem-
perature, but they mostly reduce pressure conditions (255 bar at 450 ◦C 
for 1-propanol counter 630 bar for water). In order to reduce tempera-
ture conditions, catalysts have to be employed. The type of resins is also 
a key factor in the choice of conditions. Thermoplastics like PEEK are 
attractive for their high thermal and chemical stability, making harder 
their degradation. Reaching their melting point is generally needed, and 
up to now, only water has been showed to be efficient (Oliveux et al., 
2015). 

Pinero-Hernanz’s team studied the recycling of CF reinforced epoxy 
resins in sub and supercritical water (Piñero-Hernanz et al., 2008a) as 
well as in organic solvents (methanol, ethanol, 1-propanol and acetone) 
(Piñero-Hernanz et al., 2008b). Subcritical water between 10 and 14 
MPa and 300–400 ◦C led to a removal efficiency between 48 and 62w% 
of eliminated resin counter 79.3w% when using supercritical water 
under 28 MPa and 400 K. A higher removing efficiency of 95.4 wt% was 
achieved when using KOH as an alkali catalyst, but the fibers presented 
lower mechanical properties. An initial LCA analysis of recycling CFRP 
by supercritical water concluded that all eco-indicators were improved 
on an average of 80%. As mechanical performance are well retained, the 
performance/price ratio is consequently higher than for virgin fibers, as 
long as the price does not exceed 70–80% of new ones (Prinçaud et al., 
2014). 

When using organic solvent in a batch system, acetone was proved to 
be the most effective at low temperature, with an efficiency removal of 
25w% at 300 ◦C compared to 7w% for the others. When increasing to 
450 ◦C, acetone, ethanol and 1-propanol gave similar results around 
78w%. By using a semi-continuous mode, mass transfer was enhanced 
and 98w% of the resin was removed at 350 ◦C for a flow rate of 1.1 kg- 
alcohol/kg-fiber/min. When adding a 0.02 mol/L of alkali catalyst, 
KOH, efficiency achieved 96.5% at 275 ◦C for the same flow rate 
(Piñero-Hernanz et al., 2008b). 

Morales Ibarra et al. studied chemical recycling by using subcritical 

benzyl alcohol. A 93.7w% of decomposition rate was obtained after 1 h 
of treatment at 400 ◦C (Morales Ibarra et al., 2015). Using supercritical 
methanol has also been proved to be successful with a semi-flow type 
reactor, operating at 285 ◦C and 8 MPa for 80min. Clean fibers with a 
reduction of only 9% of the tensile strength were obtained (Okajima 
et al., 2014). An older overview of experiments using near- and super-
critical solvent of CFRP can be found in C. Morin et al. review (Morin 
et al., 2012). 

Once again, the high temperature and pressure conditions make it 
difficult to apply this process to glass fibers. One study has been found on 
the recycling of a GF polyester composite by using subcritical hydrolysis. 
Temperature appeared to be the major factor influencing the strength 
reduction. Moreover, fibers still remained highly contaminated and an 
organic solvent washing step had to be added (Oliveux et al, 2012, 
2013). 

3.3.3. Hybrid solvolysis-thermolysis process 
This technique is under development by the French company Alpha 

Composite Recyclage in collaboration with several other partners. This 
technology uses water vapour which has been superheated under at-
mospheric pressure. Three output can be recovered: permanent gaseous 
fraction, condensed gaseous fraction, and recycled carbon fiber. High 
ratio of resin removal were obtained with clean fibers presenting no 
signs of surface degradation (Boulanghien, 2014; Boulanghien et al., 
2015). 

4. Specific techniques related to thermoplastic composites 

All these previous methods can be applied to either TPC or TSC. 
However, they were initially developed for the recycling of thermoset 
composites in which the recovery of the matrix as a new material was 
not a priority towards the quality of the reclaimed fibers. Indeed, as they 
cannot be re-melted neither re-moulded, their use was of little interest 
apart from being used as fillers or as energy and heat feedstocks. As 
interest for thermoplastics is growing, new techniques have to be 
developed in order to leverage their re-melting and re-moulding prop-
erties while still recovering the reinforcement fraction. Early studies 
used grinding fractions as reinforcement in injection and press moulding 
process (Schinner et al., 1996; Steenkamer and Sullivan, 1998). In order 
to retain as much as possible fiber properties and length, further recy-
cling techniques have been developed as well as techniques enhancing 
recycled material properties. 

