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a b s t r a c t

The increased use of carbon fibre and glass fibre reinforced polymer in industry coupled with restrictions

on landfill disposal has resulted in a need to develop effective recycling technologies for composites.

Currently, mechanical, thermal and chemical approaches have been use to recycle composites. This paper

seeks to examine the applications of engineering optimisation techniques in the composite recycling and

re-manufacturing processes and their relevant systems, providing an overview of state-of-the-art. This

paper is based on a comprehensive review of literature covering nearly all the research papers in this

area. These papers are analysed to identify current trends and future research directions. The composite

recycling is a relatively new area, and the modelling and optimisation work for composite recycling and

re-manufacturing techniques and their relevant systems is still in its infancy. Currently, the optimisation

work developed in composite recycling mainly focus on the applications of design of experiments

methods. These approaches have been applied to improve the quality of recyclates such as carbon fibres.

Some of the soft-computing algorithms have been applied to optimise the re-manufacturing at the

system level. Based on the existing research, the area of optimisation for composite recycling and re-

manufacturing haven't been well explored despite the fact that many opportunities and requirements

for optimisation exist. This means significant amount of modelling and optimisation work is required for

the future research. More significantly, considering optimisation at the early stage of a system devel-

opment is very beneficial in terms of the long term health of the composite recycling industry.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In the last 30 years, fibre reinforcement resins, thermoplastics as

well as thermosets have been increasingly used in a wide range of

applications such as the automotive, aerospace and transportation

industries. However, the major drawback of composites is that they

are difficult to recycle. This is based on their inherent nature of

heterogeneity, especially for the thermoset-based polymer com-

posite (Yang et al., 2012; Ye et al., 2013). The traditional way to deal

with the composite waste is disposal in landfills or incineration.

These methods are still acceptable due to the relatively low amount

of productionwaste and the fact that most Carbon Fibre Reinforced

Composites (CFRCs) produced so far are still in operation. However,

the cost of the traditional approaches is high. For instance, the cost

for disposal of CFRCs waste, where not illegal, is around 0.2 GBP/kg

(Pimenta and Pinho, 2011). By the year 2030, around 6000e8000

commercial planes are expected to reach their end-of-life (Ye et al.,

2013). This will bring a large amount of composite waste. On the

other hand, the amount of production waste will increase as the

demand for composites and the amount of composites parts pro-

duced is growing rapidly. For instance, in Europe and the USA, the

annual generation of CFRCs scrap is around 3,000t (Ye et al., 2013).

Hence, the demand for developing more cost effective and sus-

tainable composite recycling approaches is growing. Besides future

problemswith composite disposal, it is also economically beneficial

to implement composite recycling. For instance, carbon fibres are

an expensive raw material. The price of it as of 2015 is 20 USD/kg.

Recycling activities provide the potentiality to use cheap carbon

fibres for applications which do not require high strength, and will

also ultimately open up new sustainable and secure sources of

carbon fibre material. To securely use the recycled carbon fibres,

relevant applications and specific standards are needed to be

developed (Oliveux et al., 2015a).* Corresponding author.
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Comparatively, it is easier to recycle thermoplastic matrix

composites. Since they can be re-shaped by re-melting and

remoulding (Yang et al., 2012). For the thermoset matrix com-

posites, current research on recycling technologies mainly fo-

cuses on mechanical (Oliveux et al., 2015a; Howarth et al., 2014),

thermal (Pickering, 2006) and chemical recycling (Yang et al.,

2012). In the mechanical recycling process, the composites are

milled or ground to particles with a length from 10 mm to 50 mm.

The thermal recycling processes can combust the resin matrix,

thereby recovering the glass or carbon fibres. Chemical recycling

uses the dissolution reagents to depolymerise the matrix of

composites. Some of these technologies have reached an indus-

trial scale. For instance, the Filon Product Ltd. in United Kingdom

use grinding to recycle Glass Fibre Reinforced Composites

(GFRCs), ELG Carbon Fibre Ltd. in United Kingdom use pyrolysis,

Adherent Technologies Inc. in USA use a wet chemical breakdown

of composite matrix resins to recover fibrous reinforcements

(Oliveux et al., 2015a) and SGL Carbon in Germany employs a

solvolysis process to recycle carbon fibres which can be used in

the roof of the new BMW i models and in the rear seat of BMW i3

(Gardiner, 2014; SGL, 2016). The recyclates can be used as filler or

reinforcement in new composites. The existing composite recy-

cling techniques have their own advantages and drawbacks. The

emerging trend is: mechanical recycling is more suitable for glass

fibre reinforced composites while thermal and chemical ap-

proaches are more for carbon fibre reinforced composites, since

glass fibres are tend to be damaged during thermo-chemical

processes (Yang et al., 2012).

The composite recycling is still an immature area. This means

the developing techniques mentioned above still need to be opti-

mised to produce higher quality recyclates and improve resource

efficiency. Within the existing work, some research focuses on

achieving higher quality products in less time. The authors nor-

mally try to optimise the recycling techniques with the design of

experiment approaches (Meyer et al., 2009; Ye et al., 2013). The

basic objective is to find the values of a group of parameters which

lead to the optimal decomposition rate and decomposition time.

Some other research considers the resource efficiency, energy ef-

ficiency for instance, for the aforementioned recycling processes.

