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Abstract. The use of carbon fiber composites (CFCs) has become broad in many
industries due to its superior properties compared to conventional materials.
However, the increased demand coupled with environmental regulations has led to
the development of different recycling methods for CFCs such as mechanical,
thermal and chemical processes. Each recycling method has its own requirements
and outputs along with some economic implications which need to be justified
through cost modelling. This paper aims to identify current challenges associated
with cost modelling of different processes for CFC recycling. The main challenges
identified are grouped into three main categories such as technical issues, supply
chain and market challenges.
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Introduction

Composite materials find their application in a wide range of industries, such as
construction, automotive and aerospace, because of their high strength, high stiffness,
lower weight, as well as high thermal and chemical stability in inert conditions. Among
different types of composites, carbon fiber composites (CFCs) are not exposed to stress
corrosion or rupture at normal temperatures, which is typical for glass and organic
polymers. They are appropriate for use in applications where strength, stiffness in pair
with lower weight are the key requirements [1]. Hence, CFCs are extensively used in the
aircraft industry due to their lightweight properties and actually contribute to the
reduction of emissions from flights. Indeed, more than 50% of the weight of new aircraft
such as the Airbus A350 is composed of CFCs [2]. Overall, the annual demand for CFCs
was approximately 100 000 tons in 2019. The market of carbon composites is growing
at a rate of 10-12% annually due to the increased usage of carbon fibers in aerospace,
wind turbine blades and other applications [3]. The overall breakdown of CFC
applications by market segments is illustrated in Figure 1.
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Figure 1. Breakdown of CFC application by the market segments [3]

Despite all the advantages CFCs offer, their increased usage has led to the generation
of enormous amounts of CFC waste. It is stated that approximately 40% of all the
composite material waste corresponds to manufacturing waste, and about 60% consists
of woven trimmings [2]. The transportation industry accounts for almost 50% of the total
amount, which creates a significant concern to create an environmentally and
economically effective route for disposal of end-of-life products [4]. By 2025, 8500
planes with composite structures are going to be decommissioned, where each aircraft
contribute 20 tons of CFC waste [5]. All of the waste products have to be managed with
a minimum impact on the environment and maximum benefits for the producers.

For many years, landfilling was the only option for composite waste. However, from
the End-Of-Life Vehicle Directive (Directive 2000/53/EC), the disposal requirements
emerged: starting from 2015, recycling or reuse is obligatory for 85% of the weight of
any end-of-life vehicle, and 10% of it for the energy recovery. Whereas, only 5% of the
weight can be landfilled [6]. In other words, now vehicle manufacturers must consider
recycling pathways for end-of-life vehicles, which in turn can be partially made from
composite materials.

The industrial sectors that use CFCs are informed about legislation updates and
uprising trends for sustainable green development. As now they are forced to recycle
composite materials due to legislation, it is essential to estimate the costs of CFCs
recycling for different methods of recycling. The data related to the recycling of
composites is far scarcer compared to that of metallic components. Manufacturers do
need to know about the cost drivers and the level of investment required to recycle such
materials at the design stage. However, the development of cost models for CFC
recycling faces some challenges and issues. This work aims to review those challenges
associated with the cost modelling of CFCs recycling (mechanical, chemical and thermal
treatments) by bringing a transdisciplinary perspective to the problem. Developing a cost
model for composites recycling requires both a deep understanding of recycling
processes and cost modelling techniques.
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1. State of the art

The business is now as global as has never been before; hence, cost minimization is an
essential key success factor in the market. It is important for companies to know the costs
associated with CFC recycling processes for determining their success or failure. Both
the manufacturing waste and end of life composites are usually disposed of using landfill
or incineration. These disposal methods are not optimum, also environmental regulations
have banned incineration and landfill of composites waste [7]. The best method to deal
with such a challenge is recycling. According to Carberry [5], the manufacturing cost of
recycled carbon fiber is 70% less as compared to virgin carbon fiber, also very less
amount of energy is consumed for its manufacturing (98% less as compared to vCF).
This encourages the recycling of composites.

