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Abstract 
Thanks to their superior mechanical properties, Carbon Fiber Reinforced Polymers (CFRPs) are used 
as advanced materials in different sectors and their application has been extended from 
aerospace sector to automotive industry, sporting goods, renewable energy and construction. 
Therefore, the global demand of these type of material has seen an increase during the last years. 
Nevertheless, an increase of CFRPs production goes hand in hand with an increase of non-
biodegradable waste, which are expected to be more than 263 ktons by 2030. Currently, 
unsatisfactory solutions are adopted for the disposal of these materials, since methods such as 
landfilling or incineration will lead to a serious environmental pollution. Unfortunately, to date, the 
literature does not present much content inherent to disposal of those type of materials, and the 
main technologies are not yet applied at the industrial level. Furthermore, also the production of 
carbon fibers lead to the pollution of the environment, since the carbon fibers manufacturing is an 
energy intensive process. Due to this, the recycling technique based on the reclamation of carbon 
fibers are continuously under innovative investigation. Therefore, thanks to this thesis, innovative 
and eco-friendly strategies for the disposal of CFRPs composite materials are defined and 
analysed in depth. These techniques are mechanical, thermal and chemical recycling. The first is 
based on crushing and milling the waste, while the other two on decomposing the waste by means 
of thermal (pyrolysis and fluidized bed) and chemical (solvolysis) processes. The properties and 
the composition of the recycled carbon fibers are discussed for each technique. While, at the end 
of the report, the most promising method is selected, discussing what can be recovered in energy 
terms and evaluating if the method can be sustainable. 
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1. Introduction 
What is energy? In the roughest physical term, energy is the capacity to do work. However, it might 
not be an exaggeration to think that energy is the key aspect of life all around the Universe. 
Something like an infinitesimal part of nothing compared to man’s greatest masterplan. Surely, 
energy is a priceless source for mankind. As a matter of fact, human civilization has always needed 
energy to grow and develop through the centuries. Starting from the beginning with the capability 
of controlling and consuming energy with fire and animal force, up to today in which energy is 
exploited in the best possible way and diffused in every aspect of our daily life.  

Obviously, the presence of more sources of energy available goes hand in hand with the possibility 
of accessing multiple benefits, from keeping constantly charged domestic appliances to living in 
a comfortable and well heated home during rigid winters. Nevertheless, in the last decades a 
gradual increase of the living standards and a demographic growth have led to an abrupt 
increase in energy demand throughout the globe. This growing request is mainly satisfied in the 
easiest way, resorting to traditional commodities such as fossil fuels, which are exploited to an 
outstanding level. Unfortunately, taking into account the dear old “lex talionis”, there is a price to 
pay, namely an excessive amount of pollutant which has been injected in the environment since 
the first Industrial Revolution. It is true that the environmental pollution is not only caused by 
anthropic activities, but also by natural causes. However, the production of GHG (Green House 
Gases), CO2 and other damaging chemical compounds, is strictly linked to the combustion of fossil 
fuels. This pollution has led to the biggest challenge that the humanity has ever seen: the fight 
against Climate Change. This is the biggest crisis that the entire world has ever faced, and it 
requires a rapid and concrete cooperation on a global scale. As Bill Gates stated in one of his most 
famous books: “To sum up: we need to accomplish something gigantic we have never done before, 
much faster than we have ever done anything similar” [2]. Unfortunately, it seems clear that at 
present the current approaches are not enough (Figure 1-2). 

Figure 1-1: Energy use per person in 2021 [1](electricity, energy consumed for transport, heating, and cooking) 
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As an example, the “Overshoot Day”, the day that humanity’s demand for ecological resources 
exceeds the resources Earth can regenerate within that year, is running faster and faster. In the 
current year it fell on July the 28th, while last year (2021) on July the 29th [3]. This is a big deal 
considering that in 1970 the Overshoot Day occurred on December the 30th. “Earth provides 

enough to satisfy every man’s needs, but not every man’s greed” [4]. In fact, this phenomenon affects 

every existent sector, and requires sudden and clear actions, since in the long run the Climate Change 

can lead to catastrophic events. At present, the COP (Conference of Parties) to the UNFCCC (United 

Nations Framework Convention on Climate Change) provides critical crucial actions and goals as a 

response to climate change (see [6] for further information).  

The IPCC (Intergovernmental Panel on Climate Change) highlights that Earth’s average 
temperature has increased by 1,1°C and there are around 11 years for limiting the emission to 
maintain the increasing temperature under 1,5°C at the current rate of emission (Figure 1-3).  

Figure 1-2: Annual CO₂ emissions from fossil fuels, by world region [5] 

Figure 1-3: Global GHG emissions and warming scenarios [5]. Each pathway comes with uncertainty, marked by 
the shading from low to high emissions under each scenario. Warming refers to the expected gloabal 

temperature rise by 2100, relative to pre-industrial level. 
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As for the previous years (as it can be seen in Figure 1-4), the greatest portion of CO2,eq is produced 
by the “Electricity and heat” sector. Therefore, it seems clear that the most obvious change should 
be the shift from the conventional commodities to the Renewable Energy Sources – RES.  

Clearly, they can represent a huge step in the fight against Climate Change, producing energy 
thanks to natural sources (sun, wind, geothermal, hydroelectric, ocean and so on). The introduction 
of RES is not as easy as can be imagined, since it is true that they introduce many advantages 
(mainly relative to the environment), but they are also accompanied by several limitations if 
compared to the fossil fuels. The most striking example is that these RES are not a continuous 
source of energy, as the energy output is not constant and sometimes random in the medium 
term, leading to a challenge in the matching between demand and energy offer. Nevertheless, 
thanks to the British Petroleum (BP) Statistical Review of World Energy [8], the contribution of RES in 
the world primary energy consumption can be appreciated (Figure 1-5).  

  

Figure 1-4: GHG emissions by sector in the World [7]. Emissions measured in CO2eq. 

Figure 1-5: World consumption (left) measured in exajoule. Shares of global primary energy (right) 
measured in percentage. [8] 



 

4 
 

1.1 Purpose of the research 
As it has been said in the abstract, the main aim of this report is to investigate the most innovative 
and eco-friendly strategies that permits an affordable disposal of the Carbon Fibers Reinforced 
Polymer – CFRP composite materials. These types of reinforced materials are becoming more 
widespread in different sectors, from sporting goods to industrial products. In fact, they can show 
superior properties (fully explained in the following chapters), which allow them to replace 
commonly used materials. Yet, the CFs’ production and EoL phases of their lifecycle reveal a 
consistent environmental impact, higher than the pollution generated for metals manufactory. 
Hence, with the term “disposal” it is meant the reclamation of CFs, since the recycled ones have 
significant less GWP if compared with the virgin CFs. A study conducted by the “Fraunhofer Institute 
for Environmental, Safety and Energy Technology” determined that the GHGs emissions for v-CFs 
are of 29.45 metric tonnes CO2 per tonne of v-CF, compared with an average of 4.65 metric tonnes 
CO2 per tonne of r-CF [9]. The aim of this thesis is mainly to raise awareness on a sustainable 
disposal of CFRPs, analysing in depth each actual technology that permits the reclamation of CF 
from the polymeric matrix, in order to save a huge amount of pollutant that would be injected 
continuously with the common methods applied for their disposal.  
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2. Polymers 
Polymers are a type of advanced materials that are widely used in almost every dominion of our 
daily life, from industrial and scientific applications to clothing and utensils manufacturing. As it is 
said in [10], the impact of those materials on the present lifestyle is incalculable, just have a look 
around to notice that they are everywhere: “clothing made from synthetic fibres, polyethylene 
cups, fiberglass, nylon bearings, plastic bags, polymer-based paints, epoxy glue, polyurethane 
foam cushion, silicone heart valves, and Teflon-coated cookware. The list is almost endless” [10]. 

There are two types of polymers: natural and synthetic (see Figure 2-1). Synthetic polymers are 
derived from fossil sources (oil) such as polyethylene, polyester, Teflon and epoxy. Natural polymers 
can be extracted from natural sources such as DNA, cellulose and proteins. In the example, as it 
can be read from [11], proteins are polymers of 20 different types of amino acids. Nucleid acids 
carry genetic information and cellulose/resins build the solid parts of plants. As for the synthetic 
ones, the “Bakelite” was the first synthetic thermoset polymer obtained in 1907 from Baekaland 
through the polycondensation of phenol with formaldehyde (PF) [12].  

Due to the obvious necessity to replace the classical materials, the polymer industry has seen a 
rapid growth, introducing facilitations and comforts that have set the idea that it is unthinkable to 
live without them. Let’s have a look at Figure 2-2 to understand the worldwide and local production 
of polymers (intended as plastic materials).  

Figure 2-1: Example of natural and synthetic polymers [15] 

Figure 2-2: World and European plastic production [13] 
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2.1 Molecular structure 
The word “polymer” comes from the Greek /ˈpɒlɪmər/; Greek poly-, "many" + -mer, "part" [14] and 
they are long organic macromolecules with a “zig-zag backbone” structure (see Figure 2-3), often 
called “spaghetti structure”, composed by the repetition of a single repeating unit, which are 
monomers. 

Those materials are characterized by a low density, less than 1 
g

cm3⁄  , and due to their properties 

can also be good insulators for sound, heat and electricity. As it will be explained in the following 
chapters, they do not show good thermal and mechanical properties, and this is the reason why 
they are reinforced with the carbon fibers forming the Carbon Fibers Reinforced Polymers (CFRPs). 

Different monomers can give birth to different polymers (see Figure 2-4) and can be coupled 
together by means of a chemical reaction called “polymerization” [17].  There are two different 
types of this process: 

➢ Addition/Chain-reaction polymerization - whatever precursor can be coupled to the 
monomer once the double bonding between two C atoms is broken, the chain grows one 
monomer at a time. 

➢ Condensation/Step-reaction polymerization - molecules join losing small molecules as by-
product such as water (water bottles made of PET are based on this process), the polymer 
chain doubles with each step. 

Figure 2-3: Polymer molecular structure [16] 

Figure 2-4: List of Repeat units of the 10 most common polymeric materials [18] 
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The physical properties are strictly related to their disordered crystalline structure, due to this they 
are classified as amorphous materials. That means that these materials do not have a precise 
melting temperature, at which the phase change between solid and liquid occurs. However, they 
are characterized by a softening point and by a glass transition temperature TG, at which they can 
be easily machined thanks to the viscous liquid or rubber like behaviour. In this case, the viscosity 
curves are very helpful (µ vs. T). 

As for bondings between molecules, we can distinguish between primary and secondary 
bondings: 

➢ Primary bondings – occur in the side chain and are mainly of the covalent type. 
➢ Secondary bondings – weaker than the primary ones of three orders of magnitude, and 

are of the Van der Waals type. They occur because of the different polarity of the elements 
inside the chain. 
 

Therefore, different bondings can lead to the formation of different types of polymers, more 
specifically they can be thermoplastic or thermoset polymers and the distinction between these 
two types of polymers must be clarified, since they have very different properties, application and 
EoL treatments. 

The thermoplastic polymers are characterized by the presence of primary bondings only in the 
side chain, while the secondary ones can occur between different chains because of different 
polarity. The picture in Figure 2-5 can clarify the distinctions. “A thermoplastic is any plastic material 
which melts into a soft, pliable form above a certain temperature and solidifies upon cooling. 
Thermoplastics can be re-melted and re-shaped any number of times. They are usually stored in 
the form of pellets prior to the moulding process” [19]. It seems clear that in term of sustainability 
the main advantage consists in the recyclability. Common examples of thermoplastic polymers 
are acrylic, polyester, polypropylene, polystyrene, nylon and Teflon. These behaviours can be 
understood better by looking at the viscosity curve in which the viscosity abruptly decreases with 
the increasing temperature.  

Figure 2-5: Schematic representation of (a) linear, (b) branched, (c) cross-linked 
and (d) 3D structures. Circles designate individual monomers [18] 
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In the thermosets, the different chains are cross-linked since the primary bondings occur also 
between them (Figure 2-5). According to [19], thermosets “remain in a permanent solid state after 
being cured one time. Polymers within the material cross-link during the curing process to perform 
an unbreakable, irreversible bond. That means that thermosets will not melt even when exposed 
to extremely high temperatures.” Compared to the thermoplastics, they expose much better 
mechanical properties. On the contrary, they cannot be recycled but instead could be burdened 
or shaped into pellets, incinerated or reduced to the initial molecules in appropriated chemical 
plants. This argument will be treated properly in the next chapters as one of the main focuses of 
this work. Examples of thermosets are epoxy, silicone, polyurethane and phenolic. They are stored 
in liquid phase inside large containers [19]. 

The main differences between thermoplastic and thermoset polymers can be summarized in the 
following table (Table 2-1) which is extracted from [20]and rearranged.  

 

Table 2-1: Thermoplastics vs. Thermosets [20] 
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While in Table 2-2 and Table 2-3, as for Table 2-1, the most common types of materials are 
summarized for sake of simplicity.  

Table 2-2: Thermoplastic materials [20] 

Table 2-3: Thermoset polymers [20] 
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An important characteristic of polymers, which directly affects their physical properties, is 
crystallinity. Polymers are able to undergo crystallisation by forming crystalline or (more often) 
semi-crystalline structures. Crystalline polymers are formed by the packing of the chains in 
order/aligned arrays. For instance, in Figure 2-6 an illustration of the complex polyethylene chains 
structure is shown, packed in an ordered fashion to give a polyethylene unit cell. 

The cooling rate during the solidification phase will directly affect the crystallisation of the material 
since a sufficient amount of time is needed to almost perfectly align the polymeric chains. It seems 
clear that a too fast cooling with a phase change from liquid to solid will lead to an imperfect 
crystallisation. Obviously, polymers composed by simpler repeating unit are able to crystallise a 
way faster than other with more complex structures. 

In most of the cases, because of the large polymeric chains, the structure tends to be only partially 
crystalline, with amorphous regions that separate the ordered parts of the structure. Therefore, 
semicrystalline polymers consist of small crystallites embedded in an amorphous matrix. In Figure 
2-7 the structure of spherulites can be appreciated, which is a spherical structure formed from the 
controlled cooling of a molten polymer, containing lamella chain-folded crystallites, surrounded 
by amorphous regions.  