The existing work of reducing recycling energy consumption has

focused so far on searching for more energy efficient operating

parameters (Howarth et al., 2014). How to optimally use the recy-

clates to improve the performance, or reduce the cost of the re-

manufactured product is also a very important issue worth inves-

tigating. Research works have also been developed focusing on this

topic (Meira et al., 2014; Pohlak et al., 2010). Optimisation is

important for the development of composite recycling techniques

as it can help to improve recyclate quality and process efficiency, as

well as reduce cost. Currently, there is no paper focusing on the

state-of-the-art of the applications of optimisation techniques on

composite recycling. The aim of this paper is to examine a number

of optimisation approaches used in the composite recycling area

and outline the future research issues that optimisation in com-

posite recycling as a practice should cover.

This review is done in the framework of the Efficient X-sector

Use of Heterogeneous Materials in Manufacturing (EXHUME)

project. The purpose of this EPSRC funded project is to establish a

sustainable and cost-effective strategy for deconstructing, recycling

and remanufacture of composite materials. In the remaining of the

paper, the methodology used to deliver this review and the opti-

misation techniques used in the mechanical, thermal and chemical

recycling are presented in Section 2; then, in Section 3, optimisa-

tion approaches used at the re-manufacture stage is presented;

finally, the research gaps and important research opportunities for

the future are proposed in Section 4.

2. Techniques used to optimise the recycling approaches

According to Roy et al. (2008), the engineering optimisation is a

process of identifying the right combination of the product and

associated process parameters for the best solution. Traditionally,

the process is often done manually. The manual approach can be

very time consuming, and the searching ability of it is limited and

can often lead to sub-optimal solutions. Some automatic searching

approaches have been developed in recent decades such as Genetic

Algorithms (Holland, 1975) and Swarm Intelligence (Blum and Li,

2008) and offer alternative methods to the more traditional

manual approaches. The mathematical modelling for a specific

process is normally developed before the application of optimisa-

tion techniques. The purpose of this paper is to search the appli-

cations of modelling and engineering optimisation in the

composite recycling and re-manufacturing areas.

The composite recycling or re-manufacturing system can be

studied at different levels. These levels range from the entire fac-

tory to the recycling techniques (the y axis in Fig. 1). As shown in

Fig. 1, each of these levels has its corresponding optimisation ob-

jectives (the x axis). At the recycling techniques level (mechanical,

thermal and chemical recycling methods), improving the quality of

recyclates, increasing the recycling rate (decomposition rate) and

shortening the processing time are the main issues for consider-

ation. At the equipment level, resource efficiency is the main per-

formance indicator to be improved. This means resources

consumption such as energy and water need to be reduced for

recycling certain amount of composites. Furthermore, at the en-

terprise level, the trade-off between quality, resource and time

within the whole recycling/re-manufacturing system are to be

realised. Fig. 1 also presents the potential approaches to realise the

optimisation at each level. For instance, at the enterprise level,
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Fig. 1. The levels of composite recycling/re-manufacturing system (based on Vijayaraghavan and Dornfeld (2010)).
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production planning and scheduling methods can be used to ach-

ieve the trade-off between quality, resource and time (Liu et al.,

2015). These approaches are not absolutely independent. They

overlap each other, filling the whole process for the composite

recycling or re-manufacturing systems. The model developing and

optimisation techniques can be applied on any level. The review of

existing research works on composite recycling presented in this

paper is based on the levels shown in Fig. 1. The search strategy

consisted of looking for relevant studies within scientific literature

sources, represented by academic studies published in peer-

reviewed journals and conferences. The online databases

including Web of Science and ScienceDirect have been searched to

identify the relevant articles published on the topics of applications

of optimisation techniques on composite recycling with different

keywords combination as shown in Table 1.

The keywords are selected based on some comprehensive review

papers about the current status of recycling of composites (Oliveux

et al., 2015a; Pimenta and Pinho, 2011; Yang et al., 2012). Accord-

ing to these reviews, mainly, keywords used for recycling methods

are defined and shown in Table 1. Every keyword in each category

(‘Keywords used for recycling methods’, ‘Keywords used for mate-

rials’, ‘Keywords used for modelling and optimisation’) show in

Table 1 is combined with each other to form a string for searching.

For instance, ‘Mechnical þ Carbon Fibre þ Optimisation’ is a repre-

sentative string for literature search. Seven and three keywords are

selected for the category of ‘Keywords used for recycling methods’

and the category of ‘Keywords used for materials’ respectively since

they can cover nearly all names for recycling technologies. ‘Model’ is

selected as a keyword besides ‘optimisation’ and ‘optimise’ in the

category of ‘Key words used for modelling and optimisation’. Since

for the engineering optimisation problems, normally a mathematical

model is developed before any optimisation techniques can be

applied. As a result, research work that focuses on modeling the

composite recycling process can be defined as the basement for

applying optimisation techniques. Besides the search based on the

three keywords categories, some extended search using ‘Recycling

method’ þ ‘Polymer’ þ ‘Optimisation/Optimise/Model’ combination

have been accomplished. There aremainly two reasons for extending

the search. Firstly, the publication identified in the first round of

search is scarce. Secondly, the techniques used to optimise the

recycling approaches when they are applied for other purposes are

potential useful references for their application in composite recy-

cling. The numbers of optimisation research works identified on

each level are shown in Fig. 1. The number of research works iden-

tified in each keywords category is show in Table 2. All research

reported in this paper is based on analysis of published papers

referred to in the paper.

The research work focusing on optimisation techniques applied

in composite recycling and re-manufacturing and its relevant sys-

tem is identified in the literature search. They will be presented in

the rest of this section and Section 3.