4.1. Novel recycling techniques 

To take advantage of the recyclability of the thermoplastic matrix, 
novel recycling routes have been under investigation in the last few 
years in order to promote the use of thermoplastic reinforced composites 
over thermosets ones. These possible solutions are being presented by 
technologies and will not be classified into subcategories. 

4.1.1. Electrofragmentation 
This method recently developed by Roux et al. (Roux et al, 2014, 

2017) consists in shredding CFRP by pulsed electrical discharges. 
Initially developed to extract crystals and precious stones from mining 
rocks, it is now expected to be developed for composites. The material is 
placed in a vessel containing water and two electrodes. The high voltage 
electrical pulse generated between the electrodes (50–200 kV) frag-
ments the material into smaller pieces, Fig. 8. An analogous study car-
ried out on GFRP led to similar conclusions (Mativenga et al., 2016). 
Compared to mechanical recycling, this electrodynamic fragmentation 
produces longer and cleaner fibers, with lower retained resin. 

Oshima’s team compared the efficiency of this process over unidi-
rectional and woven CFRP. They concluded that electrofragmentation 
recycling process was slower for laminated composite and that ruptures 
were visible on the carbon fibers (Oshima et al., 2020). 
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The inconvenient of this technique is that the energy consumed is 2.6 
times the one of a mechanical route making it not economically 
competitive in terms of energy saving and needs further investigation. 

4.1.2. TPC-cycle recycling project 
This novel route is a project leaded by TPAC (ThermoPlastic com-

posites Application Centre) and TPRC (ThermoPlastic composites 
Research Centre) in relationship with many industrial partners. This 
project targets mainly production scraps with the aim of developing a 
new recycling route which preserves high mechanical properties, while 
reducing the overall environmental impact for a reasonable cost. The 
solution proposed is said to produce net-shapes manufacturing, and 
complex pieces in a short time cycle by recovering both matrix and fibers 
(TPRC, n.d.). 

It consists in a first step of size reduction to cm long flakes, followed 
by a simultaneous heating and low-shear mixing turning the flakes into a 
dough. The final step is a compression moulding in an isothermal mould 
(Bruijn and van Hattum, 2020) as showed in Fig. 9. High mechanical 
properties are preserved thanks to the retention of long fibers. 

By focusing on the relation between the material properties and the 
processing steps, G. Vincent’s thesis (Vincent, 2019; Vincent et al., 
2019) aimed to develop the technical feasibility and economic viability 
of this technique for multi-layered woven materials. From a technical 
point of view, some challenges still remain. Among these, we can cite the 
improvement of the mixing phase, the study of unidirectional tape 
materials and contaminated scrap, the study of the polymer degradation 
and change in crystallinity, and the development of non-destructive 
analysis. 

A recent review emanating from this project is the construction of a 

rotorcraft access panel from recycled carbon PPS. In this research, the 
material employed comes from off cuts generated during the production. 
In this way, the traceability of the product is controlled. The rotorcraft 
access panel built has been proved to be lighter, more cost effective and 
it has been flight tested (Bruijn and van Hattum, 2020). 

4.1.3. Thermosaïc® and Thermoprime® 
These technologies were developed and patented by CETIM- 

CERMAT which is a research centre located in Alsace. In the last few 
years, it has developed a versatile process specifically dedicated to the 
production of thermoplastic composites from recycling materials, 
Fig. 10:  

- Thermosaïc®: Revalorisation of TPC manufacturing scrap by a 
thermo-mechanical process.  

- Thermoprime®: Upcycling of recycled thermoplastic such as PP or 
PA associated with long-length fibers. 

In both systems, the output are panel-shaped products, only the 
supply system is different. These panels can further be processed by 
conventional techniques such as thermocompression or thermoforming. 

The Thermosaïc® process consists in a first step of fragmentation and 
a second one of re-agglomeration (Maschino and Rougnon-Glasson, 
2015). The material is milled into cm-sized pieces that will be laid on 
a conveyor belt to form a homogeneous bed. The shredded pieces are 
then heated and compressed in order to obtain panels up to a 10 mm 
thickness. Mechanical resistance is preserved due to the conservation of 
fibers of length between 30 mm and 200 mm (JEC Group, 2017). A 
similar process was used by Li’s team for the recycling of a CF/PEEK 
system (Li and Englund, 2017). 

By modifying the input module, the ThermoPrime® process is ob-
tained. This technique associates fibers with recycled thermoplastic. The 
resulting composite presents better properties than the original polymer, 
compensating the property loss caused by ageing and recycling of the 
thermoplastic. 