Figure 2-6: Disposition of the molecular chains of polyethylene in a single cell [17] 

Figure 2-7: Spherulitic structure of a semi-crystalline polymer [17][17] 
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2.2 Moulding techniques 
Searching through literature and on the internet, it is possible to appreciate that there are several 
different techniques commonly used to form polymers. Each of them strictly depends on whether 
is thermoplastic or thermoset. “Thermoplastics are melted from a solid and reshaped before 
cooling. Common forming methods include injection moulding, blow moulding and extrusion. 
Thermosets are not fully polymerised before forming. They are formed into the desired shape and 
then made into a solid through a chemical reaction to create cross-links in the polymer chains. 
Common forming methods include injection moulding, compression moulding and transfer 
moulding” [21]. Some information about the different moulding techniques were collected and a 
brief overview on each of them can be reported. 

Starting from the “Extrusion Moulding” [22], the hot melted raw material is pressed through a die, a 
shaped hole through which the molten polymer is pressed to obtain a lengthy shaped component 
(Figure 2-8). The other techniques also use the extrusion. The difference relies in the fact that the 
others use a mould to obtain the desired shaped polymer while the extrusion moulding obtain the 
shape in function of the die’s one. This moulding technique is low cost due to the simple equipment 
and can produce components with the same shape along the length of it, such as straws or PVC 
pipes.  

When the aim is to obtain a uniform wall thickness, the best choice is to use the “Blow Moulding” 
[22] technique, able to give a hollow and thin-walled outcome. Literally it is like blowing air into a 
balloon. The plastic is put inside a shaped mould and then air is blown letting the plastic grow 
bigger until the mould walls are covered to take its shape (Figure 2-9). Then the product is cooled 
to keep its shape. This is a very fast (1400 product per 12 hour a day) and economically friendly, 
responsible for the production of bottles, cases and also fuel tanks. 

Figure 2-8: Schematic diagram of an extruder [17] 

Figure 2-9: Schematic diagram of a blow moulding technique [23] 
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If a strong and durable component is needed to substitute, as an example, a broken metallic part, 
the “Compression Moulding” [22] can be very useful. This technique consists in the pouring of the 
liquid raw polymer into a shaped mould which is kept heated in order to compress the material 
obtaining the desired product (Figure 2-10). Thanks to the high temperature, the final product, 
removed from the mould after being cooled down, has high strength even if it is a plastic. Generally, 
the cost per part with this technique is low, but the cost-effectiveness depends on the mould 
design and machinery complexity. 

There are some situations in which high volume components are needed, such as in the 
aerospace and automotive fields or also for medical equipment. In these cases, the grand-daddy 
of the mass production processes can be introduced, and it is the “Injection Moulding” [22]. The 
process is like the Extrusion Moulding, with the difference that the molten raw material is 
pressurized directly into a shaped mould (Figure 2-11). Once it is filled, the polymer is cooled to keep 
its new shape and the mould is opened. This technique can satisfy the need of the designers with 
high flexibility. Concerning the moulds, they can be very expensive since they are made of steel or 
aluminium to ensure good thermal/mechanical properties. Nevertheless, the cost per production 
unit falls in function of the production volume. 

Figure 2-10: Schematic diagram of a compression moulding apparatus [17] 

Figure 2-11: Schematic diagram of an injection moulding apparatus [24] 
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When large and hollow parts have to be produced, like car components or storage tanks, the most 
suitable technique is the “Rotational Moulding” (aka “rotomoulding”) [22]. In this case, the moulds’ 
design is flexible letting the component being able to change the shape of the final product. The 
polymer, that could be a resin or a molten one, is placed into the mould, which is kept at high 
rotational speed, so that the material can cover the whole surface, leading to the formation of a 
hollowed part with thin walls (Figure 2-12). Therefore, the mould is cooled, and the final shaped 
product is obtained. It can be said that this is an environmental-friendly process since it is material 
efficient and economic, leading to lower start-up costs (compared to the other processes) and to 
efficient production, even at low volume production. 

When more intricate design should be realized, “Reaction injection moulding” [26] can be applied. 
Commonly used in the automotive industry for the lightweight components, strong and yet flexible. 
Reaction injection moulding uses two elements combined and injected into the hot mould. They 
are thermoset polymers injected into the mould through a pressure injector that works at roughly 
ambient temperature (Figure 2-13). The downside relies in the non- recyclability of the product. The 
costs are a bit higher than the ones for the injection moulding, because of the more expensive raw 
materials. 

Figure 2-12:  Schematic diagram of a rotational moulding apparatus [25] 

Figure 2-13: Schematic diagram of a reaction injection moulding apparatus [27] 
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Sometimes a reasonable amount of product of high-quality must be produced without 
necessarily large investments on materials and machinery. In this case the best choice should be 
the “Vacuum casting” [26]. A master pattern with a high-quality surface finish is used to produce 
the silicon mould by casting the silicon on the patter under vacuum condition to avoid the 
formation of bubbles. Then, after curing it, the silicon mould is cut and the  master pattern is 
removed, leaving a cavity to produce components with the same shape (Figure 2-14). The 
disadvantages consist in the fact that the moulds are not durable and degrade after more or less 
20 copies. 

2.3 Physical Properties 
In this paragraph the properties of those material will be focused. As said above, they do not have 
a precise melting temperature, due to their disordered lattice. They are treated as amorphous 
materials, which means that at a certain temperature they pass from a solid state to a rubbery 
like one, and further they will reach the softening temperature at which they act as a viscous liquid, 
able to be shaped, machined or recycled. The TG depends on the capability of the chain to rotate 
along the chain backbone of the polymeric chain. This behaviour can be highlighted in the 
viscosity curve below, remembering the differences between a thermoplastic and a thermoset 
polymer (Figure 2-15a), and reporting some numbers as an example, specifying that the TS lies 
always between the TG and the TM (Figure 2-15b). 

Figure 2-14: Raw schematic for Vacuum casting [28] 

(a
) 

(b
) Figure 2-15: Scratch of a viscosity curve for amorphous/crystalline materials (a) (handmade) and 

melting/ glass temperatures for some of the most common polymeric materials (b) [18] 
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The choice of the polymeric material can be done in function of its molecular weight. In fact, 
decreasing or increasing the length of the polymeric chain will directly change the properties of 
the material, affecting in example the temperature and crystallinity (Figure 2-16a, b), with the 
possibility to pass from a hard plastic to a rubber like one. Having a clarifying example, considering 
polyethylene 2(CH2)n, a single repeating unit weights 28 

g
mol⁄ , so the properties of the material will 

be directly affected by the number of monomers composing the chain. 

When the TG is lower, the molecules can displace easily and so the glassy state can be converted 
to the rubbery one at low T. Otherwise, if the mobility of the chains is restricted, the glassy state is 
more stable since more energy is required to make the chains free. That means that the TG is 
increased. This behaviour can be highlighted in the Figure 2-17. 

 

(a
) 

(b
) Figure 2-16: Dependence of polymer properties as well as degree of crystallinity (a) and melting/glass transition 

temperatures (b) on molecular weight [17] 

Figure 2-17: Melting point and glass transition temperature of polymer [29] 
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In various papers, the glass transition temperature is linked to a simple formula that relates the TG 
to the molecular weight of the polymeric chain (Figure 2-18). This is the Fox-Flory equation, and the 
clearer explanation can be found in [30]: 

 𝑇𝐺 =  𝑇𝐺,∞ −  𝐾
𝑀𝑀𝑛

⁄         (1) 

In Equation 1 “TG,∞” is the glass transition temperature at a theoretical infinite molecular weight, “K” 
is an empirical parameter related to the “free volume” of the polymer sample that depends on the 
temperature and the number of polymer chain ends in the system. “Mn” is the molecular weight of 
the sample. 

Before moving to the specifics of the mechanical properties, it would be more appropriate to recap 
some fundamentals. The mechanical properties are directly related to the atomic bonds between 
the particles inside the material, which could be of different nature (covalent, ionic, VdW etc.). In 
general, this behaviour can be understood looking at the Condon-Morse curves (Figure 2-19) in 
which the attractive/repulsive force/energy between the particles are plotted in function of the 
interatomic distance. 

Figure 2-18: Variation of glass transition temperature with molecular weight of polymer [29] 

Figure 2-19: Condon-Morse curves [18] 
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The Elastic modulus “E” (Equation 2) is directly proportional to the tangent of each curve, evaluated 
at the equilibrium interatomic distance “r0”, thus: 

 
𝐸 ∝  (

𝑑𝐹

𝑑𝑟
)

𝑟0

 
(2) 

The easiest way to have a look at the behaviour of the materials undergoing to a certain load is to 
use the stress-strain curves (Figure 2-20) in which the overall mechanical characteristics are 
embodied. Those properties are function of various external factors, such as the temperature, 
chemical composition of the material and of the environment, strain-rate and so on. 

The stress “σ” is basically the strength that the material can withstand before breaking, usually 
measured in 𝑁

𝑚𝑚2  (referring to the cross-section area of the small specimens) and so in 𝑀𝑃𝑎. There 

are several types of strength, tensile (stretching), compressional, flexural (bending), torsional 
(twisting). The strain “ε” is intended as the elongation of the material starting from an initial value, 
measured in 𝑚𝑚.  

In these curves the elastic modulus, aka Young’s Modulus “E”, is given by the ratio between the 
stress and the strain (Equation 3), and is a measure of the stiffness of the material: 

     𝐸 =  
𝜎

𝜀
  [𝑃𝑎] (3) 

The toughness corresponds to the energy that the material can absorb before breaking and is 
measured as the area under a stress-strain curve (Equation 4): 

 
𝑇𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =  ∫ 𝜎 𝑑𝜖 (4) 

Some factors are strictly linked to the strength of the polymers: the tensile strength increases with 
the molecular weight since for low MM the polymeric chains are tied together by means of weak 
(VdW) interactions, while for larger MM the polymers become bulky and entangled together 
producing high strength values. The relative motions of the chains are inhibited by the presence 
of cross-linked morphology, resulting in a strengthening of the material; the main parameter that 
affects the polymer strengthening is the degree of crystallinity, the more the crystalline regions the 
stronger the intermolecular bondings. 

 

Figure 2-20:  Generic stress-strain curve for a polymer [17] 
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A brief and simplified overview of the behaviour of a generic polymer withstanding a certain load 
can be reported, with the help of the plots in Figure 2-21. The region in which the behaviour is linear 
is called “Elastic region” since no residual strain would occur, if the stress applied to the material is 
removed. The slope of the curve is constant and equal to the Young’s Modulus. Around a certain 
stress value, the elastic region ends at the so called “yield strength” σy (see Figure 2-18, point B in 
Figure 2-21). Therefore, plastic deformations start to occur. After the yield strength, if the load is 
removed the material will remain deformed with a certain residual strain, the behaviour in the plot 
is a straight line that goes back with a constant slope. Otherwise, applying a continuous stress, the 
fibers start to strain and the bondings between the chains become weaker and weaker (this fact 
can be appreciated looking at the decreasing of the stress value with the increasing strain), a 
compression state will occur, and the polymeric chains start to align, leading to the necking 
phenomenon. Therefore, a sudden increase in the stress value occurs, resulting in the Tensile 
Strength “TS” (see Figure 2-18, point D in Figure 2-21), at which the failure of the material occurs.  

Different types of polymers can be distinguished in function of their structure and properties. 
Referring to the curves plotted in Figure 2-22, basically the polymers are classified in three 
categories: brittle, ductile and elastomers.  

Figure 2-21: Plastic deformation of a semicrystalline polymer [17] 

Figure 2-22: Stress-strain behaviour of different types of polymers [29] 
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Brittle polymers are characterized by high Young’s modulus and are able to strain only in the elastic 
field (the yield strength coincides with the tensile strength), reaching the fracture much earlier if 
compared to the other classes of polymers. A characteristic of those materials is the failure 
surface, which is perpendicular to the load direction, rough and grainy (front decohesion).  

However, due to the bulky constituents, rigid chains (as thermosets) and low cohesive forces, these 
types of materials have good adhesive strength, fracture toughness, tensile and compressive 
strength, and wear resistance. Some common examples are: “polystyrene, polyvinyl acetate, 
polylactic acid, polyvinyl chloride, polymethyl methacrylate, polysulfone, poly(ether sulfone), 
polyimide, polycarbonate, etc.” [31]. 

Ductile polymers practically show properties as the ones explained above, characterized by a yield 
strength after which the material strains in the plastic field until it reaches the tensile strength. They 
can show very different behaviour, and this can be highlighted in Figure 2-23. They can be hard 
and strong with a high elastic modulus but not efficient in the plastic region, easily reaching the 
tensile strength. On the contrary, they could be soft and tough or maybe hard and tough, with 
good capability to strain in the plastic field but with different toughness value. “Examples of semi-
crystalline polymers are linear polyethylene (PE), polyethylene terephthalate (PET), 
polytetrafluoroethylene (PTFE) or isotactic polypropylene (PP)” [32]. Concerning the failure surface, 
in general it is smooth a skewed of 45° with respect to loading direction.  

Before passing to the explanation of the other class of polymers, an important feature of the 
above-mentioned materials must be introduced, namely the ductile to brittle transition 
temperature (DBTT). It simply identifies, as it suggests, the temperature below which a ductile 
polymer becomes brittle. There is no common value of DBTT polymers but rather it is specific of 
every single one and this is a crucial parameter to be considered in the selection of the material 
during the failure analysis.  

Figure 2-23: Types of stress-strain diagrams for different polymer group [17] 
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A specific standard to measure this temperature value has been stated and this is ISO 6603-2 
[33](multi-axial instrumented impact), which determines the puncture impact properties of flat 
and rigid plastics. If the impact behaviour can be easily determined by a threshold value, the ISO 
6603-1 can be applied [33]. As an example, Figure 2-24 can be used to clarify the idea. In this 
diagram the stress-strain curves of poly(methylmethacrylate) are plotted for different operative 
temperatures (in a completely normal range at our latitude). Starting from 60°C with a completely 
ductile behaviour, the temperature is progressively decreased, and the polymer becomes less 
tough until 4°C are reached and the behaviour results completely brittle. More specifically, the DBTT 
is strictly related to the degree of crystallinity of the polymer, since the presence of amorphous 
region establish different behaviour at different temperatures. In general, “Crystalline polymers 
show high strength & less ductility than the same polymers in the amorphous state at the same 
temperature” [34].  