2.1. Techniques used to optimise the mechanical recycling method

Molnar (1995) evaluated the potential of using mechanical

method to recycle Kevlar® aramid and carbon fibre reinforced

scraps and cured prepreg composites. During the mechanical

recycling process, materials are ground or milled to finer products

ranging from 10 mm down to 50 mm in size after a first crushing or

shredding into smaller pieces (Oliveux et al., 2015b; Morin et al.,

2012). The recyclates can be separated into resin-rich powders

and fibres of various lengths that are still embedded in resin

(Oliveux et al., 2015b; Palmer et al., 2009). The resin-rich powders

can be reused as active fillers in either bulk molding compound

(BMC) or sheet molding compound (SMC) composites (Morin et al.,

2012; Pickering, 2006; Schinner et al., 1996; Palmer et al., 2010;

Pimenta and Pinho, 2011). Recovered fibrous fractions can be

reused in thermoset composites (Morin et al., 2012). However, the

re-use of the mechanical recyclates is limited by the cost and

quality issue. Virgin fillers such as calcium carbonate or silica have

very low costs (Oliveux et al., 2015b). Meanwhile, the most

important obstacle for using the fibrous fractions as the rein-

forcement is that the bonding between the recyclates and the new

resin is poor. This would cause the decreasing mechanical proper-

ties of the final product, such as tensile strength of the fibre, Young

modulus and surface quality (Oliveux et al., 2015b). The mechanical

recycling technique is the most mature one among all recycling

methods. It is mainly used to recycle GFRC. The applications for

recycling CFRC also exist. Based on the literature search, the opti-

misation works considering the relationship between recyclates

quality and machining parameter variance are scarce. Schinner

et al. (1996) used the milling approach to recycle the carbon fibre

reinforced polyether-ether-ketone (PEEK) resin. The authors found

that cutting mills, gave more homogeneous fibre length distribu-

tion and longer fibres than hammer mills, although the cutting

blades wore out faster than the former.

Table 1

The keywords and their combination used for literature search.

Keywords used for recycling methods Keywords used for materials Keywords used for modelling and optimisation

Mechanical Composites Optimisation

Thermal

Pyrolysis Carbon Fibre Optimise

Fluidised-bed

Microwave

Chemical Glass Fibre Model

Solvolysis

Extended search

Mechanical þ Polymer þ Optimisation/Optimise/Model

Pyrolysis þ Polymer þ Optimisation/Optimise/Model

Fluidised-bed þ Polymer þ Optimisation/Optimise/Model

Microwave þ Polymer þ Optimisation/Optimise/Model

Solvolysis þ Polymer þ Optimisation/Optimise/Model

Carbon Fibre/Glass Fibre þ Re-manufacture/Re-use

Table 2

Numbers of optimisation research works identified for each keyword category.

Comprehensive review for composite recycling techniques Mechanical recycling Thermal recycling Chemical recycling Re-manufacturing

6 2 7 3 4
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Currently, the mechanical recycling approach has not been

optimised on the system level. This means the trade-off between

the recyclates quality, cost and resource consumption has not been

investigated. Howarth et al. (2014) developed a bottom-up model

to describe the electrical energy consumption of themilling process

when it is used as an option for carbon fibre reinforced composite

recycling. The energy demand of CFRPs recycling using milling can

be theoretically calculated when the material removal rate is

known. It has been discovered that at a recycling rate of 10 kg/hr,

the recycling energy consumption (2.03 MJ/kg) is significantly less

than the embodied energy of virgin carbon fibre (183e286 MJ/kg)

(Howarth et al., 2014). This model suggested that there is potential

environmental benefit of using recycled fibres in short fibre com-

posites where mechanical performance is less important. Based on

this model, further optimisation approaches for mechanical recy-

cling to improve the energy efficiency can be developed. For

instance, the application of heuristics can be considered to achieve

multi-objective optimisation in terms of recyclates quality, energy

consumption and processing time. Based on the above, for the

mechanical recycling methods, modelling work has been devel-

oped in this area. However, there is still a lack of application of

optimisation approaches.

2.2. Techniques used to optimise the thermal recycling methods

Pyrolysis (Meyer et al., 2009; Pickering et al., 2000; Kaminsky,

2010; Yang et al., 2012; Torresa et al., 2000) is a thermal decom-

position method for polymers at high temperature from 300 �C to

800 �C in the absence of oxygen. It allows the recovery of long, high

modulus fibres. In some circumstances, a higher temperature can

be applied, however, this will result in some serious degradation of

the recyclates. Pyrolysis therefore appears to be more suitable to

recover carbon fibres, since glass fibres retain less than 50% of their

mechanical properties at the minimal temperature of 400 �C

(Oliveux et al., 2015a). When using pyrolysis as a recycling treat-

ment of polymer matrix composites, the matrix is transformed into

smaller molecules at temperatures above 350 �C in an oven. These

smaller molecules evaporate from the material and, can be used as

energy source for the process due to their high calorific value. Some

pyrolytic carbon (residue) bonded to the fibre surface remains in

the oven together with the fibres. The amount of residue can in-

fluence the mechanical properties of the reclaimed fibres such as

fibre strength, electrical properties and fibre-matrix adhesion. The

amount of residue strongly depends on process parameters as oven

atmosphere, temperature, heating rate and others. Controlling the

value of these parameters in the pyrolysis reactor is crucial for

achieving the complete depolymerisation and higher cleanliness

level of the recovered fibres.

To obtain the recovered fibres with properties close to new fi-

bres, Meyer et al. (2009) have used thermogravimetric analysis

(TGA) to investigate and optimise different process parameters

during pyrolysis to remove the residue as much as possible without

oxidation of the carbon fibre itself. Based on lab scale pyrolysis

experiments, the variation of pyrolysis temperature, oven atmo-

sphere and isothermal residue time had been studied. It was found

that in the synthetic air environment, within the temperature range

from 580 �C to 600 �C, nearly all the matrix can be removed.