4.1.4. Dissolution process 
In a recent study, the dissolution process of a thermoplastic com-

posite made of glass fiber reinforced Elium® thermoplastic resin was 
investigated (Cousins et al., 2019). A difference between solvolysis and 
dissolution has to be made here. By dissolution it is meant the dissolu-
tion of the polymer chains into the solvent, without the breakage of 
chemical bonds. This technique enabled the recovery of the polymer 
matrix as well as full-length fibers. Here, the dissolution was performed 
in chloroform for 72 h. The precipitation step could be either performed 
by precipitation in methanol, or by evaporation. This second option was 
preferred as it avoids a further separation step. An energy analysis 
confirmed that the dissolution coupled with evaporation was less 
energy-intensive, and it was expected that the loss of polymer matrix 
could be reduced due to the avoidance of an incomplete precipitation. 

Fig. 8. Lab scale electrofragmentation process (Roux et al., 2014).  

Fig. 9. The TPC Cycle recycling (TPRC, n.d.).  
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Regarding the recovery of the fiber, a 12% loss of stiffness was 
noticed, probably caused by the hand pulling apart, leading to 
misalignment and damages. Besides from that, mechanical properties 
were not hindered, as no heating treatment had been applied. Finally, a 
TGA analysis showed the presence of a 4w% of the original polymer 
matrix on the fibers. In order to be feasible, the economic analysis stated 
that 50% of GF had to be recovered and sold for $0.28/kg. For the resin, 
a 90% of the polymer had to be reclaimed and sold at $2.50/kg. 

In the study conducted by (Liu et al., 2019), the same dissolution 
process has been used to recycle a CF/PEI composite. However, treat-
ments following the dissolution were different, as depicted in Fig. 11. 
After a first size reduction, the thermoplastic composite was dissolved 
into N-methyl-2-pyrrolidone for 2 h at 60 ◦C. Chopped tapes were then 
placed in a container and shacked for 10min in order to obtain a uniform 
distribution. In parallel, the resin solution was filtered to eliminate any 
insoluble and virgin resin was added to achieve a solution containing 
20w% of resins. Chopped tapes and the resin solution were placed in a 
sealed container for an impregnation step of 6 h at 60 ◦C. A vacuum oven 
enabled the evaporation of the solvent. Finally, the recycled material 
was thermally treated with a hot-press machine leading to recycled 
chopped fabric tapes-reinforced thermoplastics to be further manufac-
ture with the desired shape. The recycled matter presented an 8% 
decrease in tensile strength compared to the virgin one, with a similar 
tensile modulus. Regarding the three-points bending test, a 10% 
reduction of bending strength was observed for a similar modulus. The 

microscopic analyses made by SEM showed that the surfaces of the fibers 
were strongly coated with the resin, indicating that fibers and resins 
were well bonded. 

Dissolution has also been made possible by placing CF/PA6 into a 
benzyl alcohol solution at 160 ◦C for 1 h. Fibers were reclaimed by 
filtration and the resin precipitated when adding acetone. Formic acid 
and water were also tested, but the azeotropic formed complicated the 
solvent reclamation process (Tapper et al., 2019). The recycled material 
was further processed by employing the High Performance Discontin-
uous Fiber (HiPerDif) technology, which is a patented technique 
enabling the production of highly aligned discontinuous fiber tapes 
(Aravindan et al., 2020; Yu et al., 2014). 

Drawbacks of this route stands within the fact that it uses hazardous 
chemical volatile solvents. 

4.1.5. Mouldable granules 
End-of-life thermoplastic composites can be recycled by directly 

manufacturing them into mouldable granules and mixing them with a 
virgin thermoplastic resin to be further processed by injection moulding. 
First studies were conducted in 1996 on GF/PPS and GF/PBT (Van 
Lochem et al., 1996). Then, this route was proved to be efficient for the 
recycling of the hull of a rigid inflatable boat, composed of GF/PP 
laminate with balsa core and paint. Achieved properties make it a 
valuable material for non-appearance automotive applications as well as 
in decking and wood imitation applications (Otheguy et al., 2009). 

Fig. 10. Thermosaïc® and Thermoprime® processes.  

Fig. 11. A schematic diagram of a solvent recycling technique (Liu et al., 2019).  
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4.1.6. Innovative techniques at their first stages 
(Kiss et al., 2020) explored very recently the use of 

reverse-thermoforming for the recycling of fiber reinforced thermo-
plastic composite laminates emanating from waste production. This 
method consists in applying heat (e.g. infrared radiation) and pressure 
in order to flatten the thermoformed part, Fig. 12. This process can only 
be applied if the weave structure of the piece if fully intact. If not, when 
reverse forming is applied, the flat shape obtained will present some 
defects such as wrinkles. 