Lasts but not least, the elastomers are a particular type of polymers, highly elastic and rubbery. 
Thanks to their low Young’s modulus, they are able to stretch a lot with high elongation at break. 
They are characterized by a DBTT well below the room temperature. Their molecular structure is 
composed of long chains, so long that can return easily to the original configuration without 
residual deformations when the stress is removed. Usually the term “elastomer” is confused with 
the term “rubber”, since the latter refers to vulcanised rubber. The vulcanisation process consists 
in the hardening of the rubber by means of the introduction of sulphur bridge between the 
polymeric chains (Figure 2-25) that work as a cross-link.  

Figure 2-24: Influence of the temperature on the stress-strain 
characteristic of poly(methylmethacrylate) [17] 

Figure 2-25: Introduction of sulphur bridge during vulcanisation of rubber [17] 
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Therefore, the toughness of the rubbers is increased as can be seen in the diagram of Figure 26. 
These polymers can be classified in three categories: diene, non-diene and thermoplastic 
elastomers, as shown in [35]. The first category is obtained through polymerisation of monomers 
with two sequential double bondings. Examples are polyisoprene, polybutadiene, and 
polychloroprene. Non-diene (such as butyl rubber (polyisobutylene), polysiloxanes (silicone 
rubber), polyurethane (spandex), and fluoro-elastomers, have no double bondings and should be 
obtained by means of condensation polymerisation or free radical polymerisation. The latter 
contains hard and soft repeating units, and when cooled down under the TG starting from the 
molten phase, the hard blocks form stiff regions acting as physical cross-links for the elastomeric 
blocks. Examples are SIS and SBS block copolymers and certain urethanes.  

 Once the classes of polymers have been discussed, it would be useful to show some numbers for 
some properties of the more common polymers (Figure 2-27).  

Figure 2-26: Stress-strain curves to 600% elongation for unvulcanised and 
vulcanised natural rubber [17] 

Figure 2-27: Room Temperature mechanical characteristics of some of the more 
common polymers [17] 
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3. Carbon Fibers 
In the last fifty years, carbon fibers (Figure 3-1) have become a widespread material because of 
their excellent properties. CFs are high-performance material widely used as reinforcement in 
advanced polymer-matrix composites (CFRPs will be treated in the further paragraphs). They are 
characterized by several advantages that can be easily found in literature [18], [36] and [37]. To 
cite some of them: CFs have the highest specific modulus/strength among all the reinforcing 
materials, showing high stiffness and tensile strength. At very high temperatures, they are able to 
maintain their high tensile modulus and high strength, even if oxidation can always be a problem. 
CFs are characterized by high chemical resistance not being affected by moisture, solvents, acids 
and bases and they can be engineered achieving different properties in function of the desired 
physical characteristics.  

Thanks to these good properties, CFs have become very popular in different fields, being 
extensively used in sports, automotive field, pressure vessels and aircraft structural components 
(military and commercial). “In 2012, estimated global demand for carbon fiber market was $1.7 
billion with estimated annual growth of 10–12% from 2012 to 2018” [37]. Nowadays, CFs are mostly 
sought-after in aircraft/aerospace field, wind turbines and the automotive field. At present, CFs 
capacity is estimated to be around 160 ktons (Table 3-1 extracted from [39] and rearranged).  

Figure 3-1: Carbon fibers at microscopic scale [38] 

Table 3-1: Carbon fibers producers and capacity [39] 
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3.1  A brief hystory on carbon fibers 
According to the paper mentioned in [39], CFs appeared for the first time, in 1860, as heated cotton 
fibers in an oxygen-free environment created by Joseph Wilson Swan, followed by Thomas Edison 
in 1879 who obtained CFs from the heating of cellulose. Later in 1958, Roger Bacon was able to grow 
carbon whiskers with exceptional mechanical properties, built as rolled-up sheets of graphite 
layers along all the whiskers length, achieving strength and elastic modulus in the order of 20 GPa 
and 700 GPa respectively. Some more information about the introduction of the CFs during the last 
decades can be found in [39]. 

3.2 Carbon Fibers’ precursors 
CFs’ characteristics strictly depend on the manufacturing technique and mainly on their 
precursors. Lots of information are collected in papers, reviews and textbooks. Hence, three main 
organic precursors are used: rayon, polyacrylonitrile (PAN) (Figure 3-3) and petroleum pitch. 
Nowadays, it is known that the precursor is almost exclusively PAN (made via solution, suspension 
or polymerization process), on which 90% of the production is based. The remaining part is 
subdivided between pitch and rayon base technologies.  

 

Besides that, a lot of attention is given to alternative precursors such as lignin, cellulose or 
polyethylene, in order to significantly decrease the production cost. However, since the CF 
manufacturing techniques are relatively complex and are not included in the focus of this report, 
further information can be found in [39], [41]and [42]. 

Figure 3-2: Structure development of a carbon fiber during 
carbonization and graphitization [39] 

Figure 3-3: Schematic of the production chain of CF from PAN precursor [40] 



 

24 
 

3.3 Properties and structure of carbon fibers 
A brief overview of the structure and physical properties of the CFs is reported in this chapter. 
Starting from the structure of these fibers, their diameter lies in the range 4÷10 µm [18] and can be 
found both in chopped and continuous form (Figure 3-4).  

Moreover, the atomic structure is similar to that of graphite, compose of graphene sheets (carbon 
atom layers) disposed in a hexagonal pattern. These layers can be turbostratic, graphitic or a 
hybrid structure, depending on the precursor and on the manufacturing processes. As it has been 
said in the previous chapter, this argument is not contemplated in this report, but additional 
information about atomic structure, treatments for each precursor and properties are available in 
cited literature and papers.  

In general, the high crystallinity leads to high modulus values. Therefore, carbon fibers are classified 
in different types and in function of their modulus and tensile strength (Table 3-2).  

Another distinction can be based on the final heat treatment temperature [36] (Table 3-3): 

(a) (b) 

Figure 3-4: Continuous (a) and chopped (b) carbon fibers [43] 

Table 3-2: Types of carbon fibers in function of E and TS [36] 

Table 3-3: Types of carbon fibers in function of final heat treatment temperature [36] 
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The significant diffusion of these fibers is due to their excellent physical properties, in particular 
their strength-to-weight ratio since they are strong and light. If compared to the commonly used 
glass fibers, much higher Young’s modulus and tensile strength can be appreciated (Figure 3-5), 
which means that CFs are characterized by good stiffness and resistance.  

As reported in the above-mentioned literature for further information, at the end of the 
manufacturing process, the fibers are coated with polymers (usually epoxy resins) to prevent them 
from being damaged during the winding or weaving. Even if CFs are corrosion resistant and 
chemically stable, the polymer can deteriorate under chemical-, bio-, thermal- and light-
degradation (other matrices different than polymers can also be reactive).  

Carbon fibers are characterized by good resistance to fatigue load and good tensile strength. It 
should not be forgotten that CFs are brittle since the above-mentioned layers are characterized 
by strong covalent bonds and due to the sheet-like aggregation the cracks propagate very fast. 
Therefore, this brittle behaviour leads to: 

➢ Sudden decrease of the modulus and catastrophically failure under fatigue failure. 
➢ The failure at small strains when tested in tensile mode. 

In the next chapter, particular attention is given to the mechanical properties of the CFs, in which 
CFRPs are discussed.  

In order to add further information, the latest development in CFs consists in the “carbon 
nanotubes” that show superior properties (more can be found in [39]). 

Furthermore, it is well known that the stronger the bonds, the less the crystalline lattice vibrate and 
vice versa. Hence, since CFs are characterized by strong bonds, at high temperatures the 
vibrations of the lattice are restrained, making CFs suitable for applications where small 
movements can be critical. Translating this fact into numbers, fibers have small and negative 
coefficient of linear thermal expansion (CLTE) in the range −0,5 ~ − 2,0 ∙  10−6 𝐾−1 in the fibers’ 
axial direction [42].  

 

Figure 3-5: Properties of continuous and aligned glass- and carbon-fibers 
reinforced epoxy matrix composites (fibers volume fraction at 60%) [1] 
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As for the thermal properties, it is true that CFs have high crystallinity, but the change in the theme 
will worsen the phonons propagation. Therefore, the lattice can be engineered (i.e., aligning the 
graphene layers along the fiber axis), designing CFs for low or high thermal conductivity. To give 
an idea for the order of magnitude, their coefficient of thermal conductivity lies in the range 

21 ~ 125 
𝑊

𝑚𝐾
 [42], close to that of metals. 

 Once the properties that set the CFs so widespread are introduced, a summary table (Table 3-4) with 

the various sector (and the relative properties of interest) is introduced. 

 

  

  

  

 

 

Table 3-4: Application fields of CFs 
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4. Carbon Fiber Reinforced Polymers – CFRPs 
Nowadays, in the structural field, the advanced materials are continuously researched, and the 
use of technological processes is growing rapidly. In specific fields, like in the engineering, the use 
of the common conventional materials (such as metals, polymers, ceramics, etc.) is not enough, 
since their application is limited by their properties (i.e., large monolithic pieces of metals cannot 
be used and sometimes materials with their same stiffness but lighter are needed). In order to face 
specific requirements, composites are introduced. 

“A composite material is a heterogeneous material composed of two or more integrated 
constituents for enhanced structural performance” [17]. Most of the composites are composed of 
just two phases: the former is the matrix, which is continuous and involves the strengthening phase; 
the latter is the dispersed phase, which could be of different shapes, different nature and geometry 
(distribution, size and orientation). A simple schematic classification of composite materials is 
shown in Figure 4-1a.  

In broad terms, the dispersed phase for particle-reinforced composites is approximately equiaxed, 
for the fiber-reinforced ones has the geometry of a fiber with large length-to-diameter ratio, while 
for the structural ones are combinations of composites and homogeneous materials. Further 
insights can be found in [18], since the report is focused on the fibers reinforcement. 

4.1 A brief overview on CFRPs 
However, the strengthening material can be of different nature: polymeric, metallic or ceramic. The 
choice is performed in function of the required characteristics of the materials (e.g., for aerospace 
field, it is preferred to substitute precise metallic components with CFRPs for fuel-saving since they 
can show the same stiffness but with less weight). A clarifying scheme is shown in Figure 4-2, in 
which the specific strength of different materials is plotted in function of the operative 
temperatures. 

 

Figure 4-1: (a) classification scheme for the various composite types [18], 
(b) demonstration of a fiber reinforced polymers [17] 

(a) (b) 
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As a first approximation, the rules of mixture can be applied to predict most of composite properties, 

such as the elastic modulus. Starting from the particle-reinforced composites, Equation 5 can be 

applied, with reference to the volume fraction of the two constituents: 

 𝐸𝑐 = 𝐸𝑚𝑓𝑚 +  𝐸𝑝𝑓𝑝 (5) 

In the case of the fiber-reinforced composites, the moduli for continuous and aligned fibrous 

composite both in the longitudinal direction and in the transverse direction are given by Equation 6 

and Equation 7 respectively: 

 𝐸𝑐𝑙 = 𝐸𝑚𝑓𝑚 +  𝐸𝑓𝑓𝑓 (6) 

 
𝐸𝑐𝑡 =

𝐸𝑚𝐸𝑓

𝐸𝑚𝑓𝑓 +  𝐸𝑓𝑓𝑚
 

(7) 

At least, the one for the discontinuous and randomly oriented fiber-composites is evaluated by means 

of Equation 8: 

 𝐸𝑐𝑑 = 𝐸𝑚𝑓𝑚 +  𝐾𝐸𝑓𝑓𝑓 (8) 

In which “K” is a fiber efficiency parameter, function of the ratio between the moduli of the fibers 

and of the matrix, its magnitude is lower than 1 (in most of the cases comprised between 0.1 and 

0.6). Note that the rule of mixture can be applied also in the evaluation of density, thermal/electrical 

conductivity. 

In this report the properties of the fiber-reinforced composites with a polymeric matrix are treated, 

since the focus are the CFRPs. Further information on the other types of reinforcing materials can be 

found in [18]. 

 

Figure 4-2: Mass specific strength vs. Temperature of structural materials [17] 
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Nowadays, as it is cited in [18], the most important composites are the fibers-reinforced ones, 
characterized by exceptionally high specific strengths and moduli, with low-density fiber and 
matrix materials (see the previous chapter on polymers). As depicted in Figure 4-3, they can be of 
different nature, but the Carbon Fibers are one of the best choices, because of the properties 
showed in the previous chapter that make them suitable for high-performance applications.  

4.2 Mechanical properties of CFRPs 
Previously the composites were introduced as materials composed of two constituents: the matrix 
and the dispersed phase. In reality, a third player should be introduced, which is the interface 
between the matrix and the fibers. FRPs require a strong interface (one of the reasons why the CFs 
are preferred) so that the load from the fibers (brittle materials) can be transferred to the matrix 
(non-brittle material). A clear representation can be found in Figure 4-4.  

Figure 4-3: Classification of fiber-reinforcing materials [17] 

Figure 4-4: Schematic of the interactions between fibers and interface [17] 
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Another important parameter is the critical length of the fibers, on which the load transferred from 
the fibers to the matrix is strictly related, more information in [18]. Furthermore, a stress vs. strain 
behaviour can be analysed by means of the schematic in Figure 4-5, considering brittle fibers 
(such as CFs) and the matrix phase to be reasonably ductile (like a polymer).  

The different behaviours between fibers and matrix can be appreciated in Figure 4-5a, useful just 
to give a perspective. Otherwise, looking at the Figure 4-5b, a CFRP-like composite behaviour is 
highlighted, in which the materials show the uniaxial stress-strain response. In the initial “Stage I”, 
both materials strain in the elastic field and the resultant elastic modulus is given by Equation 6. 
Hence, in the “Stage II”, the polymeric matrix starts to deform plastically, while the fibers continue 
to strain linearly. Since the matrix now contributes little to the stiffness, the portion of the modulus 
related to the matrix in Equation 6 can be considered negligible, and the composite’s modulus is 
dependent on the fibers contribution. In fact, as can be seen in Figure 4-5b, in the “Stage 2” the 
slope of the composite decrease once the matrix contribution is lost. Then the fracture of the fibers 
starts to occur, but it won’t lead to a catastrophic failure of the composite, since not all the fibers 
fracture at the same time. A schematic of this mechanism is represented in Figure 4-7. 
Nevertheless, once a fiber is broken, it will always be embedded within the matrix, being capable 
of contributing to the load withstanding as the matrix continues to deform in the plastic field, and 
so on even if the fibers are fractured and divided in small pieces. This is true until they are pulled 
out from the matrix (e.g., Figure 4-6), the stronger the interface, the higher the energy required to 
pull-out the fibers. This mechanism is called “pull-out and debonding” and it is one of the most 
effective mechanical energy consuming mechanisms known in nature (more insights can be 
found in [44]). 