For the oven atmospheres, nitrogen and synthetic air environ-

ments have been investigated based on a fixed heating rate of 10 �C/

min. When the temperature is between 400 �C and 550 �C, the

residues exist in both atmospheres. However, the nitrogen envi-

ronment provides better results in this temperature range. Above

550 �C the results are changing, as synthetic air provides the con-

dition for residue to be oxidised. It is safe to conclude that pyrolysis

in nitrogen is tending toward residue production, even at very high

temperatures. With synthetic air a complete removal of the former

matrix can be achieved at around 600 �C. However, at 650 �C and

above, the carbon fibres start to be oxidised. This results in a strong

decrease of the mechanical properties of the fibres. Consequently,

temperatures higher than 650 �C should be avoidedwhen oxygen is

used.

The influence of isothermal residue time at maximum pyrolysis

temperatures between 400 �C and 600 �C was examined. In a ni-

trogen atmosphere, an increase in the matrix weight loss was

detected for the first 30 min at 400 �C. This increase became much

smaller at 500 �C. It even disappears at 600 �C. Hence, the reaction

is time dependent only in the lower temperature range. Therefore,

neither high temperatures above 600 �C, nor long residue time of

more than 30min are required when pyrolysis is performed in ni-

trogen atmosphere. Comparatively, the oxidation reaction is much

more time dependent. An increase in weight loss with residue time

was observed in synthetic air, and therefore the exposure time of

the carbon fibres in this temperature should be short in order to

avoid oxidative fibre damage.

The above research work focuses on the process level of

recycling/re-manufacturing techniques. It had been delivered

based on experiments. This means there is a lack of mathematical

model to describe the pyrolysis process used for CFRP recycling, and

no automatic optimisation techniques have been applied. This work

only considered to optimise the mechanical properties of the

recyclates based on parameter tuning. The cost and environmental

impact factors have not been considered yet.

Cheung et al. (2011a,b); Lam et al. (2011) had developed a series

of modelling and optimisation work for pyrolysis process which is

used for treating waste tyres. These researches can be used as

reference for pyrolysis based composite recycling to develop

models and optimisation techniques. Furthermore, this work has

included energy consumption as one of the objective to be opti-

mised. Lam et al. (2011) have found that the heating rate and the

operation temperature can affect the overall energy consumption,

the product quality and yield of the pyrolysis process. Based on the

fact that pyrolysis is an overall endothermic process but performs

exothermically at its early stage, Cheung et al. (2011a,b) proposed

an idea to reduce the pyrolysis energy consumption in order to

reach its full potential to produce bio-fuels. This approach suggests

trapping the exothermic heat released in the beginning of the py-

rolysis process and using it to fulfil the energy requirement of the

endothermic reactions at the end of the process.

Cheung et al. (2011b) developed a mathematical model that

considers the mass loss kinetics, exothermic kinetics, and heat flow

together based on tyre pyrolysis experiments. A multi-stage py-

rolysis operation approach is then proposed with the aid of the

developed model. The approach starts the pyrolysis with a heating

stage to initialise the exothermic reactions. This is then changed to

an adiabatic stage where the captured exothermic heat is used to

facilitate the endothermic reactions afterwards. A significant en-

ergy saving has been achieved by employing the multi-stage

operation strategy comparing with the conventional operation

strategy.

In the industrial pyrolysis process, the heating rate is difficult or

often not necessary to be kept constant (Lam et al., 2011). This is

termed as ‘dynamic heating’ that the heating rate varies at different

reaction stages. Lam et al. (2011) studied the pyrolysis with dy-

namic heating to understand the effect of heating rate on produc-

tion rate, energy consumption and product quality, etc. Based on

experiments, the production rate and reaction heat of tyre pyrolysis

at different heating rates are obtained. A transient model consid-

ering the effect of dynamic heating was then developed and

compared with the conventional static heating model. It has been

shown that a higher heating rate favours the production of volatiles

Y. Liu et al. / Journal of Cleaner Production 140 (2017) 1775e17811778



fractions and shifts the overall pyrolysis heat flow to more

endothermic.

Based on the aforementioned work, the authors (Cheung et al.,

2011a,b) proposed a four-stage strategy for the tyre pyrolysis,

which has the sequence of heating, adiabatic, heating and adiabatic.

The approach is verified by the model, and it is capable to save

about 22.5% energy consumption with a 100% increase in comple-

tion time compared to the conventional strategy. Oyedun et al.

(2012) proposes an optimisation method to tune the operating

parameters in the developed four-stage pyrolysis. Finally, this

approach can achieve a 29% reduction in energy usagewith just 36%

increase in completion time. Some of the modelling work for py-

rolysis had been delivered at this stage, however, the optimisation

work still based on experiments. None of the advanced automatic

optimisation techniques had been applied.

Ye et al. (2013) used Taguchi method (Roy, 2001) to optimise the

steam thermolysis which is used for recycling the epoxy based

CFRP materials. Steam thermolysis is a combination of vacuum

pyrolysis and mild gasification. The process is operated with a

maximum temperature of 600 �C and under atmospheric pressure.