A US patent exposed a method of recycling thermoplastic fiber 
reinforced composites which are arranged in at least one deposition 
layer. The different layers are pulled off from the remaining component 
in the main fiber direction (Janssen, 2020). No further treatment is 
developed in the patent. 

Toray Advanced Composites created a new continuous CFTP using a 
flow layer of discontinuous fiber composed of virgin or recycled TPC. 
This process enables the control of variable thicknesses and texture, 
stiffening ribs. The flow layer is supplied on the laminate which is then 
stampformed to obtain the desire design. This technique uses scrap from 
the same program, getting closer to a zero-waste production while 
avoiding problems of tractability and impurities (Toray Advanced 
Composite, 2019). 

4.1.7. Recycling and additive manufacturing 
Mechanical recycling and Fused Filament Fabrication, FFF, 3D 

printing was experimented for the recycling of glass fiber contained in 
wind turbine blades with a reintroduction in a PLA matrix. The addition 
of 5w% of recycled fibers increased by 16% the Young’s modulus and by 
10% the tensile strength (Rahimizadeh et al., 2019). 

In their review, S. C. Dertinger’s team studied different pathways for 
the remanufacturing of complex composite materials, which is in this 
case a windshield wiper blade made out of thermoplastic composite, 
with a soft and a hard part (Dertinger et al., 2020). After a first step of 
mechanical grinding, the following pathways were tested:  

- Production of filament for further use in FFF.  
- Fused particle fabrication FPF  
- Syringe printer  
- Injection moulding in a 3D printed mould 

4.2. Alternative to improve efficiency of recycled materials 

Limitation of recycling usually stands because of the length reduc-
tion of the fibers, leading to lower strength and stiffness. Several treat-
ments can be put in place in order to improve properties of recycled 
short fiber thermoplastic composites. 

In the studies of P. Anandakumar et al., continuous fiber reinforced 
thermoplastic inserts have been added along the critical locations. The 
critical stress was reduced by 30% (Anandakumar et al., 2020). 

Another possibility was the production of a fiber hybrid composites. 
By combining a mix of waste CF and PA6 fibers with a 6 vol% of 
continuous glass fiber, the impact strength of the hybrid composite was 
increased by 50.5% (Hasan et al., 2019). 

A project conducted at the University of Bordeaux consisted in a first 
step of de-weaving pieces of fabric followed by a realignment step of the 
fiber. A 90% alignment rate could be reached (Frerejean, 2017). 

5. Remaining gaps 

Although the use of FRPC is continuously increasing in many areas, 
their recycling still suffers from persistent shortcomings, mainly caused 
by uncertainties in the waste supply chain but also by other factors:  

- Quantity and frequency of waste: The amount of waste generated is 
not yet sufficient compared to other sectors, leading to a lack of in-
terest. The long-life span of these materials can cause sudden and 
punctual disposal making the supply discontinuous. However, when 
large composite elements will reach their end-of-life, recycling will 
have to be mastered in order to avoid following the easier path of 
incineration.  

- Versatility of processes: Composite’s structure is becoming even 
more complex with the addition of additives, coating, or small 
metallic elements to give them extra properties. Therefore, one 
disposal route is not suitable and not flexible to all the different types 
of composite.  

- Geographical localisation: Some products are considered to be 
“static” (e.g. wind turbine) which means that they will no longer 
move until they reach their end-of-life. Others, considered as “mo-
bile” (e.g. auto, aircraft, small elements), will be more difficult to 
deal with. Their end-of-life localisation and time are unknown.  

- Potential markets: On the one side, recycling is not intensively 
industrialised as they are not many potential markets. On the other 
side, the insufficiency of the number of markets comes from the fact 
that quantity of recycled product is not enough to present an interest 
to invest in, hence creating a vicious circle (Pillain et al., 2020). 
Recycling researches should be combined with intensive investiga-
tion of the potential re-use applications of recyclates. Loss of prop-
erties is inevitable during recycling processes. To provide cost 
effective and good quality recycled products, optimisation of 
re-manufacturing protocols and applications are as important as 
optimising initial manufacturing and recycling. Recycled material 
could either be introduced in an optimum proportion, combined with 
virgin material (Åkesson et al., 2012), or it can be use on its own in 
less demanding applications (Bruijn and van Hattum, 2020).  