  

Figure 4-5: (a) Schematic stress–strain curves for brittle fiber and ductile matrix 
materials. Fracture stresses and strains for both materials are noted. (b) 

Schematic stress–strain curve for an aligned fiber-reinforced composite that is 
exposed to a uniaxial stress applied in the direction of alignment; curves for the 

fiber and matrix materials shown in part (a) are also superimposed [18] 
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Figure 4-6: - SEM micrographs of failed flexural H_PP specimens at different 
magnifications, highlighting the presence of extensive fiber pull-out and debonding [45] 

Figure 4-7: Consecutive phases in the fracture sequence of a continuous 
fiber-reinforced composite (qualitative, not-to-scale diagram) [44] 
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Another important aspect is related to the fibers’ orientation, which have a significant influence on 
the load that the composite can withstand. The material in question is highly anisotropic, which 
means that its properties are strictly related to the direction in which they are measured. Hence, 
the maximum strength that the material can withstand is obtained in the direction parallel to the 
fiber displacement. On the contrary, the load in the direction perpendicular to the fiber, the 
withstanded load is negligible (Figure 4-9). According to the fiber displacement, two configurations 
are possible: 

➢ Parallel alignment of the longitudinal axis of the fibers, continuous or discontinuous (Figure 
4-8a and 4-8b respectively). 

➢ Totally random alignment (Figure 4-8c). 

 

Figure 4-8: Schematic representations of (a) continuous and 
aligned, (b) discontinuous and aligned, and (c) discontinuous and 

randomly oriented fiberreinforced composites [18] 

Figure 4-9: Graph of load vs. fibers' orientation [17] 
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Obviously, better properties can be obtained when the fibers are uniformly distributed. However, 
those materials can be upgraded, reaching quasi-isotropic configuration, displacing the fibers on 
different piles with different angulation (Figure 4-10), so that high loads can be applied on different 
directions.  

The properties of the CFRPs lead to various advantages (according to [46]), such as high tensile 
strength/modulus to weight ratio, practically negligible coefficient of thermal expansion, high 
fatigue strengths and thermal conductivity, specific strength up to 4500 MPa, stiffness with 
damping feature. Unfortunately, they also show some disadvantages, like the high cost and the 
high electrical conductivity, low breaking elongation and impact resistance. Nevertheless, these 
properties make them suitable for different applications such as aerospace automotive, 
electronics, medical and sport equipment components. A full section dedicated to the 
applications of CFRPs in aircrafts can be found in [46], which contains examples of applied CFRPs. 

  

Figure 4-10: Illustration of fiber orientation angles format [46] 
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4.3 Production processes for CFRPs 
As for the production of CFRPs, different methods can be applied in function of the polymeric 
matrix, which could be thermoset or thermoplastic. In this section the main manufacturing 
processes are discussed: 

➢ Pultrusion - used to design components with a constant cross-sectional shape (such as 
tubes, beams, etc.); the fibers are initially drowned into a resin and then undergo to the 
machinery that give the desired shape (Figure 4-11). This process can be automated and 

can reach high production rates, it is very cost effective. 
➢ Prepreg - “the composite industry’s term for continuous fiber reinforcement pre-

impregnated with a polymer resin that is only partially cured” [18]. Initially, a series of 
spooled fibers are collimated and sandwiched together by means of pre-impregnated 
sheets, with a process called “calendaring” (Figure 4-12), then the final product is collected 
by winding onto a cardboard core.   

 

 

 

Figure 4-11: Schematic diagram showing the pultrusion process [18] 

Figure 4-12: Schematic diagram illustrating the production 
of prepreg tape using a thermoset polymer [18] 
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➢ Filament winding - “is a process by which continuous reinforcing fibers are accurately 
positioned in a predetermined pattern to form a hollow (usually cylindrical) shape” [18]. In 
this case, the fibers are drowned into a resin bath and then wounded onto a mandrel by 
means of automated machinery. Various patterns can be obtained (Figure 4-13) with the 
desired mechanical properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-13: Schematic representations of helical, circumferential, and polar filament winding techniques [18] 
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5. Carbon Fibers recovery 
In the previous chapters, the superior characteristics of the CFRPs were highlighted, analysing 
broadly both carbon fibers and polymeric matrix properties. A large variety of papers can be found 
in the e-journals, which contain a lot of information concerning the treated topic, with useful 
examples, figures and real applications. These can be found in the cited papers [47]- [70]. The 
different qualities that classify the Carbon Fiber-Reinforced Polymer composites as advanced 
materials lead them to be widely used within the last decades. Therefore, the application of CFRPs 
has been extended from aerospace sector to automotive industry, sporting goods, renewable 
energy and construction. As far as figures are concerned, the worldwide use of CFRPs was 
expected to be approximately 199 kilotons by this year [47], and in 2020, 3000 tons per year of waste 
were expected only in Europe and in the U.S. [48]. As an example, in [48] is reported that around 
8500 commercial airplanes will be dismantled by 2025, being composed of 50% in weight by CFRPs. 
Nevertheless, the amount of these non-biodegradable wastes will exceed 263 kilotons by 2030 
[49]. It seems clear that such a high demand introduces disadvantages, increasing the amount of 
CFRPs waste in the coming years. Currently, unsatisfactory solutions are adopted for the CFRPs 
disposal, being landfilled or incinerated, leading to serious environmental pollution. In the EU, the 
organization that encourage at reducing the amount of waste disposed and incinerated, 
promoting the recycling of these materials, is the European Union’s Waste Framework [51]. 

Obviously, the author in [52], which is a very interesting publication rich in useful information, states 
that the recycling process should be efficient, eco-friendly and cost-effective, highlighting three 
different methodologies to treat the waste: disposal (landfilling), energy recovery from steam 
(incineration) and recycling. Starting from the cheapest and most common, landfilling is definitely 
not an eco-friendly strategy to manage disposal so that both the EU and the US authorities put it 
under restrictive legislations, and obviously this method does not allow the energy recovery from 
the material (“disposing of CFRP by landfilling, where not illegal, can cost approximately 0.20 £/kg” 
[50]). For this purpose, incineration is used to partially release the embodied energy of the entire 
CFRP, releasing a huge amount of pollutant, such as GHGs, into the environment. Last but not least, 
the recycling method is the most challenging but continuously under innovative investigation, 
because it allows the recovery of the r-CFs from v-CFs (Figure 5-1).  

Figure 5-1: Composites life cycle [57] 
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It must be remembered that recycling is expected to be a less energy-intensive process with lower 
environmental impact than the traditional way to produce v-CFs. “Carbon fibre manufacturing is 
an energy intensive process (183–286 MJ/kg of carbon fibre), which transforms the precursors with 
poorly ordered structure into a nearly perfect graphite structure in carbon fiber (CF) and generates 
environment and human health impacts due to emissions from the oxidation and carbonization 
furnaces, such as HCN, NH3, NOX…” [58]. 

However, the application of the appropriate recycling technique strictly depends on whether the 
polymeric matrix is thermoplastic or thermoset. As explained in the previous chapter on polymers, 
the former group can be easily recycled, shaped and machined, while the materials of the latter 
group must undergo more complex processes because of their cross-linked and heterogeneous 
nature. In fact, “Thermoset matrices such as phenolic resins or epoxy resins cannot be re-
processed, recycled, or altered into their monomeric state due to their 3D cross-linked structure” 
[52]. 

Thanks to the huge plethora of material available in literature and in various periodic, a lot of 
information were extracted, so that a classification of the different recycling methods and their 
pros and cons can be treated. As depicted in Figure 5-2, the main technologies aimed at recycling 
those type of materials are currently classified in three categories: primary, secondary and tertiary 
recycling technologies. However, each technique will be treated with more attention in the next 
paragraphs. 

Primary and secondary recycling are better known as mechanical recycling, both based on 
crushing and milling the waste CFRP composites but deferred by the final properties of the recycled 
material compared to the virgin one: equivalent properties (primary), inferior properties 
(secondary). In the cases of CFRP composites, the CFs are recovered as powder or short fibres that 
can only be reused as fillers in the production of new composites. 

 

 

Figure 5-2: Recycling technologies for composite waste [53] 
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Tertiary recycling techniques are based on the chemical decomposition of the polymeric matrix 
by means of thermal or chemical processes. In this case, CFs can be recovered with excellent 
properties so that they can be used as raw materials or mixed with virgin fibers. The thermal 
process consists in decomposing the polymer that covers the CF at high temperature (using 
pyrolysis or fluidized bed process), whereas chemical process consists of using solvents in function 
of the specific resin to be separated (solvolysis processes). Some examples can be found in the 
cited paper, such as [48] in which monoethanolamine – MEA is used to dissolve the polymer, or 
[54] in which nitric acid is used. 

Not to be forgotten, there are alternative techniques like electrically driven catalytic 
decomposition. More information about the mentioned methods can be found in [55] and [56]. 
However, the key characteristics of the main recycling methods are summed up in Table 5-1, 
extracted from [49].  

 
In addition, as it is said in [48], “the existing technologies are subjected to several shortcomings, 
such as stringent conditions, expensive reaction equipment, and damaged mechanical properties 
of carbon fibers” and this can be better understood by looking at Table 5-2, extracted from [48].  

In the next paragraphs each technique will be properly discussed, so that a general overview can 
be appreciated. Then, a Life Cycle Assessment (LCA) will be discussed in order to underline the 
impact of each process on the environment. 

 

Table 5-1: Existing methods for carbon fibre reclamation from CFRP waste [49] 

Table 5-2: Comparison of different recycling technologies nowadays [48] 
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5.1 Mechanical recycling 
Thanks to the above-mentioned collected literature, the recycling technique based on mechanical 
processes can be fully understood (Figure 5-3). For the realisation of this report, several research 
in papers are used. Recycling of CF composites through mechanical methods has been under 
study. At the downstream of the process, the mechanically recycled composites are typically used 
as fillers or reinforcement in new composites (e.g., as fillers for artificial woods or asphalt, or as 
mineral sources for cement [50]). However, these are low-value applications and, due to this, most 
of the research in literature is focused on the recycling of the glass fibres from GFRPs. Nevertheless, 
applications to thermoplastic and thermoset CFRPs can be appreciated as well in paper such as 
[52], [57] in which some examples are cited and treated.  

Mechanical recycling represents the easiest way to re-manufacture a composite material and is 
a practical way to manage the increasingly large volumes of CF waste, which are recycled without 
changing their initial structure. The process starts from the identification of the polymer matrix to 
be treated, remembering that the thermoplastic polymers can be easily remoulded and 
machined (e.g., polyethylene, polypropylene, etc.) an infinite number of times, instead of the 
thermoset polymers. The latter group of materials are the most used in mechanical recycling since 
they are cross-linked and cannot be machined and easily melted. Thus, it is possible to grind them 
up and to realise new low-value composites.  

 

Figure 5-3: Mechanical recycling [4] 

Figure 5-4: Flow diagram of mechanical recycling of the waste FRP [57] 
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This recycling process is based on a sequence of operations like sorting, cutting, shredding, 
crushing, rotary cutter, milling, separation techniques etc. (Figure 5-4). First of all, large pieces of 
waste CFRPs are sorted manually or automatically and then are granulated by means of 
shredding or cutting mills (Figure 5-5). The dimension and the uniformity of the produced pieces 
are a function of the distance between the blades, the sieve size and the rotation speed of the 
blades. Usually, the supplied waste composite is fed into “50-100 mm” [53] in size and then 
granulated in finer pieces “from 10 mm down to 50 µm in size” [53], taking into account that the 
decrease in size goes hand in hand with an increase of the energy consumption.  

Once the original components have been processed, the outcomes are sent to whatever 
separator that must be suitable for large particles. Examples are cyclones, sieves or electrostatic 
separator (Figure 5-4). Therefore, the different fractions of the composite are separated by size: 
coarse or fine particles. The former group represents the fibrous fraction (reused for reinforcing 
purposes), while the latter is referred to the powdered fraction composed mainly by the polymeric 
matrix (reused as active fillers or in sheet moulding compound composites). This process leads to 
a few advantages as it permits to recover both matrix and fibers, without pollutant production. 
Nevertheless, the mechanical properties are degraded because of the unstructured architectures, 
coarse and non-consistent. As a consequence of that, the re-manufacturing applications are 
limited. In general, as it is reported in [53], if a thermoset composite is filled with 50% of recovered 
fibrous fraction and mixed with v-CFs, the mechanical properties remain unaltered. Otherwise, if 
filled with 100% of recycled parts, mechanical properties are degraded. 

Thanks to the collected literature, some properties of the r-CF can be discussed, accompanied by 
a little research. This is the case of “Colucci et al.” [52] that have investigated the effects of the 
mechanical recyclability upon mechanical properties of PA66 (polyamide 66) filled with short CF. 

 

 

Figure 5-5: (a) Schematic illustration of top and front, and (b) inside views of a multiple-shaft 
shredding machine; CF/PPS offcuts (c) before and (d) after shredding [52] 
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They have found that the reduction of the elastic modulus and of the tensile strength is strictly 
related to the ageing of the matrix and that the shortening of the CFs after the recycling process 
has negligible impact on the mechanical properties. The experiment was realised imposing an 
artificial ageing process by means of a proper UV-irradiation. Then, the aged composite 
underwent a recycling process (Figure 5-6). At the end, it is clear that the photo/thermo-oxidative 
degradation of the polymeric matrix is the main responsible of the reduction in mechanical 
properties.  

Furthermore, the dependence of the r-CFs quality and of the energy consumption on the 
clearances between the machine blades, the thickness of the fed composites and the sieves mesh 
size, has been demonstrated by “Shuaib and Mativenga” [52]. Other studies were performed mixing 
r-CFs with concrete or reincorporating them into thermoplastic resins, obtaining different values 
of tensile modulus/strength that increase with the increasing percentage in weigth of r-CFs (see 
[57]). Some of the most recent studies are reported in [52], [57]. 