Superheated steam is used as the soft oxidant. Operational pa-

rameters including temperature, isothermal residue time and

steam flow-rate have been investigated. Two levels for each of them

were tested to determine their influence on the decomposition rate

of the polymer matrix and the mechanical property of the recycled

carbon fibres. Taguchi method is used in this research to reduce the

number of experiments based on the full factorial design to a

practical level. Normally, two types of factors are defined in the

Taguchi method: control factors and noise factors. An inner design

constructed over the control factors is used to find the optimum

settings (Ye et al., 2013). It can be referred to Roy (2001) for more

details about Taguchi method and its relevant applications. The

analysis of variance and standard least squares linear regression are

used to analysis the experiment results. It has been identified that

the decomposition rate of matrix is directly related with the mass

ratio of steam/sample, the heating temperature, and the presence

of steam at higher temperature during the later stage of the thermal

treatment. The influences of the process parameters on the tensile

strength of the recovered carbon fibres, however, cannot be

determined within attributed levels.

Fluidised-bed process is a pyrolysis-based approach using a bed,

of silica sand for example, fluidised by hot air. It enables a rapid

heating of the materials and release the fibres by attrition of the

resin (Oliveux et al., 2015a; Pickering et al., 2000). This method has

been applied to recycle both GFRCs and CFRCs. Pickering et al.

(2000) has implemented a rotating sieve separator to separate fi-

bres from fillers of GFRCs recylates. The tensile strength of glass

fibre was reduced by 50% at 450 �C, while the reduction achieved

80% at 500 �C. The strength degradation of carbon fibres is around

25% at 550 �C (Oliveux et al., 2015a; Pickering et al., 2000).

Microwave-assisted pyrolysis has also been used as a composite

recycling method (Lester et al., 2004). This method costs less en-

ergy since the material is heated in its core so that thermal transfer

is very fast (Oliveux et al., 2015a). However, both of the processes

have not been optimised. Based on above, mainly, the manual ap-

proaches such as Taguchi method and sensitive analysis have been

applied to optimise the thermal recycling approaches.

2.3. Techniques used to optimise the solvolysis recycling method

Solvolysis is a chemical treatment using a solvent to degrade the

resin (Oliveux et al., 2015b; Yoon et al., 1997). The solvolysis process

can reclaim both the clean fibres and fillers as well as depoly-

merised matrix in the form of monomers or petrochemical feed-

stock (Yang et al., 2012; Hydea et al., 2006). Based on a wide range

of solvents, temperature, pressure and catalysts, solvolysis can offer

a large numbers of possibilities. Generally, for solvolysis, lower

temperatures are required to degrade the polymer compare to

pyrolysis (Oliveux et al., 2015a). Water or alcohol is normally used

as the solvent, which is relatively environmentally friendly (Yang

et al., 2012). The solvolysis recycling process can be used for both

GFRCs and CFRCs. The reclaimed fibre retains most of its mechan-

ical properties (Yang et al., 2012). To reach higher dissolution effi-

ciency and faster dissolution rate, catalysts are normally used, and

the solvent properties are also been tuned and optimised. Normally,

the factorial design method is used to tune the solvent properties

(Oliveux et al., 2015a; Kleinert et al., 2009). The solvolysis process

has not been optimised on the system level. Actually, expensive

reactors which can withstand high temperatures and pressures as

well as corrosions are required when supercritical conditions are

used (Kritzer, 2004). As a result there is a trade-off problem be-

tween the cost of facilities and the solvent properties that needs to

be solved before applying the solvolysis to industrial scale.

Perrin et al. (2008) used the experimental design and statistical

process control techniques to find the optimal values of solution

concentration and agitation time for maximizing the dissolution of

CaCO3 to reclaim glass fibres from the SMC waste. In this research,

the authors aimed at obtaining the longest fibres and the highest

fibre content in the final recyclates. The optimisation approaches

applied to the chemical recycling methods are very similar to the

ones applied to the thermal recycling approaches. They are still

manual approaches such as factorial design.

3. The optimisation used at the design and re-manufacturing

stage

Optimal usage of the recyclates during the re-manufacturing is

another very important issue in the composite recycling and re-

manufacturing system. According to the existing work, re-

searchers have considered to use the recyclates to achieve cost

reduction while guaranteeing the necessary mechanical

performance.

Meira et al. (2014) uses the mechanical recycling method to

reclaim the thermoset based glass fibre reinforced polymer rejects

derived from the pultrusionmanufacturing industry. The recyclates

are used as aggregates and reinforcement replacements into

concrete-polymer composite materials. The authors found that the

recyclate content and size grade, and the effect of the incorporation

of an adhesion promoter can be considered as factors which in-

fluence the flexural and compressive strengths of final composite.

The authors used the Fuzzy Boolean Nets method to find the best

balance between material parameters that maximizes both flexural

and compressive strengths of final composite based on limited

experiment result. Fuzzy Boolean Nets is a universal approximator

with excellent generalisation capability which is able to predict the

response of parameter-dependent systems (Carvalhoa and Tom�e,

2007). This technique has been selected for the aforementioned

study due to its good performance based on sparseness of available

trial data (Meira et al., 2014). It can be referred to Carvalhoa and

Tom�e (2007) for more information about the working procedure

of this technique.

Shah et al. (2010) developed a reinforcement learning algorithm

(Gosavi, 2003, 2007) to help the plant manager to optimally use the

recycled materials, thereby reducing the cost of the final products.

Reinforcement learning allows machines and software agents to

automatically determine the ideal behaviour within a specific

context, in order to maximise its performance (Gosavi, 2003). The

reason for using this technique to optimise the above problem is

that it can generate near-optimal solutions to stochastic dynamic

programs without probability transition (Shah et al., 2010). Gosavi
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(2003) introduced how a typical reinforcement learning algorithm

works. Normally, it is environmentally and costly beneficial to use

recyclates. However, the service level can be negatively influenced

by using recyclates since they usually need additional pre-

processing which results in an increasing in the production time.