- Intersectoral cooperation: Collaboration between sectors could be 
interesting to have a permanent relation between a supplier and a 
receiver. However, cooperation is difficult due to differences in time 
scale and production rate between each industry. Usually, very 
demanding sectors will be the providers. Materials employed in these 
fields usually have a longer life span compared to the production rate 
of less demanding sectors, hence not offering a continuous supply.  

- Lack of mathematical model: These models could be very useful for 
understanding the influence of the different recycling parameters on 
the quality of the recyclates. Indeed, papers provide mostly results 
based on experiments but do not provide models that could be 
further used by researchers to optimise processes in a more efficient 
way.  

- LCA and LCC analyses: Data for LCA and LCC analyses of recycling 
process are lacking (Liu et al., 2017). Few works have been focusing 
on that subject but without providing complete analysis. In his study, 
Katsiropoulos compared the LCA and LCC of different materials, 
without taking into account the higher product quality, the higher 
productivity and the recyclability offered by the PEEK composite 
over a thersomsetting epoxy composite (Katsiropoulos et al., 2019). 

Fig. 12. Reverse thermoforming scheme (Kiss et al., 2020).  
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Moreover, these analyses are usually performed once the technique 
is feasible. As environmental concerns are omnipresent, recycling 
processes have to be not only feasible, but also cost effective and 
eco-friendly. Conducting these analyses at an earlier stage of the 
developpent of a process could save time and money by preventing 
further changes in the process.  

- Penalties and privileges for companies: To encourage and promote 
recycling, penalties are already applied for non-recyclers, as well as 
increased taxes and the prohibition of disposal routes in certain 
countries. In addition, privileges (Pimenta and Pinho, 2011) and 
financial assistance could be provided to companies willing to 
recycle their waste. 

- Lack of binding regulation: The Extended Responsibility of the Pro-
ducer should be implemented for many other sectors. Indeed, at a 
European level, only five fields are concerned. Even though each 
country is free to add its own regulations, a harmonisation would be 
preferred as waste crosses borders and should be equally treated 
everywhere.  

- Communication to consumers: For consumers, an increased 
communication over distinction of waste types and sorting out items 
is necessary. This could be achieved by an enhanced communication 
through medias, a better labelling of product with recycling in-
structions and local authorities who encourage sorting out by 
providing specific bins for the different types of waste. 

6. Conclusion 

An overview of the current status of the fiber reinforced polymer 
composite sector has been presented. Conventional recycling techniques 
as well as novel thermoplastic composites-oriented techniques were 
reviewed and remaining gaps were identified. Retaining mechanical 
properties as well as keeping low recycling and manufacturing costs are 
found to be the most challenging, leading to on-going research. 

Many investigations have been conducted in the past 20 years with 
first, a major focus on the recovery of the reinforcement fraction of 
thermosets composites. Among these, thermal and mechanical processes 
are by far the most advanced techniques with a preference of pyrolysis 
for CF, grinding for GF and fluidised bed for end-of-life and contami-
nated materials. However, chemical processes are under high investi-
gation, especially with the use of sub and supercritical fluids, which 
enables high retention of the fiber properties. 

More recently, interest for thermoplastic composites has be contin-
ually growing, mainly because of their enhanced recyclability in com-
parison to thermosets. Although previous techniques could also be 
applied, taking advantage of the re-melting and re-moulding abilities of 
thermoplastics is essential for the development of this branch. There-
fore, many projects are under investigation, with the aim of recovering 
both the reinforcement and matrix fractions. Initial promising results 
make it possible to consider a potential future for these materials. 

Despite intensive researches and the increasing legal restrictions, 
recycling at an industrial scale is still a long way off. Investors fear to 
invest in this sector, manufacturers, users, recyclers and researches are 
not closely related and potential market using recycled materials are 
lacking. Mastering recycling and establishing applications are the keys 
to success of the closed loop composite sector. Recycled materials have 
to gain acceptance among producers and more intensive LCA and LCC 
should be conducted with the aim of highlighting the cost effectiveness 
and the environmental impacts of recycling and re-manufacturing 
thermoplastic composites. 
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des Mines d’AlbiCarmaux, Toulouse.  

Boulanghien, M., Berthet, F., Da Silva, S., Bernhart, G., Soudais, Y., 2015. Using steam 
thermolysis to recycle carbon fibres from Composite waste. JEC Composites 
Magazine 68–70. 