 

 

 

 

 

 

 

 

 

Figure 5-6: (a) the production procedures of PA66/CF composites and their mechanical recycling; optical 
images of CF (b) before and (c) after recycling process by "Colucci et al." [52] 
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5.2 Pyrolysis process 
Compared to the other recycling methods, pyrolysis technique is still progressing at industrial level 
and some research is focused on improving the efficiency of the process (discussed in the 
following lines). Before introducing the process for the recycling of the CFRP composites waste, 
some fundamentals have to be recalled. “Pyrolysis can be defined as the decomposition of a 
molecule by high temperature within a nonreactive atmosphere” [59]. In our case the pyrolysis 
process is referred to the thermal decomposition of the polymeric matrix in almost absence of 
oxygen (inside an inert atmosphere filled with N2 or Ar), with controlled pressure and temperature 
(Figure 5-7). The properties of the r-CFs, in fact, strictly depend on some key parameters, such as 
temperature, residence time and reaction atmosphere components, even if the results are always 
inferior compared to the one of the v-CFs. As stated in [52], in general the temperature is controlled 
at more than 350°C and at atmospheric pressure.  

In addition, the characteristics of the r-CFs are not as good as the ones of the v-CFs (crystallinity, 
sizing, impurities etc.) and may contain some resin residues. If carbon fibers manufacturing 
requires 183÷286 MJ/kg , this process requires around 10÷50% [52] of the energy consumption 
required for the v-CF production. The breaking down of the matrix not only produces recycled fibers 
and fillers, but also co-products such as solid and oily products characterised by lower molecular 
weight (e.g., polyaromatic chars, benzene, toluene, ethyl benzene and phenols), and gaseous 
products (H2, CH4, CO and CO2). Thanks to the high calorific value, the oily and the gaseous co-
products can be stored and re-used as fuel or secondary source. A post-pyrolysis oxidation step 
could be introduced to eliminate the pyrolytic char layer on the fibers surface after the pyrolysis 
process, even if the pyrolytic chars play a tricky role that will be fully understood in the following 
lines. As a result, the r-CFs are suitable for non-structural applications (automotive, industry, sports 
equipment etc.) since cannot be considered a perfect substitute for the v-CFs. 

 

 

Figure 5-7: Schematic of pyrolysis process for the recycling of CFRPs [53] 
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The processing parameters were investigated, since their optimisation can lead to better 
efficiencies and to properties of the r-CFs closer to the one of the v-CFs (e.g., strength retention up 
to 90%). Thanks to the abundant literature, some research of the past was found, in which pyrolysis 
process at different temperatures and operating conditions were investigated. The first company 
able to perform a continuous pyrolysis recycling line, aimed at producing commercial recycle CFs, 
was “Recycled Carbon Fibre Ltd. (RCF)” [53], UK in 2008. However, Ushikoshi et al. [57] applied 
different operative temperatures (400 °C, 500 °C and 600 °C) in an inert atmosphere, discovering 
that the r-CFs contained good mechanical properties with a superficial morphology comparable 
with the one of the original fibers. Furthermore, Meyer et al. [53] investigated parameters such as 
variation in temperature, isothermal dwell time and nitrogen and synthetic atmosphere, by means 
of thermogravimetric analysis (TGA). Their research has shown that the decomposition in nitrogen 
atmosphere is temperature dependant, while in synthetic air atmosphere it is more time and 
temperature dependant (see [53] for more info). Another important research was developed by 
“Nahil and William” [52] (2011), in which they pyrolyzed a CFRP (made of woven carbon fibres and 
polybenzoxazine resin) in a static bed reactor (depicted in Figure 5-8) at 350, 400, 450, 500 and 
700 °C for 1 h with a heating rate of  5 °C/min, with a successive post-oxidation carried at 500 and 
700 °C.  The best results were obtained with a pyrolysis and oxidation temperature of 500 °C, 
reaching the 93% and 96% of the tensile strength and Young’s modulus respectively. For what 
concerns the char layer on the fibers, the higher the oxidating temperature, the lower the time 
required for their elimination. With an oxidating temperature of 500 °C, the chars were eliminated 
in 2 h instead of the 15 min required for 700 °C, but in despite of the short dwell time the mechanical 
properties were deteriorated (with only 36% retention of the tensile strength). Nahil and Williams 
also discovered that the solid, liquid and gaseous yields are strictly dependant on the polymer 
matrix and the operating temperature.  

Figure 5-8: Static bed pyrolysis reactor [52] 
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In 2018, Mazzocchetti et al. [52] studied the effect of the oxidation time and the damage level 
imposed on the fibers, highlighting the tricky role of the pyrolytic char layer. He performed the 
research comparing the effect of oxidation on both v-CFs and pyrolyzed CFs. Starting from the v-
CFs, applying oxidation at 500 °C for 1 h, the fibers degradation led to 10% diameter reduction. While 
for the pyrolyzed fibers 1 h was just enough to remove the char layer (which increases the fibers 
diameter by 10%). This pyrolytic layer acts as a scapegoat, avoiding the reaction of oxygen with C 
atoms and reducing the overall damage to the fibers. Thus, acting on the pyrolysis and oxidation 
parameters permits to optimize the retention of fibers mechanical properties of the r-CFs. 

Mazzocchetti et al. have shown that CFs can be oxidized at 600 °C with no dwell time or at 500 °C 
with 120 min dwell time [48]. He also noticed that epoxy composites with v-CFs and r-CFs can 
exhibit similar mechanical properties. This is possible due to the enrichment of the pyrolyzed fibers 
with oxidized groups, after the oxidation process, which act as cross-linkers between r-CFs and 
new resin. The studies in the above-mentioned papers showed that pyrolysis can lead to products 
with high mechanical properties after the recycling process (with a strength retention up to 90%), 
if optimised parameters setting is used. Furthermore, one of the most recent researches (in 2021), 
carried out by “Hadigheh et al.” [48] is focused on the achievement of an energy efficient and cost-
effective pyrolysis, also improving the surface characteristics of the r-CFs. Hence, they investigated 
the kinetic behaviour of the composite thermal degradation, in order to optimise the key 
parameters, evaluating the activation energies on the basis of five different kinetic model that, for 
sake of simplicity, won’t be treated in this report (see [48] for more info). Using composite coupons 
(Figure 5-9a) made of epoxy resin and 45% of CFs, they found that the pyrolysis process (in an inert 
atmosphere filled with nitrogen) can be divided in two stages, where 55% of the resin is removed 
during the first one. As a first try, the CFRPs coupons are heated up to 800°C in the first stage trying 
different heating rate, while in the second one the temperature is maintained for 60 min (Figure 5-
9b and Figure 5-9c).  

The surface morphology of the treated CFs can be monitored via Scanning Electron Microscopy 

(SEM), clear examples are reported in the following pictures. Nevertheless, also trying with different 

operative parameters settings, almost clean fibers were obtained (Figure 5-11a, b, c) but showing 

damaged surface (Figure 5-10c) or small amount of residual matrix/char (Figure 5-10d), even at 60 

min dwelling time. 

(a) (b) (c) 

Figure 5-9: (a) CFRP composite samples, (b) variation of temperature during time for different heating rates, (c) 
average conversion fraction at different sample temperatures for different heating rates [48] 
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Thus, studying the kinetic behaviour (which is fully explained in [48]) the optimum values of the 
process were found. During the first stage, the energy input could be minimised since higher 
conversion rate can be achieved with lower heating rate. Therefore, the decomposition of the resin 
was efficient at 425 °C, but only stage one was not sufficient to produce high quality fibers. 
Therefore, stage two presented some issues since it was unstable and ineffective in the matrix 
removal. In fact, an oxidation step was introduced with temperature up to 550 °C and 10 °C/min. 
High quality recycled fibers can be obtained with this optimum configuration (Figure 5-11d, e, f).   

Figure 5-10: SEM images of reclaimed CF pyrolyzed up to (a) 425 °C with 60 min isothermal dwelling and (b) 
680 °C with no isothermal dwelling, (c) 800 °C plus 30 min isothermal dwelling (heating rate = 20 °C/min), 

and (d) 800 °C with 30 °C/min heating rate and 60 min isothermal dwelling [48] 

Figure 5-11: SEM images of reclaimed CF for (a, b, and c) pyrolysis up to 800 °C with 20 °C/min 
heating rate and 30 min isothermal dwelling, and (d, e, f) high effective pyrolysis up to 425 °C 

followed by oxidation up to 550 °C with 10 °C/min heating rate and 60 min isothermal dwelling [2] 
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Thanks to all the cited research and to the well-known process, “Guo et al.” [60] analysed not only 
the effect of different oxidation conditions on the r-CFs properties, but also the characterisation of 
the pyrolysis products. The schematic of the process is shown in Figure 5-12, in which at a first 
pyrolysis step (in an Ar atmosphere) follows an oxidation process (in air atmosphere).  

Therefore, in Figure 5-13 different surface morphologies can be appreciated, each obtained with 
different operating conditions and compared to the v-CFs (Figure 5-13a). 

The outcome of the experiment highlights that relatively clean r-CFs can be obtained from an 
oxidation at 450 °C for 15-20 min, with a tensile strength retention higher than 90%, tensile modulus 
retention above 80% and an electrical conductivity higher or equal to 70% (Figure 5-14).  

  

Figure 5-12: Process diagram of carbon fiber recovery by CFRP pyrolysis [60] 

Figure 5-13: The surface morphology of VCF and RCF. (a)VCF; (b)T600t30Ar; (c) T600t30ArT400t20Air; 
(d) T600t30ArT450t10Air; (e) T600t30ArT450t15Air; (f) T600t30ArT450t20Air; (g) T600t30ArT500t20Air; 

(h) T600t30ArT550t20Air [60] 
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In the end, pyrolysis products were listed in Table 5-3. The epoxy resin matrix is degraded in gas, 
liquid and carbon products; oxygen-containing aromatic compounds represent the liquid part, 
while the gaseous part is composed of CO2. Inside the furnace, organic phases and gases are 
produced and then discharged as steam. The composition in Table 5-3 is also comparable with 
the ones that can be found in literature. 

Figure 5-14: Properties graph of VCF and RCF recovered at 450 ◦C. (a) tensile strength; 
(b) tensile modulus; (c) conductivity [60] 

Table 5-3: Characterization results of thermal pyrolysis products [60] 
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Further modifications of the process can be applied, trying to improve the efficiency of the pyrolysis 

recycling method. There are some research based on:  

➢ the adjustment of oxygen concentration during pyrolysis process [52].  

➢ The exposition of the CFRPs to superheated steam [52]. 

➢ The microwave-assisted pyrolysis (efficient, fast and eco-friendly but still under research) 

[52],[53]. 

It seems clear that the pyrolysis technique represents a good choice for the recycling of the CFRP 
composites for many reasons. It permits to produce long r-CFs with mechanical properties close 
to the ones of v-CFs, without several damage on the surface. Nevertheless, with this process 
several amount of CFRPs can be disposed, with higher capacity and recovery rates. Another 
important aspect relies on the absence of chemical solvents and on the fact that all the products 
can be reused in whatever form. Besides, the gaseous fraction of the pyrolysis products, can be 
recovered to satisfy the energy required from the process (fully treated in Chapter 7). 
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5.3 Fluidised bed process 
As mentioned in the previous paragraph, another type of thermal recycling process is the fluidised 
bed, which is the most well-known implementation. This technique was developed in the mid-1990s 
at the University of Nottingham [57], in which thorough research led to a deep understanding of 
different aspects of this process. However, beyond the previously mentioned paper, a collection of 
more complete data was extracted from [61] but it will be properly used in the next chapter, since 
energy balances and environmental impact are treated more attentively. Just to give a little 
spoiler, if the energy required for the recycling of the CFs is generally less than 10%, an optimised 
fluidised bed process can lead to a reduction of this figure to 3%. [61]. As it is reported in literature, 
this is the most mature and robust technique based on a continuous process, able to recover 
high-grade fibers and to deal with polymers containing mixtures of different materials or 
contaminants. Firstly, as it is mentioned in [52], [53], [61], waste or scrap materials should be 
reduced to a size in the range of 6 ÷ 20 mm, even if [61] shows how a reduction in the range 1 ÷ 10 
mm can be preferred for an optimization of the fluidised bed performance, which is a topic under 
researc. Then, the scraps enter in the reactor, in which a bed of silica sand (with the size ⋍ 850 µm) 
is fluidised with a hot stream of air (velocity value in the range 0,4 ÷ 1,0 m/s). The stream is heated 
up at 450 ÷ 550 °C, taking into account the polymers’ characteristics, without degrading the CFs 
properties. Hence, the heat is transferred from the hot stream to the silica particles, so that the 
epoxy resin is correctly vaporised, and fibers/fillers are released, with a fluffy composition of 
different lengths and orientation (e.g., a closed loop for r-CFs in the aviation industry can be 
appreciated in Figure 5-15).  

Figure 5-15: The schematic illustration of a fluidised bed thermal process and the 
closed loop of using r-CF in aviation industry [52] 
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The fibers are elutriated from the inorganic components (such as aluminium honeycomb, rivets, 
metal etc.), which are collected at the bottom of the bed and removed by regrading it. 
Furthermore, the polymeric matrix is vaporised, and the decomposition products are used to 
recover energy content. Therefore, the gas-solid separation is performed by a cyclone (or other 
gas-solid devices), which is able to collect fibers and fillers. After that, they are sent to an oxidiser 
(combustion chamber), so that the polymer decomposition products are fully oxidised at 
temperature of 750 ÷ 1000 °C. In this way, before being sent to the stack, a certain amount of heat 
can be recovered from the exhausts to pre-heat the fresh air at the inlet. A clarifying scheme can 
be found in Figure 5-16.  