Hence, it is necessary to use virgin materials when the supply of

finished products is running low, to satisfy service levels. The au-

thors modelled the aforementioned material selection as a semi-

Markov decision problem. The developed reinforcement learning

algorithm identified an optimal strategy of switching between the

two sources of material. The simulation result shows a 65% cost

improvement over a policy that uses only virgin materials. This

research provides a general material selection strategy when

recyclates are used as one type of the raw material. It is a very good

reference on the optimisation work on the workshop level when

automatic optimisation techniques are employed.

Zhao et al. (2008) investigated the feasibility of manufacturing

wood-rubber functional composite panels with a polymeric

methylene diphenyl diisocyanate and urea-formaldehyde combi-

nation binder. The response surface method was used to determine

the significant independent variables among board density, press-

ing time and pressing temperature and their influence on the board

performance including internal bond strength, modulus of rupture

and modulus of elasticity. A mathematical simulation or response

surface models were developed to predict the board properties.

This work is not directly related with the optimisation research in

composite recycling. However, the response surface method used

in it can be used as a reference for the design optimisation research

focusing on using recyclates during re-manufacturing.

Pohlak et al. (2010) developed a multistage optimisation pro-

cedure to find the optimal thickness of the glass fibre polyester

resin layer in the composite bathtub. The objectives of the opti-

misation procedure are to minimise the total cost of the bathtub

and the production time. The ratio of polyester resin to the curing

agent has significant influence on curing time, and both objectives

considered. The curing time decreases with increasing layer

thickness. Compare to structure with constant thickness, the

structure with optimal thickness distribution of the reinforcement

layer has several advantages. The stresses and displacements are

reduced several times and have more uniform distribution. This

work can be very beneficial for research focusing on optimising the

product quality at the design stage when using recyclates as the

reinforcement. In the recyclates re-manufacturing sector, both of

the manual and automatic searching approaches (Fuzzy Boolean

Nets and reinforcement learning algorithm) has been applied as the

optimisation approaches. More automatic searching approaches

are expected to be applied in this sector since the re-manufacturing

is more focused on the system level.

4. Conclusions and future work

Based on the literature presented in this paper, it can be found

that on most levels of composite recycling and re-manufacturing

system, the application of optimisation techniques can be identi-

fied. However, these applications are still scarce considering the

potentialities to be optimised. Meanwhile, most of the techniques

applied are the experimental design approaches to tune the pa-

rameters. The following research gaps are identified:

1. There is a lack of mathematical models to depict the influence of

variance of processing parameters on the quality of recyclates

for all recycling approaches. Based on the models, more efficient

optimisation techniques can be applied. Currently, most of the

existing optimisation work on the composite recycling tech-

nology level is developed based on experiments and

experiences. The development of mathematical models for

these recycling techniques is crucial for researchers to better

understand and optimise them.

2. There is a lack of mathematical models to depict the influence of

variance of processing parameters and other relevant factors on

the cost and environmental impact of all recycling approaches.

Cost and environmental issues during the composite recycling is

very important, therefore the developed approaches should not

only be technically feasible, but also cost effective and envi-

ronmentally friendly.

3. There is no work that focuses on optimising the composite

recycling on the workshop level. Based on existing research in

the sustainable manufacturing area, operations research and

scheduling methods had been proved to be very effective tools

to reduce energy consumption and environmental impact of a

specific manufacturing system. However, in the literature

identified in the composite recycling area, energy and cost

saving haven't been considered on the workshop level. The

optimisation work on this level is very important, since it can

considerably reduce the negative impact of composite recycling

system without changing the legacy system too much. Even if a

new factory for recycling composites were going to be devel-

oped, considering optimisation on the operations level would

also be very beneficial.

4. The re-use of recyclate is as significant as recycling the com-

posites. The work focuses on the optimal usage of the recyclates

to improve the quality, or reduce the cost of a specific product is

scarce. The feasible and economical applications of recyclates

still need to be considered at the current stage of investigation.

At the same time, the modelling and optimisation techniques

can be applied at any level in the re-manufacturing system. For

instance, the optimal parameter combination used for the re-

manufacturing technologies is worth to be investigated; the

optimal combination of virgin and recycled fibres could also be

considered; on the workshop level, optimising the dispatching

of recyclates for production can also effectively reduce the

production cost.

5. In terms of the optimisation techniques, in the existing research,

very little optimisation algorithm (automatic approaches) has

been applied to complete the optimisation tasks. The design of

experiments methods are widely used in the existing research.

However, more preferable results could have been achieved if

techniques like Genetic Algorithm (Holland, 1975) or Artificial

Neural Networks (Yegnanarayana, 2009) had been applied. The

efficiency of the composite recycling and re-manufacturing

system can be largely improved by applying the optimisation

algorithm. This area is worth to be investigated in the future.

Acknowledgement

The funding from EPSRC for the EXHUME project (EP/K026348/

1) is gratefully acknowledged.

References

Blum, C., Li, X.D., 2008. Swarm intelligence in optimization. Swarm Intelligence.
Springer.

Carvalhoa, J.P., Tom�e, J., 2007. Qualitative optimization of fuzzy causal rule bases
using fuzzy boolean nets. Fuzzy Sets Syst. 158 (17), 1931e1946.

Cheung, K.Y., Lee, K.L., Lam, K.L., Chan, T.Y., Lee, C.W., Hui, C.W., 2011a. Operation
strategy for multi-stage pyrolysis. J. Anal. Appl. Pyrolysis 91 (1), 165e182.