Bruijn, T. de, van Hattum, F., 2020. Rotorcraft access panel from recycled carbon PPS – 
the world’s first flying fully recycled thermoplastic composite application in 
aerospace. Reinforc Plast. https://doi.org/10.1016/j.repl.2020.08.003. 

Cai, G., Wada, M., Ohsawa, I., Kitaoka, S., Takahashi, J., 2019. Interfacial adhesion of 
recycled carbon fibers to polypropylene resin: effect of superheated steam on the 
surface chemical state of carbon fiber. Compos. Appl. Sci. Manuf. 120, 33–40. 
https://doi.org/10.1016/j.compositesa.2019.02.020. 

Cicala, G., Pergolizzi, E., Piscopo, F., Carbone, D., Recca, G., 2018. Hybrid composites 
manufactured by resin infusion with a fully recyclable bioepoxy resin. Compos. B 
Eng. 132, 69–76. https://doi.org/10.1016/j.compositesb.2017.08.015. 

Cousins, D.S., Suzuki, Y., Murray, R.E., Samaniuk, J.R., Stebner, A.P., 2019. Recycling 
glass fiber thermoplastic composites from wind turbine blades. J. Clean. Prod. 209, 
1252–1263. https://doi.org/10.1016/j.jclepro.2018.10.286. 

Das, M., Chacko, R., Varughese, S., 2018. An efficient method of recycling of CFRP waste 
using peracetic acid. ACS Sustain. Chem. Eng. 6, 1564–1571. https://doi.org/ 
10.1021/acssuschemeng.7b01456. 

Dertinger, S.C., Gallup, N., Tanikella, N.G., Grasso, M., Vahid, S., Foot, P.J.S., Pearce, J. 
M., 2020. Technical pathways for distributed recycling of polymer composites for 
distributed manufacturing: windshield wiper blades. Resour. Conserv. Recycl. 157, 
104810. https://doi.org/10.1016/j.resconrec.2020.104810. 

Frerejean, V., 2017. Guide du recyclage des composites. http://agrobiobase.com/sites/ 
default/files/dossiers/fichiers/crecof-guide-du-recyclage-des-composites.pdf 
(accessed 08.20.21).  

Grigorescu, R.M., Ghioca, P., Iancu, L., David, M.E., Andrei, E.R., Filipescu, M.I., Ion, R.- 
M., Vuluga, Z., Anghel, I., Sofran, I.-E., Nicolae, C.-A., Gabor, A.R., Gheboianu, A., 
Bucurica, I.A., 2020. Development of thermoplastic composites based on recycled 
polypropylene and waste printed circuit boards. Waste Manag. 118, 391–401, 
0.1016/j.wasman.2020.08.050.  

Hasan, M.M.B., Abdkader, A., Cherif, Ch, Spennato, F., 2019. Fibre hybrid composites 
consisting of discontinuous waste carbon fibre and continuous glass filaments 
developed for load-bearing structures with improved impact strength. Compos. Appl. 
Sci. Manuf. 126, 105610. https://doi.org/10.1016/j.compositesa.2019.105610. 

Holmes, M., 2018. Recycled carbon fiber composites become a reality. Reinforc Plast 62, 
148–153. https://doi.org/10.1016/j.repl.2017.11.012. 

Howarth, J., Mareddy, S.S.R., Mativenga, P.T., 2014. Energy intensity and environmental 
analysis of mechanical recycling of carbon fibre composite. J. Clean. Prod. 81, 
46–50. https://doi.org/10.1016/j.jclepro.2014.06.023. 

Huan, X., Shi, K., Yan, J., Lin, S., Li, Y., Jia, X., Yang, X., 2020. High performance epoxy 
composites prepared using recycled short carbon fiber with enhanced dispersibility 
and interfacial bonding through polydopamine surface-modification. Compos. B 
Eng. 193, 107987. https://doi.org/10.1016/j.compositesb.2020.107987. 

Jacob, A., 2011. Composites can be recycled. Reinforc Plast 55, 45–46. https://doi.org/ 
10.1016/S0034-3617(11)70079-0. 