Once the recovered fibers have been subjected to mechanical load testing, SEM and XPS (X-ray 
Photoelectron Spectroscopy) analyses, different results can be appreciated. Yip et. al [53], [57] 
found that clean fibers with a mean length in the range 5.9 ÷ 9.5 mm can be obtained. However, a 
reduction up to 20% in tensile strength were experienced, but with unchanged stiffness (elastic 
modulus) and surface oxygen content. Furthermore, as Jiang et al. [52] stated that “through this 
recycling process some of the surface hydroxyl groups on CFs can be transformed to carbonyl (C 
= O) and carboxylic groups (–COOH) due to the applied heat. However, the interfacial shear 
strength with epoxy resin did not change” [52]. However, an entire work on the fluidised bed process 
can be found in [61], which investigates proper mass and energy models in order to evaluate the 
optimisation of the process. Therefore, this type of technique shows that there are some pros like 
the one of being able to tolerate mixed and contaminated materials such as end of life vehicle 
components (Figure 5-15) or to produce fuel gases from the exhausts (recovering energy). 
However, as long as the CFs from fluidised bed are recovered in “Fluffy form” (at the bottom of 
Figure 5-15), with an unstructured architecture, as well as some damage in strength and length, 
the process needs further improvements in order to be cost-effective and to produce high-value 
r-CFs for CFRPs manufacturing. 

Figure 5-16: Main components and flow directions of the fluidised bed CFRP recycling process [61] 
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5.4 Chemical recycling – Solvolysis process 
Last but not least, the remaining recycling techniques that have to be introduced are the chemical 
ones, based on the solvolysis process (of which common definition can be found in [62], [63]). 
However, these chemical reactions can be subdivided in solvolysis with supercritical fluids and low 
temperature solvolysis. To give a brief overview, these two techniques have recently been used in 
technological areas and are considered to be a way “greener” than the mechanical and thermal 
ones, due to the absence of pollutant agents in the products. Nevertheless, they are not mature 
processes (if compared to the others) and nowadays are not indicated for the disposal of large 
quantities of CFRPs. These features will be dealt with more attentively in the next chapter. As for the 
solvolysis technique, a huge plethora of research and investigations can be found in literature and 
the papers used for this report are [52], [53], [57]. 

Starting in the 90’s, a recycling technique for the disposal of FRPs were introduced in Japan [57], 
based on the use of supercritical fluids. Nowadays, this process has gained more success due to 
the promising results, providing optimum conditions with fast chemical responses. Before going to 
the core of this argument, some concepts need to be recapped. Let’s start from the definition of 
supercritical fluid (SFC): “any substance at a temperature and pressure above its critical point, 
where distinct liquid and gas phases do not exist, but below the pressure required to compress it 
into a solid. It can effuse through porous solids like a gas, overcoming the mass transfer limitations 
that slow liquid transport through such materials. SCF are much superior to gases in their ability to 
dissolve materials like liquids or solids. In addition, close to the critical point, small changes in 
pressure or temperature result in large changes in density” [64] (Figure 5-17).  

 

Figure 5-17: The liquid–vapor critical point in a pressure–temperature phase 
diagram is at the high-temperature extreme of the liquid–gas phase boundary. 

The dashed green line shows the anomalous behaviour of water [65] 
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The properties of some common solvents at their critical point can be found in Table 5-4 
(extracted and readapted from [62]).  

 
Hence, thanks to the peculiar features of the supercritical fluid (liquid-like density, gas-like viscosity, 
high diffusivity), solvolysis induces to the rapid and selective breaking down of the polymeric 
matrix. Polymers obtained from condensation polymerization, such as PET, nylon and polyurethane 
can be depolymerized into high yield monomers. The ones obtained from addition polymerization, 
such as phenol and epoxy resins, polyethylene can also be degraded into the initial monomers. 
CFRPs can be decomposed into smaller molecular pieces or fibers. Therefore, when using near- 
and supercritical-fluids (like water, alcohols, ammonia, organic solvents) at different operative 
conditions, the final products will be dissolved in depolymerised resins and monomers, inorganic 
fillers and fibers with a removal efficiency between 95% and 100% (as reported in literature). It is 
true that this is a promising process, able to produce high quality r-CFs, but the industrial readiness 
is less than the one of the other recycling processes, since requires particular types of reactors (i.e., 
semi continuous flow reactors, depicted in Figure 5-18), able to operate at high temperatures and 
with corrosive media.  

Table 5-4: Critical properties of various solvents, extracted from [16] 

Figure 5-18: Example of semi-continuous flow reactor, extracted and readapted from [57] 
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To sum up, the main advantages of using SCFs are: 

➢ Obtaining clean fibers with good retention of mechanical properties. 
➢ Maintaining the length of the fibers fed to the reactors. 
➢ Achieving of a rapid and selective chemical reaction (depolymerisation). 

5.4.1 Solvolysis with supercritical water and alcohols 
As it is reported in the referenced literature, different experiments/investigations have been 
performed in order to find the optimum operative conditions at which CFs can be recovered. 
Different solvents can be used but, among all of them, the efficiency of water and alcohols have 
been studied with more attention. The mentioned papers report processes using supercritical 
water or alcohols. Water is preferred for its non-toxicity and recyclability and also because for its 
dielectric constant, that reduces above the critical point and let it acts as a non-polar solvent. 
Otherwise, alcohols can be preferred since are easier to treat because of their lower critical point 
conditions (i.e., 200 - 300 °C and 2.0 - 6.0 MPa [52]) compared to water. Obviously, using those 
fluids, the environmental impact should be taken into account. Some research will be mentioned, 
so that the key parameters for the optimization of this process can be fully understood. Some 
publications concerning the reclamation of CFs using solvolysis method are provided in Table 5-5 
and Table 5-6.  

 

Table 5-5: Some publications on reclaiming CF from CFRC using solvolysis method [52] 

 



 

54 
 

 
In 2002, the studies on the reclamation of CFs from CFRPs using sub-supercritical water was started 
by Okajima et al. [53], [57]. The fibers were recovered at the temperature of 380 °C and 25 MPa. 
Pinero-Hernanz et al.  (2008) [66] studied supercritical water in the temperature range 250 – 400 
°C with a pressure of 4 – 28 MPa, in presence of hydrogen peroxide (H2O2). The authors performed 
the experiment with and without catalyst (potassium hydroxide - KOH), of which concentration has 
been found to be the most important variable in the process. The results showed that the presence 
of H2O2 negatively affected the overall yield, while temperature and time were the most influential 
parameters. It has been found that the catalyst significantly improved the removal efficiency but 
worsen the retention in tensile strength. So, without KOH the remove yield was of 79.3% with a loss 
in tensile strength of 2%. While using the catalyst, the efficiency increased to 95.4% but the tensile 
strength decreased of 10% compared to the v-CFs. In Figure 5-19a and Figure 5-19b, the effect of 
the alkali catalyst can be appreciated. Further and precise information can be found in [66]. 

Some other authors (that can be found in [52], [53], [57]) have researched the impact of other 
catalyst such as sulphuric acid, KOH/phenol and oxygen on improving the solvolysis process. 
Therefore, acting on the catalyst concentration will directly affect the efficiency maximisation. Liu 
et al. [67] have found that using phenol for 30 min treatment at 315 °C, can lead to an efficiency of 
95.2%. While using KOH as catalyst, for the same time but at a temperature of 325°C, the 100% of 
removal efficiency can be reached, with mechanical properties and surface morphology 
comparable with those of v-CFs. More information about this investigation in [67].  

 

 

 

 

Table 5-6: Some publications on reclaiming CF from CFRC using solvolysis method [52] 
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Furthermore, experiments like the one conducted by Morin et al. [53] demonstrate that it is possible 
to obtain high quality r-CFs, with a clean surface and mechanical properties, which are close to 
the one of the v-CFs. As shown in Figure 5-21, by means of a semi-continuous flow reactor (Figure 
20), excellent results can be achieved.   

(a) 

(b) 

Figure 5-19: (a) SEM micrograph of the reclaimed carbon fibres after supercritical-water treatment in batch a 
reactor at 673 K, 27 MPa (solvent volume 3 mL, reaction time 30 min); (left) reclaimed fibres at 1700x 

magnification: some small deposits of residual epoxy resin remain on the surface (79.3 wt.% eliminated resin). 
(right) Close-up view of a single carbon fibre (at 10,000x magnification): the fibre is 7–8 µm in diameter; the 

surface seems not to be damaged but is quite impregnated with residual polymer [66]. 
 

(b) Recycling of carbon fibres in supercritical water with an alkali catalyst (KOH 0.5 M) at 673 K, 27.5 MPa and 
reaction time 15.5 min. (left) SEM micrograph (at 3000x magnification); as seen, the fibres surface is well-

preserved and almost resin free (95.4 wt.% of eliminated resin). (right) image at 13,000x magnification close-
up view of a single carbon fibre; the diameter of the fibre is kept constant (7–8 µm) and the surface did not 

exhibit any damage or fissure [66] 

Figure 5-20: A schematic flow diagram for the recycling process [53] 
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Similarly, a huge plethora of research can be found for the solvolysis in presence of alcohols. A 
group of papers can be found in [52], [53], [57], whose authors have tried to obtain r-CFs with good 
retention of mechanical properties and clean surface, with or without the usage of alkali catalyst. 
Obviously, as it was mentioned above, the critical coordinates of alcohols are lower than those of 
water. Hence, applying an alcoholysis process can lead to a less expensive process. Nowadays it 
can be more promising to reproduce a hydrolysis process, which is greener and safer. However, all 
those mentioned research have been carried out at lab scale. Further studies need to be 
undertaken to reach the industrial readiness for this process and to make it cost-effective. 

5.4.2 Low temperature solvolysis 
The application of supercritical fluids as reaction media results to be, not only more eco-friendly, 
but also more manageable and efficient. Nevertheless, it is also true that this type of process needs 
specific facilities, since both pressure and temperature should be optimized, leading to an energy-
intensive process. Due to this, some other research was based on the low temperature solvolysis, 
which is still way more efficient compared to thermal and mechanical processes, but the solvents 
used for the chemical degradation can be toxic and aggressive. However, using different types of 
solvents along with catalysts, easier experimental conditions can be achieved. Just to facilitate the 
interaction of catalysts and oxidants, the swelling of the CFRPs is induced by means of pre-
treatments. Therefore, the bonds are broken by means of the catalysts, which diffuse inside the 
cross-linked network. Due to that, acids and alkali are used to enhance the decomposition of the 
network. 

Focusing on [52], various investigation carried by different authors can be found. E.g., Jiang et al. in 
2017 have tried the decomposition of CFs/epoxy resin composites by means of acid/sulphuric acid 
mixture, treating the products with polyethylene glycol (macrogol 400) and KOH (Figure 5-22). 
Carrying the process at a temperature of 160°C for 200 min, CFs were obtained with a removal 
efficiency of 97% and a reduction in tensile strength of 4%. 

Figure 5-21: SEM micrograph (500×) of the recycled carbon fibres treated with sc-water at 400°C, 25 
MPa and at a reaction time of 30 min (a) a close up (1000×) of the recovered fibres (b) shows that 

the recycled fibres are clean. [7] 
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Li et al. have found that H2O2 is able to enhance the polymer degradation, better in presence of 
additional heat or catalyst. Furthermore, Xu et al. investigates the reaction of H2O2, which generates 
hydroxyl radicals, a group able to oxides organic compounds. Also, Zabihi et al. have found that 
the decomposition process using H2O2/Tartaric Acid, can be accelerated by means microwave 
irradiation (Figure 5-23), leading to promising results. In the same paper, another implementation 
is introduced by Das and Varughese, which have examined the ultrasonication in liquids in 
presence of nitric acid (e.g., a recovery process in presence of nitric acid can be found in [54]) 
(Figure 5-24). 

Figure 5-22: Recovery of CFs using nitric acid and macrogol 400 [52] 

 

Figure 5-23: Microwave assisted recovery of CF from waste composite parts in the presence of 
H2O2/TA as solvent [52] 

Figure 5-24: Schematic of carbon fiber recovering process using nitric acid in a reactor vessel [54] 
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However, the choice of the catalyst and solvent types is crucial in determining the removal 
efficiency. As can be seen in literature, mainly in [52], Wang et al. and Liu et al. carried investigations 
on different types of solvents and catalyst (such as KOH, nitric acid, ZnCl2, AlCl3 and FeCl2). 
Furthermore, in Figure 5-25 the swelling rate in function of different solvents can be appreciated, 
and it can be seen that acetic acid is able to reach ⋍ 50%. If accompanied by AlCl3, acetic acid is 
able to reach 100% of the removal efficiency. Liu et al. [52] have found that ZnCl2 is more efficient in 
breaking down the CFRPs and that ethanol can be preferred to water due to the enhancing of the 
interaction between catalyst and chemical bonds. Another interesting research can be found in 
[48], in which CFRPs composites coming from aerospace field are recycled. “The composite 
samples were added into glacial acetic acid, taking the pre-treatment process first, and then the 
pre-treated CFRP composite samples were wholly degraded in KOH/MEA solvent system” (Figure 
5-25 and Figure 5-26). More information about the process can be found in [48].  

 

Figure 5-25: Recycling process of the CFRPs taken from [48] 

Figure 5-26: SEM image of a virgin CFs; b, c and d recovered CFs obtained after degradation 
at 170 °C, 160 °C and 150 °C for 90 min respectively [48] 
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6. Economic and environmental perspectives 
of recycling techniques 

The aim of the afore-mentioned recycling techniques is to obtain recovered CFs with 
characteristics as closer as possible to the ones of the virgin CFs. By doing so, the diffusion of high-
quality r-CFs in different fields (according to governmental applicability) will increase. Therefore, 
as it was mentioned before, the nowadays literature on these topics is not as rich as it could be 
expected and suffers of lack of information that can help in the understanding of the feasibility of 
the single processes. Some authors, like Vo Dong et al. [58], have performed Life Cycle Assessment 
(LCA) and Life Cycle Cost (LCC) analyses, “employed as standard methods to assess the 
environmental and financial benefits of CFRCs recycling methods. They are well-established 
approaches which quantify the environmental and economic aspects of products considering 
each stage of their manufacturing process” [52]. However, recycling techniques are often 
compared with incineration and landfilling, which have the lowest operating costs (due to this, 
along with the lack of clear market outlook, recycling of CFRPs is a costly and unattractive 
procedure). Advantages and disadvantages of the main recycling techniques were discussed in 
depth in previous chapters. Among those methods, even if it leads to the lowest processing costs, 
mechanical recycling is not suitable for high-value application due to the severe damage of the 
fibers and the unclear matrix-reinforcement separation. Solvolysis with supercritical water (SCW) 
is the most trending method, since it is cheap and of low-hazardous risk, providing the highest 
valued r-CFs. The barrier for this process is represented by the energy requirements and mainly by 
the low processing rate. Hence, the best process is probably represented by pyrolysis, which is the 
most successfully industrialized method that permits to obtain high-value r-CFs with an excellent 
retention of mechanical properties. Some limitations are represented by the high energy 
consumption, even if it permits the possibility to recover energy from the exhausts. Furthermore, 
microwave pyrolysis is another promising treatment (mentioned in the chapter 5.2 dedicated to 
pyrolysis), which permits to reduce two thirds of the energy requirements with respect to the 
conventional pyrolysis. Thanks to the reports provided by Vong et al. [58] and some of the afore-
mentioned authors, it is possible to appreciate some figures to speak in terms of energy. The 
energy consumption for each recycling process is reported in Table 6-1 (extracted from [57], [58] 
and rearranged), remembering that the embodied energy of v-CFs is in the range 183–286 MJ/kg 
of carbon fibers. While in Table 6-2 (extracted from [58] and rearranged) the investment costs for 
each method are listed. 