Carbon fiber composites are difficult to recycle because: (i) thermosets are cross-
linked and cannot be remelted and remoulded compared to thermoplastics; (ii)) CFCs
usually include inserts, cores, coatings, and removing these is time-consuming and
difficult to automate and (iii) CFC composition vary extensively making the collection
and separation of waste materials difficult [2]. Different methods available for the
recovery of used CFCs are mechanical treatment, thermal treatment and chemical
recycling, they are explained below.

Mechanical recycling is a conventional method of recycling during which several
steps are carried out in order to cut and mill down the material to transform into short
fibers (powder). Several companies applied mechanical recycling to thermosets, such as
ERCOM in Germany and Phoenix in Canada [8]. Overall, the advantage of this process
is that it does not involve any use of hazardous materials for both fibers and resins.
However, there are many limitations associated with mechanical recycling. Firstly, the
recycled product is either in the form of powder or short fibers, which extremely restricts
the area of application of the secondary product. As a result of the quality of fibers, the
mechanical properties of the recycled product allows to use them only as a filler
reinforcement in new composites [2]. With the current prices for fillers such as calcium
carbonate, the application of the recycled product as fillers can be questionable [8].
Secondly, the steps required to transform recyclate into powder are highly energy-
intensive, which affects the financial viability of the process [9]. This may explain that
ERCOM terminated its activity after 14 years due to financial problems.

The two main thermal methods (pyrolysis and fluidized bed recycling) are
considered in this paper, as these are the only thermal methods which result in the
recovery of the most valuable part of the composite — carbon fibers.

Pyrolysis is the thermal treatment of the material in the absence of oxygen. During
pyrolysis, the temperature is heated up to 450 to 700 C, the matrix is decomposed into
lower-weight molecules, while carbon fibers stay intact [2]. The variation of the
mechanical properties degradation for pyrolysis is 4% to 20% compared to vCF [9].
However, the final properties of the product are highly dependent on the parameters used
for the process. If the oxygen content and temperature are not controlled, the fiber
properties can degrade remarkably due to pyrolytic char on the surface of fibers. [2].
Several attempts have been made to modify this method in order to eliminate pyrolytic
char and preserve original properties. The methods are catalytic, vacuum and microwave
pyrolysis processes. However, only microwave treatment and catalytic pyrolysis
processes achieved the desired results with clean recovered fibers [9].

Overall, pyrolysis is the most widespread method to recycle CFCs in the industry.
The technique does not involve any chemical solvents and is self-preserving in terms of
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energy by using gases to heat the chamber or produce the electricity [8]. Witik et al. [10]
stated that pyrolysis requires only 5-10% of the energy required to produce vCF. A recent
study by Guo et al. [11] demonstrated that recycled carbon fiber from the composite with
epoxy resin had maintained comparable properties to vCF and can be used as short-cut
rCFs in primary productions such as brake pads.

In the fluidized bed process, the size of the composite is reduced to be fed into a
fluidized bed. The bed consists of silica sand of 0.85 mm in size. By fluidizing the sand
with a stream of air at temperatures of 450-550 C° having velocity in the range of 0.5-1
m/s, the polymer matrix is vaporized, allowing fibers and fillers to be carried out in the
gas stream. Then the fibers and fillers can be separated in a cyclone. Finally, fibers and
fillers must be processed in a second chamber with a higher temperature (1000 C°) to
fully recover the fibers [2, 10]. The advantage of this process is that it is tolerant for
mixed and contaminated materials with metal inserts, which is the usual case for end-of-
life vehicle components. Besides, the gases generated during the process can be used as
a source of energy [8]. The resulting fibers do not show oxidation on the surface, hence,
demonstrating good potential for bonding in a new polymer matrix. However, the
mechanical properties of fibers are degraded up to 20% and their structure is damaged.
The appropriate possibility to reuse products of this process are materials with short
discontinuous fibers such as moulding compounds [4].