Cheung, K.Y., Lee, K.L., Lam, K.L., Lee, C.W., Hui, C.W., 2011b. Integrated kinetics and
heat flow modelling to optimise waste tyre pyrolysis at different heating rates.
Fuel Process. Technol. 92 (5), 856e863.

Gardiner, G., 2014. Recycling Carbon Fiber for Structural Applications. Retrieved
from. http://www.compositesworld.com/blog/post/recycling-carbon-fiber-for-
structural-applications.

Gosavi, A., 2003. Simulation-based Optimization: Parametric Optimization

Y. Liu et al. / Journal of Cleaner Production 140 (2017) 1775e17811780

http://refhub.elsevier.com/S0959-6526(16)31163-5/sref1
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref1
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref3
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref3
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref3
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref4
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref4
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref4
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref4
http://www.compositesworld.com/blog/post/recycling-carbon-fiber-for-structural-applications
http://www.compositesworld.com/blog/post/recycling-carbon-fiber-for-structural-applications
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref6


Techniques and Reinforcement Learning. Kluwer Academic, Boston, MA.
Gosavi, A., 2007. Adaptive critics for airline revenue management. In: Proceedings

of the 18th Annual Conference of the Production and Operations Management
Society. Dallas, TX.

Holland, J.H., 1975. Adaptation in Natural and Artificial Systems: an Introductory
Analysis with Applications to Biology, Control, and Artificial Intelligence. Uni-
versity of Michigan Press.

Howarth, J., Mareddy, S.S.R., Mativenga, P.T., 2014. Energy intensity and environ-
mental analysis of mechanical recycling of carbon fibre composite. J. Clean.
Prod. 81, 46e50.

Hydea, J.R., Lesterb, E., Kingmanb, S., Pickeringc, S., Wong, K.H., 2006. Supercritical
propanol, a possible route to composite carbon fibre recovery: a viability study.
Compos. Part A Appl. Sci. Manuf. 37 (11), 2171e2175.

Kaminsky, W., 2010. Fluidised bed pyrolysis of waste polymer composites for oil and
gas recovery. In Management, Recycling and Reuse of Waste Composites,
pp. 192e213.

Kleinert, M., Gasson, J.R., Barth, T., 2009. Optimizing solvolysis conditions for in-
tegrated depolymerisation and hydrodeoxygenation of lignin to produce liquid
biofuel. J. Anal. Appl. Pyrolysis 85, 108e117.

Kritzer, P., 2004. Corrosion in high-temperature and supercritical water and
aqueous solutions: a review. J. Supercrit. Fluids 29 (1e2), 1e29.

Lam, K.L., Oyedun, A.O., Cheung, K.Y., Lee, K.L., Hui, C.W., 2011. Modelling pyrolysis
with dynamic heating. Chem. Eng. Sci. 66 (24), 6505e6514.

Lester, E., Kingman, S., Wong, K.H., Rudd, C., Pickering, S., Hilal, N., 2004. Microwave
heating as a means for carbon fibre recovery from polymer composites: a
technical feasibility study. Mater. Res. Bull. 39 (10), 1549e1556.

Liu, Y., Dong, H.B., Lohse, N., Petrovic, S., 2015. Reducing environmental impact of
production during a rolling blackout policy e a multi-objective schedule opti-
misation approach. J. Clean. Prod. 102, 418e427.

Meira, A.C., Carvalho, J.P., Ribeiro, M.C.S., Meixedo, J.P., Silva, F.J.G., Fiúza, A.,
Dinis, M.L., 2014. An integrated recycling approach for GFRP pultrusion wastes:
recycling and reuse assessment into new composite materials using fuzzy
boolean nets. J. Clean. Prod. 66, 420e430.

Meyer, L.O., Schulte, K., Grove-Nielsen, E., 2009. CFRP-recycling following a pyrol-
ysis route: process optimization and potentials. J. Compos. Mater. 43 (9),
1121e1132.

Molnar, A., 1995. Recycling advanced composites. Final report for the Clean
Washington Center (CWC).

Morin, C., Loppinet-serani, A., Cansell, F., Aymonier, C., 2012. Near - and supercritical
solvolysis of carbon fibre reinforced polymers (CFRPs) for recycling carbon fi-
bers as a valuable resource: state of the art. J. Supercrit. Fluids 66, 232e240.

Oliveux, G., Dandy, L.O., Leeke, G.A., 2015a. Current status of recycling of fibre
reinforced polymers: review of technologies, reuse and resulting properties.
Prog. Mater. Sci. 72 (July), 61e99.

Oliveux, G., Dandy, L.O., Leeke, G.A., 2015b. Degradation of a model epoxy resin by
solvolysis routes. Polym. Degrad. Stab. 118, 96e103.

Oyedun, A.O., Lam, K.L., Gebreegziabher, T.G., Lee, H.K., Hui, C.W., 2012. Optimisa-
tion of operating parameters in multi-stage pyrolysis. Chem. Eng. Trans. 29,

655e660.
Palmer, J., Ghita, O.R., Savage, L., Evans, K.E., 2009. Successful closed-loop recycling

of thermoset composites. Compos. Part A Appl. Sci. Manuf. 40 (4), 490e498.
Palmer, J., Savage, L., Ghita, O.R., Evans, K.E., 2010. Sheet moulding compound (SMC)

from carbon fibre recyclate. Compos. Part A Appl. Sci. Manuf. 41 (9), 1232e1237.
Perrin, D., Clerc, L., Leroy, E., Lopez-Cuesta, J.-M., Bergeret, a, 2008. Optimizing a

recycling process of SMC composite waste. Waste Manag. 28 (3), 541e548 (New
York, N.Y.).