Table 6-1: Energy consumption during recycling of CFRPs [57], [58] 
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As for the economic assessment, the paper of reference in this topic will be the one written by Vong 
et al. [58]. For sake of simplicity, since it is not the focus of this report, Figure 6-1 is used to give an 
idea of the current scenario (see the mentioned paper for further information). However, for a 
better understanding, three economic indicators are introduced: 

➢ Operation Cost (OC) – referred to the mass unit of waste, “is the cost of input utilities required 
by each recycling technique” [58]. 

➢ Average Unit Cost per mass unit of waste (UCW) – “for non-Recovery techniques, this 
indicator corresponds to the total fees charged by government or the concerned industry; 
for Recovery pathways, this indicator is the breakeven point charged to an amount of waste 
through a 10-year horizon time of recycling plant for Recovery pathways” [58], corresponds 
to the null value of the Net Present Value (NPV) with a discount rate of 10% (Equation 9). 

 𝑅𝐸𝑉𝐸𝑁𝑈𝐸𝑆 (𝑎𝑡 𝑁𝑃𝑉=0)

𝑊𝑎𝑠𝑡𝑒 𝑖𝑛𝑝𝑢𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
   (for Recovery pathway) (9) 

➢ Average Unit Cost per mass unit of recovered fiber (UCF) - “only concerns Recovery 
Pathways, which is the average cost of recovered fibre during 10-year horizon time so that 
recycling plants can cover all their manufacturing cost and begin to have profit” [58] 
(Equation 10). In this case, UCF is used to underline the acceptable price at which r-CFs can 
be sold and applied in order to promote recycling and the market of r-CFs. 

 𝑅𝐸𝑉𝐸𝑁𝑈𝐸𝑆 (𝑎𝑡 𝑁𝑃𝑉 = 0) − ∑(𝑅𝑒𝑣𝑒𝑛𝑢𝑒 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑓𝑖𝑏𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 (10) 

In Table 6-3 (extracted from [58] and rearranged), the average price of virgin carbon fibers 
(differed by grades and properties) is compared with the UCF indicator. Further information such 
as the price gap between the different CFs types can be found in [58].  

Table 6-2: Investment cost for process in literature [58] 

Table 6-3: Price ranges of CFs in market [58] 
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Taking a first look at Figure 6-1, as could be expected, recycling methods are not cost-competitive 
yet, due to the presence of landfilling and incineration. The owners that do not have any economic 
interest in recycling or stock the composites, only have to spend roughly 0.1 €/kg, a price that set 
landfilling and incineration the most competitive choice for the CFRPs treatment. Therefore, until 
no regulation in the market is imposed, these two methods will continue to be the main choice in 
CFRP waste management. Landfill and incineration will be neglected only when r-CFs will become 
profitable.  

Co-incineration loses economic interest with its 1 €/kg, since it allows waste recovery both from 
energy and material view (it represent a more interesting way to incinerate the composite). 
Focusing on the recycling pathways, grinding represents the method with the lowest energy 
consumption and so with the lowest OC. It also shows the smaller UCW among the recycling 
methods because of the simple equipment and high capacity, with an UCF at 0.248 €/kg (roughly 
equal to the price of recovered glass fibers). Due to the disadvantages related to mechanical 
recycling, the recovered fibers are used in low value applications. Further, conventional pyrolysis 
and solvolysis with SCW show the higher OC, since consistent operative conditions are needed 
(high T and p), especially for SCW. The UCF for recovered fibers from thermal processes is lower 
than the threshold represented by the lower price of 4.5 €/kg (see Table 6-3), used for general 
applications. Takin into account the assumptions done by the authors in [58], the UCF of the r-CFs 
from SCW is equal to 5.43 €/kg (the highest among the recovery pathways), which exceed the 
threshold of the lower price for r-CFs. The highest costs related to solvolysis process are related to 
the high utility cost, high investments, and small capacity. Although, microwave pyrolysis 
represents an attracting choice if compared to the conventional methods (with roughly the same 
capacity). OC and UCW are lower due to the energy reduction in using the microwave heating (1/3 
of the pyrolysis).   

Figure 6-1: Economic assessment of CFRPs recycling techniques [58] 
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The two opposites are represented by mechanical recycling and SCW, with the lowest and highest 
UCF respectively. The r-CFs with the highest quality are obtained through solvolysis with SCW, with 
properties close to those of the v-CFs. Unfortunately, this technique needs further improvements 
to become more competitive than methods like pyrolysis. It must be noticed that the UCF values 
are yet lower than the value of the r-CFs showed in Table 6-3. This gap can be clarified reading 
the dedicated section in [58]. This indicator strictly depends on the installed capacity and 
increasing the capacity the UCF will decrease. Then, in [58] the recovery rate (with a value between 
10% and 100%) is analysed with a fixed capacity of 2000 t/year for all the recovery methods. The 
carbon fiber recovery rate represents the r-CFs fraction used for CFs applications. The remaining 
part is considered to replace glass fibers. The sensitivity study can be better understood looking at 
Figure 6-2. 

Obviously, to an increase in recovery rate follows a decrease of the UCF, even if the highest is 
always represented by SCW. The range in which the prices are considered competitive to 
substitute v-CFs with r-CFs is the first between 0 and 4.5 €/kg (the minimum ideal cost that the 
industry aims to reach). 

  

Figure 6-2: Sensitivity study of Economic Assessment by Carbon Fibre recovery rate [58] 



 

63 
 

Similarly, the environmental assessment is performed by the previous authors, by means of the 
dedicated indicators: 

➢ Global Warming Potential (GWP): the extracted definition from the EPA is “The Global 
Warming Potential (GWP) was developed to allow comparisons of the global warming 
impacts of different gases. Specifically, it is a measure of how much energy the emissions of 
1 ton of a gas will absorb over a given period of time, relative to the emissions of 1 ton of 
carbon dioxide (CO2). The larger the GWP, the more that a given gas warms the Earth 
compared to CO2 over that time period. The time period usually used for GWPs is 100 years” 
[68]. Since it is used as reference, CO2 ha a unitary GWP. For instance, methane has an 
estimated GWP of 27-30, nitrous oxide has a GWP of 273 time of CO2. 

➢ GWP impact of process (GWPP): accounts all the processes to manage the waste [58]. 

➢ GWP impact of substituted products (GWPA): takes into account the GWP impacts from the 
utilisation of recovered products to replace v-CFs. The GWPA for an amount of recovered 
material is equal to GWP impacts of production of the same quantity of virgin products which 
the recovered products replace, 

➢ GWP total of the system (GWPTOT): includes impacts from both activities and susbstitution 
effect (Equation 11 from [58]). 

 𝐺𝑊𝑃𝑇𝑂𝑇 = 𝐺𝑊𝑃𝑃 − 𝐺𝑊𝑃𝐴 
 

(11) 

The contribution of these indicators can be appreciated in Figure 6-3 and 6-4, in which the GWP 
impact of each recycling method can be evaluated.  

Figure 6-3: Environment assessment of the CFRP waste treatment techniques [58] 



 

64 
 

As it can be read from [70], the production of 1 kg of v-CFs requires 162 MJ of electrical energy and 
191 MJ of heat from gas, leading to high production of green house gases (GHG), with a GWP impact 
of “31 kgCO2,eq/kg” [69]. Thus, having a first look to Figure 6-3, the promotion of yield increase for r-CF 
seems clear. As for the GWPP impact, it can be seen that for each recycling process it is low enough 
to reach a negative GWPTOT. Nevertheless, the indicator of major interest is GWPA, which is pivotal 
for the understanding of the waste treatment and of which evaluation strictly depends on replaced 
material. Starting from landfilling, its low GWPP impact is compensated by the high GWPTOT, due 
to the absence of recycling potential of the CFs. Looking at the thermal processes, they show the 
highest values of GWPP. The highest among those three is represented by incineration, which 
involves the combustion of the entire composite. Then, in descending order, there is co-
incineration in which the absence of ash landfilling induce a slightly lower impact. Therefore, a 
lower GWPP impact is reached in pyrolysis, where the combustion part of process induces to the 
decomposition of the polymeric matrix. However, in co-incineration, despite a high UCW (as can 
be seen in Figure 6-1), what makes it interesting is its GWPA, which is able to set a negative GWPTOT 
evaluation due to the recovery of CFRP waste on energy and material. As far as pyrolysisis 
concerned, GWP impact is low due to the high energy consumption, combustion of the matrix and 
absence of by-product recovery.  

It has to be noticed that a pyrolysis process able to recover the condensable degrade polymeric 
matrix from incomplete oxidation, can decrease the GWPTOT leading to values comparable with 
microwave and SCW. Then, mechanical recycling is the most eco-friendly process, but the use of 
fibers at high yield is not so easy due to the degradation of the fiber properties. In fact, in GWPA 
assessment, the effect of low-value application can be recognized, making this process the least 
interesting one. However, the highest GWPTOT (in negative) are reached by microwave and SCW, 
in which the recovery of by-product (oligomers) represents a key factor. The gap in GWPP between 
microwave and SCW is compensated by the oligomers yield release, which is higher in SCW.  

Figure 6-4: Sensitivity study of Environmental Assessment by Carbon Fibre recovery rate [58] 
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Thanks to a research performed by Vong et al. [58], the economic and GWP assessments show 
these main outcomes: 

➢ Landfill and incineration represent the cheapest way for the waste disposal, but inducing 
to high GWP impacts because of the loss of recovered materials. 

➢ Recycling techniques with high yield of recovery claim more capital (such as SCW), 
allowing, instead, important reduction in GHG emission and leading to a consistent 
reduction of GWP. 

The main problem, however, is represented by the fact that each recycling process cannot achieve 
either low cost or GWP impacts. In case further information are needed, refer to the paper 
referenced in [58]. 

To conclude, four of the most famous companies that deal with the r-CFs are listed in Table 6-4. 

 

  

[80] 

[81] 

[82] 

[83] 

[80] 

Table 6-4: Companies that deals with r-CFs (handmade) 
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7. Energy insights  
In this last chapter a brief analysis is being carried out from one of the above-mentioned 
techniques, namely pyrolysis. As said before, the topic on recycling techniques suffers from 
exhaustive information, as it is not yet industrially mature and viable. Hence, the evaluations 
performed in this chapter have been realised without unrealistic assumptions. 

Obviously, it comes easy to wonder why this technique has been chosen among the others. This 
selection has been decided because of multiple advantages and not only considering the CFs 
reclamation. In fact, the outcomes of this process are not only the r-CFs, but also both condensed 
vapour and gaseous fractions, which can be recovered and reused in whatever form, also helping 
in avoiding several pollutant emissions and decreasing the GWPTOT (see Chapter 6). 

The main aim of this search is to understand if something can be recovered from the pyrolysis 
gaseous product in terms of heating value, by producing fuel-gas from polymeric matrix. It would 
be really pitiful not to consider the embodied energy in the gaseous fraction, which could be useful 
in many different ways (partially sustaining the process, producing H2, collecting and selling it and 
so on). 

This section has been written by taking as cornerstone two papers: 

➢ The first paper, written by “Y. Kodera et al.” [71], is based on a feasibility study conducted on 
fuel-gas production from plastic waste, performed on a bench-scale pyrolysis reactor and 
scaling up the dimensions for a reactor able to treat higher capacity. This paper gives useful 
information since it is essentially the only one that shows a complete and detailed guide on 
mass and energy balances. 

➢ The other one, written by “A. Lopez-Urionabarrenechea et al.” [72], practically represents the 
focus of this section and treats the H2 production starting from the pyrolysis of CFRPs aimed 
at carbon fibers reclamation. 

7.1.1 Guideline to perform an energy balance on a pyrolysis reactor 
Unfortunately, due to the lack of sufficient information, it has not been possible to realize a proper 
and detailed energy balance. However, the guideline offered by Kodera et al. [71] deserves to be 
mentioned as well. In short, the research has been conducted on fuel-gas production from plastic 
waste using an externally heated rotary kiln. 

In particular, the reactor is externally heated by an LPG burner and is composed by a retort 
(rotating reactor), heating-gas chamber and a casing (Figure 7-1). The hot gases coming from the 
generator heat up the chamber passing outside through the retort and then leave the reactor 
through a chimney. Since the focus of this sub-paragraph is the energy balance, further 
information can be found in the cited paper. 
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Therefore, burning LPG using air produces heating gas, of which aim is to pyrolyze the polymeric 
waste inside the reactor at around 650°C. The products leave the reactor with some sensible heat, 
while another portion of the products absorbs latent heat during melting/evaporation. In order to 
build up the energy balance, some basic steps should be followed, taking into account the 
diagram in Figure 7-2.   