The chemical process for CFCs recycling is named as solvolysis and is further
categorized as solvolysis at lower temperatures and solvolysis in supercritical fluids.
Solvolysis at lower temperature utilizes reactive medium such as alcohol, or glycol to
break down the polymer matrix structure. The process ends with fibers, other inorganic
elements and excess solvent. Liu et al. [12] conducted an experiment on CFC by
desolving it in nitric acid. The recycled fibers had only 1.1% loss in tensile energy.
Compared to the methods discussed above, solvolysis at a lower temperature is efficient
in terms of preserving the mechanical properties of fibers. However, the chemicals used
in the process are hazardous and may have an environmental and health impact.

Solvolysis of CFCs in near or supercritical fluids has been developed for polymers
in Japan since 1995 and is constantly being innovated. Supercritical fluid is any fluid
which has temperature and pressure beyond its critical point with no distinct phase that
allows its use as a solvent for industrial processes. Okajima et al. [13] was a pioneer in
using supercritical water at 300-450 C° to recycle epoxy resin/carbon fiber. The results
showed loss of tensile strength up to 10% for a single fiber. Jiang et al. [14] and Henry
et al. [15] conducted experiments on carbon fiber reinforced epoxy resin using alcohol
and a mixture of water and methanol, respectively. Both studies achieved reclamation of
fibers with mechanical properties close to vCF.

Overall, the use of supercritical fluids has shown itself as an excellent option for
recycling carbon fibers in polymer composites. However, it is necessary to investigate
critical parameters of the process, such as type of fluid, temperature, pressure, time and
type of a chamber used. Finally, solvolysis is very sensitive to contaminants in the waste.
Hence, initial preparation and cleaning of the waste requires additional efforts.

From the review, it is clear that CFC recycling methods are evolving, each method
has its drawbacks. The next section will group and discuss challenges related to cost
modelling of processes for CFC recycling.
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2. Issues and Challenges

Cost modelling of CFCs would provide a good understanding for manufacturers in
deciding whether recycling or disposal of composites is financially viable. However,
there are many technical and other types of challenges towards creating a practical cost
modelling framework for different recycling methods. The main challenges related to
cost modelling is related to identifying cost drivers — any part of the process which affects
the final cost of a recycling process. For instance, direct cost drivers of mechanical
recycling and pyrolysis, such as materials, machinery and labor are briefly discussed by
Shehab et al. [16]. However, this type of data is not usually provided in detail by the
researchers nor industry members and can be a possible obstacle in developing an
effective cost model. In addition to the technical issues, other indirect challenges also
have an influence on the cost modelling of CFCs. The challenges towards cost modelling
of CFCs recycling processes are presented in Figure 2. The major issues and challenges
consist of technical issues, supply chain and networking and market challenges, which
are described further in detail in the following subsections.
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Figure 2. Challenges of CFC recycling.

2.1. Technical Issues

As it was discussed before, all CFC recycling processes have their own advantages and
drawbacks. However, there are certain parameters that affect each of them in terms of
cost modelling. For instance, energy consumption is one of the significant technical
issues in recycling CFCs. It is essential that the energy spent on recycling CFC waste
must be as low as possible since manufacturing vCF consumes 183-286 MJ/kg, which is
10 times higher compared with glass fiber [17]. It is a critical requirement for a recycling
process to be energy-efficient. Hence, it is important to consider energy consumption in
cost modelling for recycling CFCs. Taking into account that the data related to recycling
composites is limited, identifying energy consumption rates for different recycling
processes would be challenging.
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Another obstacle for cost modelling of the recycling processes is the variety of raw
material quality. Different end-of-life products and manufacturing waste have different
types of polymers and contaminants, which create problems for separation and sorting.
Hence, different materials require different levels of initial treatment before the primary
process, which again may affect the costs of the process. The accuracy of cost modelling
will definitely be affected by this issue if not properly treated. Developing a cost model
that would consider the variations of raw material would be a challenging job.