Pickering, S.J., 2006. Recycling technologies for thermoset composite materials -
current status. Compos. Part A Appl. Sci. Manuf. 37, 1206e1215.

Pickering, S.J., Kelly, R.M., Kennerley, J.R., Rudd, C.D., Fenwick, N.J., 2000. A fluidised-
bed process for the recovery of glass fibres from scrap thermoset composites.
Compos. Sci. Technol. 60, 509e523.

Pimenta, S., Pinho, S.T., 2011. Recycling carbon fibre reinforced polymers for
structural applications: technology review and market outlook. Waste Manag.
31 (2), 378e392.

Pohlak, M., Majak, J., Karjust, K., Küttner, R., 2010. Multi-criteria optimisation of
large composite parts. Compos. Struct. 92 (9), 2146e2152.

Roy, R., Hindujab, S., Tetic, R., 2008. Recent advances in engineering design opti-
misation: challenges and future trends. CIRP Ann. - Manuf. Technol. 57 (2),
697e715.

Roy, R.K., 2001. Design of Experiments Using the Taguchi Approach: 16 Steps to
Product and Process Improvement. Wiley-Interscience.

Schinner, G., Brandt, J., Richter, H., 1996. Recycling carbon fiber reinforced ther-
moplastic composites. J. Thermoplast. Compos. Mater. 9 (3), 239e245.

SGL, 2016. Recycling Products. Retrieved from. http://www.sglacf.com/en/products/
recycling.html.

Shah, P., Gosavi, A., Nagi, R., 2010. A machine learning approach to optimise the
usage of recycled material in a remanufacturing environment. Int. J. Prod. Res.
48 (4), 933e955.

Torresa, A., Marcoa, I., de, Caballeroa, B.M., Laresgoitia, M.F., Legarretaa, J.A.,
Cabreroa, M.A., Gondrab, K., 2000. Recycling by pyrolysis of thermoset com-
posites: characteristics of the liquid and gaseous fuels obtained. Fuel 79 (8),
897e902.

Vijayaraghavan, A., Dornfeld, D., 2010. Automated energy monitoring of machine
tools. CIRP Ann. - Manuf. Technol. 59 (1), 21e24.

Yang, Y., Boom, R., Irion, B., van Heerden, D.J., Kuiper, P., de Wit, H., 2012. Recycling
of composite materials. Chem. Eng. Process. Process Intensif. 51, 53e68.

Ye, S.Y., Bounaceur, A., Soundais, Y., Barna, R., 2013. Parameter optimization of the
steam thermolysis: a process to recover carbon fibers from polymer-matrix
composites. Waste Biomass Valoriz. 4 (1), 73e86.

Yegnanarayana, B., 2009. Artificial Neural Networks. PHI.
Yoon, K.H., DiBenedetto, A.T., Huang, S.J., 1997. Recycling of unsaturated polyester

resin using propylene glycol. Polymer 38 (9), 2281e2285.
Zhao, J., Wang, X.M., Chang, J.M., Zheng, K., 2008. Optimisation of processing var-

iables in wood-rubber composite panel manufacturing technology. Bioresour.
Technol. 99 (7), 2384e2391.

Y. Liu et al. / Journal of Cleaner Production 140 (2017) 1775e1781 1781

http://refhub.elsevier.com/S0959-6526(16)31163-5/sref6
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref7
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref7
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref7
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref8
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref8
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref8
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref9
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref9
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref9
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref9
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref10
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref10
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref10
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref10
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref11
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref11
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref11
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref11
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref12
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref12
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref12
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref12
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref13
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref13
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref13
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref13
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref14
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref14
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref14
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref15
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref15
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref15
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref15
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref18
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref18
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref18
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref18
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref19
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref19
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref20
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref20
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref20
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref20
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref21
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref21
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref21
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref21
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref22
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref22
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref22
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref23
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref23
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref23
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref23
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref24
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref24
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref24
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref25
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref25
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref25
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref26
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref26
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref26
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref26
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref27
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref27
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref27
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref28
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref28
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref28
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref28
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref29
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref29
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref29
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref29
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref30
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref30
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref30
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref31
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref31
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref31
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref31
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref32
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref32
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref33
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref33
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref33
http://www.sglacf.com/en/products/recycling.html
http://www.sglacf.com/en/products/recycling.html
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref35
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref35
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref35
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref35
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref36
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref36
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref36
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref36
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref36
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref37
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref37
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref37
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref38
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref38
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref38
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref39
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref39
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref39
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref39
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref40
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref41
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref41
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref41
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref42
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref42
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref42
http://refhub.elsevier.com/S0959-6526(16)31163-5/sref42

	A review of optimisation techniques used in the composite recycling area: State-of-the-art and steps towards a research agenda
	1. Introduction
	2. Techniques used to optimise the recycling approaches
	2.1. Techniques used to optimise the mechanical recycling method
	2.2. Techniques used to optimise the thermal recycling methods
	2.3. Techniques used to optimise the solvolysis recycling method

	3. The optimisation used at the design and re-manufacturing stage
	4. Conclusions and future work
	Acknowledgement
	References