R. Bernatas et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2666-7908(21)00232-9/sref1
https://doi.org/10.1177/0731684412453512
https://doi.org/10.1016/j.matpr.2020.03.543
https://doi.org/10.1016/j.matpr.2020.03.543
https://doi.org/10.3390/jcs4020068
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref5
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref5
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref5
https://doi.org/10.3390/recycling3010003
https://doi.org/10.3390/recycling3010003
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref7
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref7
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref7
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref8
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref8
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref8
https://doi.org/10.1016/j.repl.2020.08.003
https://doi.org/10.1016/j.compositesa.2019.02.020
https://doi.org/10.1016/j.compositesb.2017.08.015
https://doi.org/10.1016/j.jclepro.2018.10.286
https://doi.org/10.1021/acssuschemeng.7b01456
https://doi.org/10.1021/acssuschemeng.7b01456
https://doi.org/10.1016/j.resconrec.2020.104810
http://agrobiobase.com/sites/default/files/dossiers/fichiers/crecof-guide-du-recyclage-des-composites.pdf
http://agrobiobase.com/sites/default/files/dossiers/fichiers/crecof-guide-du-recyclage-des-composites.pdf
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref16
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref16
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref16
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref16
http://refhub.elsevier.com/S2666-7908(21)00232-9/sref16
https://doi.org/10.1016/j.compositesa.2019.105610
https://doi.org/10.1016/j.repl.2017.11.012
https://doi.org/10.1016/j.jclepro.2014.06.023
https://doi.org/10.1016/j.compositesb.2020.107987
https://doi.org/10.1016/S0034-3617(11)70079-0
https://doi.org/10.1016/S0034-3617(11)70079-0


Cleaner Engineering and Technology 5 (2021) 100272

13

Janssen, H., 2020. Method and device for recycling thermoplastic fibre-reinforced 
composite material. Patent US10723043B2. 

JEC Group, 2020. JEC observer: overview of the global composites market. JEC 
composite. http://www.jeccomposites.com/about-jec/press-releases/jec-observer 
-overview-global-composites-market (accessed 11.26.20).  

JEC Group, 2017. Inauguration de la plateforme « Composites et Recyclage » du Cetim- 
Cermat. JEC Composite. http://www.jeccomposites.com/knowledge/french-compo 
sites-news/inauguration-de-la-plateforme-%C2%AB-composites-et-recyclage-%C2% 
BB-du-cetim (accessed 12.17.20).  

Jiang, L., Ulven, C.A., Gutschmidt, D., Anderson, M., Balo, S., Lee, M., Vigness, J., 2015. 
Recycling carbon fiber composites using microwave irradiation: reinforcement study 
of the recycled fiber in new composites. J. Appl. Polym. Sci. 132 https://doi.org/ 
10.1002/app.42658. 

Karuppannan Gopalraj, S., Kärki, T., 2020. A review on the recycling of waste carbon 
fibre/glass fibre-reinforced composites: fibre recovery, properties and life-cycle- 
analysis. SN Applied Sciences 2. 

Katsiropoulos, C.V., Loukopoulos, A., Pantelakis, S.G., 2019. Comparative environmental 
and cost analysis of alternative production scenarios associated with a helicopter’s 
canopy. Aerospace 6, 3. https://doi.org/10.3390/aerospace6010003. 

Kiss, P., Stadlbauer, W., Burgstaller, C., Stadler, H., Fehringer, S., Haeuserer, F., 
Archodoulaki, V.-M., 2020. In-house recycling of carbon- and glass fibre-reinforced 
thermoplastic composite laminate waste into high-performance sheet materials. 
Compos. Appl. Sci. Manuf. 139, 106110. https://doi.org/10.1016/j. 
compositesa.2020.106110. 

Krawczak, P., 2011. Recyclage des composites. Technique de l’ingénieur. 
Li, H., Englund, K., 2017. Recycling of carbon fiber-reinforced thermoplastic composite 

wastes from the aerospace industry. J. Compos. Mater. 51, 1265–1273. https://doi. 
org/10.1177/0021998316671796. 

Li, X., Bai, R., McKechnie, J., 2016. Environmental and financial performance of 
mechanical recycling of carbon fibre reinforced polymers and comparison with 
conventional disposal routes. J. Clean. Prod. 127, 451–460. https://doi.org/ 
10.1016/j.jclepro.2016.03.139. 

Liu, B., Zhu, P., Xu, A., Bao, L., 2019. Investigation of the recycling of continuous fiber- 
reinforced thermoplastics. J. Thermoplast. Compos. Mater. 32, 342–356. https://doi. 
org/10.1177/0892705718759388. 

Liu, Y., Farnsworth, M., Tiwari, A., 2017. A review of optimisation techniques used in the 
composite recycling area: state-of-the-art and steps towards a research agenda. 
J. Clean. Prod. 140, 1775–1781. https://doi.org/10.1016/j.jclepro.2016.08.038. 