Figure 7-1: Schematic of core part of pyrolysis plant [71] 

Figure 7-2: Heat flow diagram [71] 
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Starting from the heat supplied from the burner “Hfuel”, it is possible to understand that some 

contributions in heat terms are lost as: heat emission of the generator “EH”, heat emission of the 

reactor “ER”, heat emission at water-cooling feeder “EW”, heat consumed at the reactor and the 

remaining part discharged as sensible and latent heat of flue-gases (Sflue-gas + Lflue-gas), other 

sensible and latent heat contributions of nitrogen N2 and of the products (Sproducts and Lproducts). All 
of these contributions have to be calculated in order to evaluate the other flows. Furthermore, the 

reaction heat “HR” is supplied by means of the heat consumed at the reactor and transferred 

through the surface. Once the total HHV of the polymeric waste at the input “Hfeed” and of the 

products at the output “Hprod” are known, it is possible to evaluate the reaction heat as the 
difference between them. Then, the heat transfer across the reactor’s wall is given by the following 
formula in Equation 11 (and will be used for the further calculation performed in the analysis of the 
next paragraph): 

 𝑄𝑙𝑜𝑠𝑠 =  𝑈 ∙ 𝐴 ∙ ∆𝑇𝑚  [𝑊] (11) 
In Equation 11 “U” is the overall heat-transfer coefficient, “A” is the heat transfer area and “∆Tm” is the 
logarithmic mean temperature of the retort. At the end, the total heat input should match the total 
heat output in the plant operation. Nevertheless, if the main aim is to produce fuel-gas, the total 
calorific values of the product (gaseous and liquid) must be higher than the overall energy 
consumption (accounting also the energy spent as electricity). Then, the energy efficiency of 
pyrolysis is evaluated by means of Equation 12: 

 𝜂 =  
𝐻𝑝𝑟𝑜𝑑

𝐻𝑓𝑒𝑒𝑑 + 𝐻𝑓𝑢𝑒𝑙

∙ 100 [%] (12) 

 

7.2 Valorisation of gases from CFRPs pyrolysis  
As said before, it would be limiting if only the CFs were considered as outcomes of the process. In 
fact, the products coming from the polymeric matrix should be valorised in some way. Once the 
CFRP is pyrolyzed, the cooling down of volatile matter produces liquids and will leave the remaining 
portion of the products as gases. However, depending on the polymeric matrix composition, the 
condensed liquid will be a two-phase mixture solved in water and oily fraction. Therefore, the 
recovery of this complex mixture would not be neither feasible nor convenient. 

The gaseous fraction is generally composed of gases such as methane CH4, carbon dioxide CO2, 

carbon monoxide CO, hydrogen H2 and hydrocarbons in small parts. Hence, this gaseous mixture 
can have multiple application from saving energy in the same process to be sold or applied at 
industrial level. This is even more true if the gaseous fraction is rich in H2 content, remembering that 
the LHV of hydrogen is equal to “119.96 MJ/kg @ 25°C” [73]. This is only one of the multiple benefits 
coming from the hydrogen application. An entire digression can be opened on this subject, as 
since it is not the main topic the reader is suggested to visit the IEA publication on “The future of 
Hydrogen” [74]. 
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On this purpose, some rough calculations (in the attached Excel worksheet) have been performed 
in order to verify the energy content of the gaseous products and ensuring the quality of r-CFs 
(Figure 7-3b). The main work on which the evaluations are based is the one conducted by the 
author of [72]. 

The pyrolyzed composite (Figure 7-3a) is composed by 34 wt% of “M21 epoxy resin (Hexcel)” and 
66 wt% of “T800S unidirectional carbon fibers (Toray)”. For further information inherent to its 
physical and chemical properties see the referenced paper [75]. The operative conditions chosen 
to approach the proper evaluations have been extracted mainly from [72], few from [71], and listed 
in the rearranged Table 7-1. Then, the experimental set-up adopted by the authors of [72] is showed 
in Figure 7-4.  

Figure 7-3: M21 carbon fiber pre-preg roll [75] 

(a) (b) 

Figure 7-4: Pyrolysis lab-scale installation [72] 
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In this case, the reactors are heated-up by means of an electric furnace and not by a burner, as 
in the rotary kiln in [71]. In each experiment, 100 g of waste CFRP are introduced as single sheet and 
heated up to 500°C at 3°C/min and then oxidized at the optimized condition of 500°C for 165 min 
(to reach the solid remaining fraction to a level equal to 66 wt%). Therefore, the outcomes from the 
first reactor flow to the second one undergoing to 900°C for severe cracking reactions. The volatile 
matter (vapours and gases) are cooled down passing thorugh three condensers (two air-cooled 
and one water-cooled). The condensable vapors are collected as liquids, while the gaseous 
fraction is cleaned by means of activated carbon column and collected in bags.  

 
As for the outcomes of the process, referring to the cited paper [72], four different runs have been 
performed with different conditions, and the results are listed in Table 7-2 (extracted from [72] 
and rearranged). 

 

 

Table 7-1: Data for pyrolysis process [71], [72] 

Table 7-2: Results of the experiment [72] 
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The different experiments are carried with different specifications [72]: 

➢ E2 – experiment realised with the solid bed of tubular reactor made of residual refractory 
material instead of SiC . 

➢ E3 – experiment carried with the same conditions of the previous one but without dwelling 
at the end of pyrolysis process. 

➢ E4 – experiment carried using N2 only to purge the reactors before starting the process. 
No additional inert gas is injected once all the air is removed from the reactor. 

➢ E5 – experiment carried without using N2 as inert reaction medium. Reactor filled with just 
natural air. 

Looking at Table 7-2, it seems clear that each consecutive experiment is aimed at increasing the 
hydrogen concentration inside the gases. As the authors said, “the results obtained in the last two 
experiments are very relevant, even more in the last one taking into account that in this case N2 is 
not used in the whole process. In short, in view of the experiments carried out, it can be concluded 
that it is possible to obtain a gaseous fraction with a high percentage of hydrogen through a 
thermal treatment process without consumption of N2 and using a residual material as filler. At the 
same time, a liquid product composed mainly of water is generated. Now, the future approach 
would consist on separating the H2 from the gases by pressure swing adsorption (PSA). This would 
generate high purity H2” [72]. In fact, in the last two experiments, at least half of the hydrogen 
contained in the polymeric resin is recovered in the form of bi-atomic hydrogen. However, as far 
as each experiment is concerned, the gaseous fractions are mainly composed of CO, with good 
concentrations of hydrogen and methane, while few amounts of CO2 are measured, and the 
ethane content is almost negligible. As for the solids, the difference between the resulting fractions 
and the 66 wt% is equal to the char deposited on the fibers, which has to be removed by means 
of the oxidation step. 

Therefore, having the products composition on percentage, it has been possible to go on with 
further calculation aimed at the evaluation of the CFRPs’ Lower Heating Value. In Table 7-3 the LHV 
of each gaseous fraction constituent and their molecular weight are listed. 

 
Then, using the rule of mixtures (Equation 13), it has been possible to evaluate the Syngas LHV 
(results in Table 7-4): 

 𝐿𝐻𝑉𝑠𝑦𝑛 = ∑ (
𝐿𝐻𝑉𝑖

𝑀𝑀𝑖

∙ 𝑤𝑡%𝑖)

𝑖

 (13) 

In Equation 13 LHVi, MMi, wt%i is respectively the lower heating value, the molecular weight and the 
weight composition in percentage of each component.  

Table 7-3: Molecular Weight and LHV of gases [76] 
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Not surprisingly, thanks to the increased concentration of hydrogen, the LHVs of the gases obtained 
in the last two experiments are good enough to consider them “useful”. However, these values 
should be at least higher than the LHV of the CFRP at the inlet of the reactor. In order to evaluate 
the HHV and LHV of the CFRP composite in question, the proximate and the ultimate analyses 
obtained in the experiments (Table 7-5) can be useful. 

 
On the basis of the Ultimate Analysis, it is possible to evaluate the HHV of the CFRP at the inlet of 
the reactor and the values of the solid products at the end of the experiments to compare the 
initial and the final solid sample. This can be done thanks to the correlation in Equation 14 [77]:  
 

 𝐻𝐻𝑉 =  (33.5[𝐶] + 142.3[𝐶] − 15.4[𝐶] − 14.5[𝐶]) ∙ 10−2  [𝑀𝐽

𝑘𝑔
] (14) 

 
In this evaluation, the weight percentage lower than 0.1% are considered to be negligibile. Therefore, 
once the HHV is evaluated, thanks to another correlation (Equation 15 [77]), it is possible to calculate 
the LHV: 

𝐿𝐻𝑉 = 𝐻𝐻𝑉 ∙ (1 −
𝑀𝐶𝑊𝐵

100⁄ ) − 2.447 ∙ [𝑀𝐶𝑊𝐵 + 𝐻 ∙ 9.01 ∙ (1 −
𝑀𝐶𝑊𝐵

100⁄ )] ∙ 10−2 [
𝑀𝐽

𝑘𝑔
] (15) 

 

In which MCWB corresponds to the initial content of humidity (assumed to be null) and H is the 
hydrogen content on dry basis. 

Table 7-4: LHV of the obtained gaseous fraction (handmade) 

Table 7-5: Proximate and Ultimate analyses for each experiment [72] 
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Thanks to Equation 14 and Equation 15, the results have been obtained and listed in Table 7-6 and 
Table 7-7.  

 

 

Looking at the results above, it is possible to appreciate that the LHV of the gaseous products is 
slightly higher than the one of the CFRP at the inlet of the reactor, so it is possible to state that the 
syngas obtained from the polymeric matrix have a not negligible value. 

Once these figures are obtained, the reader can wonder if the process can be self-sustainable or 
at least if allows to recover energy and costs. In order to answer to this question, some other figures 
have to be evaluated. 

Due to poor and inaccurate information, the figures which represent the main heat flows during 
the experiment are evaluated by means of the available sources. Starting from the heat required 
to heat-up the composite during the pyrolysis step, its specific heat has been evaluated thanks to  
the relationship found in Figure 7-5 [78]. 

Table 7-6: CFRPs and solid products HHVs (handmade) 

Table 7-7: CFRPs and solid products LHVs (handmade) 

Figure 7-5: Specific heat capacity of CFRP composite [78] 
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Therefore, by means of Equation 16 the required heat has been calculated: 

 𝑄𝑝𝑦 = 𝑚 ∙ 𝑐𝑝 ∙ ∆𝑇    [𝐽] (16) 
 
In this report it is not specified how this heat is provided to the material, it can be done applying 
electric furnaces like in [72] or also external burner as in [71]. 

As for the heat losses, Equation 11 has been applied following the guideline given by [71]. It must be 
said that the authors in [72] have used silicon carbide (SiC) and a high alumina refractory material 
inside the tubular reactor but, unfortunately, did not report the thermal properties required to 
perform a good analysis on heat losses, which would certainly have led to more promising results. 
Therefore, since precise data are showed in [71] and since the gaseous composition is not a 
function of the reactor’s dimensions, the rotary kiln used by the authors in [71] has been chosen to 
perform the evaluations (diameter of 0.216 m with a length of 1 m). Hence, the lateral surface of the 
reactor has been evaluated thanks to Equation 17 in which D is the diameter and L the length: 

 
𝐴𝑙𝑎𝑡 =  𝜋 ∙

𝐷

2
∙ 𝐿   [𝑚2] (16) 

 

The paper shows a value of the overall heat-transfer coefficient “U” equal to 40 W/(m2K), while for 
simplicity and due to absence of precise values, a normal difference is used instead of the 
logarithmic mean value of the temperatures. 

Another important figure that misses is the enthalpy of reaction of the material. Again, a lack of 
information about this value for CFRPs occurs, so on the basis of [79] a strong assumption has 
been done. In according to the enthalpy of pyrolysis of the polymeric material that ranges between 
“205 and 209 J/g” [79], the one of CFRPs is for sure in the same order of magnitude (assumption 
done looking at the various referenced papers). Hence, values around 700 J/g have been used to 
perform the analysis, since they can represent a realistic and solid assumption. 

Therefore, the results and the sum of these contributions are listed in Table 7-8. 

 
 

 

 

Table 7-8: Energy contribution relative to the CFRP pyrolysis (handmade) 
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In Table 7-9 the energy contained in the gaseous fraction of the products are showed in order to 
give a basis for comparison, taking into account the gases wt% and their LHV.  

 
It seems clear that the worst contribution is represented by the heat losses, that set the 
contribution of the recovered energy embodied in the gas almost useless. In order to reduce the 
losses, direct actions aimed at the reduction of the heat-transfer coefficient can be applied, such 
as using better material or properly sizing the reactor (e.g., standing on what has been said about 
the paper [72], if proper evaluations have been realized on the basis of that reactor, the figure of 
heat losses would be much smaller setting the recovered gaseous fraction more valuable). 

In conclusion, this rough analysis has been realized just to give a fundamental basis to the reader 
who is interested in realizing a “greener” process, since it is true that in this case the recovered 
energy is two orders of magnitude lower than the one spent for the process. However, it is always 
a cleaner type of energy that could be used to partially supply energy to the process (even better 
with further optimization of the process to produce pure H2) or to be sold as chemical gaseous by-
product. Nevertheless, it should be remembered that, thanks to this process, not only high-quality 
r-CFs are reclaimed, but also the polymeric matrix is consistently valorised in form of H2 (way much 
eco-friendlier and better compared to the combustion of the whole gaseous fraction). 

 

  

Table 7-9: Weight percentage and energy of the pyrolysis gases (handmade) 
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8. Conclusions 
In this thesis, the reader can appreciate a deep understanding of a topic that, to date, is poorly 
treated if not only for reclamation of products that have yet to be optimized in the near future. In 
fact, by means of this report the fundamental and working aspects of the CFRP recycling 
techniques are thoroughly described and analyzed, and also the different mechanical, thermal 
and chemical recycling methods are consolidated. 

The collected literature and a more understanding of the topic have led to the conclusion that the 
recycling process has to be chosen in function of the CFRP type and the field in which the recovered 
product is used.  

Specific pros and cons of each method have been highlighted as well. Mechanical recycling is 
suitable for CFRPs but with further optimization to be accounted, while chemical and thermal 
recycling allow to obtain long fibers with excellent retention of mechanical properties but, because 
of chemicals by-products and solvents, non-negligible impact on the environment and 
ecosystem is created, and more energy is consumed due to the high required operative 
temperatures. In general, pyrolysis and solvolysis are the best techniques among the others for the 
recycling/recovery of the CFs as offer high-quality and high-valuable r-CFs. Nevertheless, 
mechanical and pyrolysis processing (even if coupled together) show better potential to be used 
at industry scale applications, since they are able to dispose higher capacities of waste 
composites. However, researchers are still working on ensuring the properties of r-CFs as closer as 
possible to the ones of the v-CFs. In the main, in order to evaluate all the environmental and 
economic viabilities of these methods, accurate approached need to be established to help 
decision makers in having a comprehensive understanding on the applicability, cost, and 
environmental benefit of recycled components. 

In the near future, the recycling of CFs will play a significant role in establishing a circular economy 
approach for these high-quality fibers, and this is why further research are required to improve the 
quality of CFs and decreasing environmental impact of these methods. 
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