The quality of recycled carbon fiber is dependent on the process selected and its
parameters. It is a direct cost driver of the process, which defines the cost of the final
product. As all methods have different output quality, it is a vital technical issue to
maintain characteristics of rCFs comparable to vCFs.

There are other parameters that affect cost modelling of recycling CFs such as the
equipment, electricity and components costs for recycling CFCs, which is unique for
every process and location of the enterprise. Hence, it is essential to consider all
parameters that may have an effect on the costs of recycling.

2.2. Supply chain and Networking

The first input for any recycling process is waste, hence, waste suppliers have to
cooperate with recyclers supplying them regularly with waste in an appropriate form.
The variation of suppliers and their reliability will have an effect on cost modelling of
the recycling process. In general, building networks between CFC community members
such as recyclers, suppliers and researchers is a critical challenge for the further
development of the topic. It will define the quality, accuracy and relevance of the data,
which is necessary to build effective cost models for CFC recycling.

In addition to that, as the recyclers and suppliers may be located at significant
distances away from each other, transportation costs have a major influence on the final
costs of the recycling process. It is necessary to continuously improve processes in terms
of the supply chain and reduce overall costs. Effective cost models must take into account
transportation costs before the recycling process is initiated.

2.3. Market Challenges

Recycled carbon fiber’s application is limited due to its degraded mechanical
characteristics and surface properties. Hence, the characteristics of different rCFs have
to be known in order to label them and identify in which area they can be utilised [2].
Depending on the origin and final characteristics of the product, values for the recycled
label can be assigned for the market. Product pricing will be another issue, as all the
processing times and costs have to be adequately assessed. Lastly, the establishment of
the market will be a major challenge. The key factor which predetermines the successful
use of recycled carbon fiber is finding an appropriate use for the recycled products with
their degraded properties. Up until now, this challenge has not been overcome and
demand for rCF products in the market is still vague. The establishment of a market
requires that all challenges discussed above have been overcome so that the general
image of the rCFs should be robust enough to be reused as a cost-effective and
environmentally friendly material.

Another concern related to cost modelling of CFCs recycling is that the industry
members usually hesitate to disclose the details of their work, such as process parameters,
recycled material properties, pricing, etc., to protect their competitive advantage in the
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market. This is an essential issue as cost modelling based on case studies conducted with
companies would be more accurate compared to using data from the literature, which
could be obsolete as time passes.

All the mentioned challenges in this section might have a significant effect on the
reliability of results of the cost modelling framework. An effective cost model of
recycling should include all the aspects discussed such as the technical parameters of the
process, final prices of the recyclate, transportation costs, etc. For instance, Dong et al.
[18] provided an economic model to assess the recovery pathways of carbon fiber.
According to the authors, the unit costs of recovered carbon fiber were lower compared
to the results of another research due to the limitation of the study, such as not
considering the exogenous factors (type of waste, transportation, packaging, etc). This
work highlights these factors in order to provide a robust cost modeling framework in
the next stages of the project.

3. Conclusions

This work outlined the current state of CFC recycling industry and identified the main
issues and challenges for the development of cost models of CFC recycling processes.
Three main elements: Technical, Supply Chain and Market challenges are discussed in
detail with their sub-elements.

It is found that there are many technical challenges associated with recycling CFC,
such as energy consumption and variation of both raw materials and output recovered
fibers. For the supply chain, dependence on waste suppliers and overall networking
between CFC community members are highlighted. Finally, the current market for
recycled carbon fiber is not established, which represents one of the key challenges in
the success of CFC recycling.

This paper is a part of an ongoing project which aims to develop cost modelling
methodologies for recycling and disposal of composite materials. In the future, identified
key challenges could be a useful input in identifying cost drivers by providing a view on
underlying factors that could affect costs. The next stage of the project is to develop a
library of cost drivers and objects for cost estimation with the uncertainties and risks
which could have an impact on them. By building case studies with industry members,
eventually, cost modelling frameworks would be developed to predict recycling costs at
the conceptual design stage.
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