Ma, Y., Kim, D., Williams, T., Nutt, S., 2017. Recycling of Carbon Fiber Composites Using 
Chemical Treatment: Reaction Characterization and Optimizaiton. 

Ma, Y., Nutt, S., 2018. Chemical treatment for recycling of amine/epoxy composites at 
atmospheric pressure. Polym. Degrad. Stabil. 153, 307–317. https://doi.org/ 
10.1016/j.polymdegradstab.2018.05.011. 

Maschino, J.-M., Rougnon-Glasson, O., 2015. Procede de recyclage de pieces en 
composite thermoplastique. Patent FR3007684A1. https://worldwide.espacenet.co 
m/patent/search/family/049237378/publication/FR3007684A1?q=pn%3DFR300 
7684A1 (accessed 08.23.21).  

Mativenga, P.T., Shuaib, N.A., Howarth, J., Pestalozzi, F., Woidasky, J., 2016. High 
voltage fragmentation and mechanical recycling of glass fibre thermoset composite. 
CIRP Annals 65, 45–48. https://doi.org/10.1016/j.cirp.2016.04.107. 

Mazzocchetti, L., Benelli, T., D’Angelo, E., Leonardi, C., Zattini, G., Giorgini, L., 2018. 
Validation of carbon fibers recycling by pyro-gasification: the influence of oxidation 
conditions to obtain clean fibers and promote fiber/matrix adhesion in epoxy 
composites. Compos. Appl. Sci. Manuf. 112, 504–514. https://doi.org/10.1016/j. 
compositesa.2018.07.007. 

Meira Castro, A.C., Carvalho, J.P., Ribeiro, M.C.S., Meixedo, J.P., Silva, F.J.G., Fiúza, A., 
Dinis, M.L., 2014. An integrated recycling approach for GFRP pultrusion wastes: 
recycling and reuse assessment into new composite materials using Fuzzy Boolean 
Nets. J. Clean. Prod. 66, 420–430. https://doi.org/10.1016/j.jclepro.2013.10.030. 

Meng, F., McKechnie, J., Turner, T.A., Pickering, S.J., 2017. Energy and environmental 
assessment and reuse of fluidised bed recycled carbon fibres. Compos. Appl. Sci. 
Manuf. 100, 206–214. https://doi.org/10.1016/j.compositesa.2017.05.008. 

Morales Ibarra, R., Sasaki, M., Goto, M., Quitain, A.T., García Montes, S.M., Aguilar- 
Garib, J.A., 2015. Carbon fiber recovery using water and benzyl alcohol in 
subcritical and supercritical conditions for chemical recycling of thermoset 
composite materials. J. Mater. Cycles Waste Manag. 17, 369–379. https://doi.org/ 
10.1007/s10163-014-0252-z. 

Morin, C., Loppinet-Serani, A., Cansell, F., Aymonier, C., 2012. Near- and supercritical 
solvolysis of carbon fibre reinforced polymers (CFRPs) for recycling carbon fibers as 
a valuable resource: state of the art. J. Supercrit. Fluids 66, 232–240. https://doi. 
org/10.1016/j.supflu.2012.02.001. 

Motasemi, F., Afzal, M.T., 2013. A review on the microwave-assisted pyrolysis technique. 
Renew. Sustain. Energy Rev. 28, 317–330. https://doi.org/10.1016/j. 
rser.2013.08.008. 

Murray, R.E., Beach, R., Barnes, D., Snowberg, D., Berry, D., Rooney, S., Jenks, M., 
Gage, B., Boro, T., Wallen, S., Hughes, S., 2021. Structural validation of a 
thermoplastic composite wind turbine blade with comparison to a thermoset 
composite blade. Renew. Energy 164, 1100–1107. https://doi.org/10.1016/j. 
renene.2020.10.040. 

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

Obunai, K., Fukuta, T., Ozaki, K., 2015. Carbon fiber extraction from waste CFRP by 
microwave irradiation. Compos. Appl. Sci. Manuf. 78, 160–165. https://doi.org/ 
10.1016/j.compositesa.2015.08.012. 

Okajima, I., Hiramatsu, M., Shimamura, Y., Awaya, T., Sako, T., 2014. Chemical 
recycling of carbon fiber reinforced plastic using supercritical methanol. J. Supercrit. 
Fluids 91, 68–76. https://doi.org/10.1016/j.supflu.2014.04.011. 

Oliveux, G., Bailleul, J.-L., Le Gal La Salle, E., Lefèvre, N., Biotteau, G., 2013. Recycling 
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