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Abstract 
As the world’s population exponentially grows, consumption rates and the demand for new 

products also increase dramatically. As a consequence, a great number of End-of-Life (EoL) 

products are continuously being disposed of, leading to a number of environmental problems. 

Responsible EoL treatments, which may include reusing, recycling or remanufacturing 

products or parts is desirable in dealing with these disposed products. These processes can 

be beneficial both environmentally and economically. Waste is minimised, while valuable 

components and materials are recovered. 

The composite market by volume is dominated by glass fibre reinforced polymers (GFRPs), 

with an annual production volume in Europe having reached 1.069 Mtons, and a steady 

growth that in 2015 occurred at a rate of 2.5%.  

The main involved manufacturing sector for GFRP is the wind energy sector. Wind turbine 

blades are characterised by an expected lifetime of approximately 20 years. Hence, the 

amount of blade material waste across Europe is expected to increase significantly in the 

coming decades and is estimated to reach 50,000 tonnes per year in 2022 and 100,000 tonnes 

per year in 2034. 

In the light of the above, the economic impact of the composite sector clearly appears huge 

and the application of the Circular Economy principles to EoL management of composites 

is one of the challenges of the modern manufacturing industry. Within this perspective, a 

comprehensive study on the feasibility of reusing recycled glass fibres from the wind energy 

sector was performed.  

Firstly, the two types of recyclate material, kindly provided by Rivierasca S.p.A, were 

characterized in terms of size and fibre content, and the most suitable was chosen for further 

compounding.  

Successively, with the purpose of selecting an adequate matrix material, in terms of 

processability and mechanical performances, three polymeric thermoset resins were 

synthesized and characterized. Especially, three styrene-free polymeric binders were 

employed: respectively an acrylic, an epoxy and a polyurethane one. 

Subsequently, the epoxy resin was loaded with different concentrations (30,35 and 40 wt. %) 

of recycled glass fibres. The Halpin-Tsai model was used to predict the mechanical properties 

of the composite and a comparison was made with the experimental results, obtained 

through tensile tests performed on the specimens cut from the remanufactured composite. 

Furthermore, mechanical tests were carried out on the composites currently employed in 

commercial applications in order to get a reference value for the desired final properties of 

the remanufactured items. It was proved the possibility to use recycled glass fibres as 

reinforcement phase in newly developed composite materials. Nevertheless, some limitations 

regarding the adhesion between the matrix and the fibres and hence regarding the final 

desired mechanical properties were found and must be overcome.   



xvi 

 

Finally, through the use of a model, implemented in Python 3.0 and MATLAB, developed 

by CNR-ITIA, the cost of the recyclate material, in terms of euros per kilogram, was 

estimated. This required the design of two different scenarios for the collection and 

dismantling of wind blades, on a European level. The assessed costs were compared with 

the economic values of virgin glass fibres. The virgin and the recycled fibres showed 

comparable prices, however, to increase the recycled materials attractiveness to businesses, 

a further costs reduction is desirable.   
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Estratto in Lingua italiana  
Considerando la crescita esponenziale della popolazione mondiale, anche i consumi e la 

richiesta di prodotti aumentano drasticamente. Di conseguenza, una grande quantità di 

prodotti a fine ciclo di vita necessita continuamente di smaltimento, con tutti i problemi 

ambientali che ne derivano. Sono perciò auspicabili trattamenti responsabili di questi 

prodotti a fine ciclo di vita, quali riuso, riciclo o rigenerazione sia del prodotto intero sia 

solo di componenti di esso. Inoltre, questi processi possono essere vantaggiosi sia dal punto 

di vista ambientale sia da quello economico. Infatti, la quantità di rifiuti è minimizzata, 

mentre, allo stesso tempo, nuovi componenti e materiali sono recuperabili e riutilizzabili.  

Il mercato dei compositi, in termini di volume prodotto annualmente, è dominato dalle 

materie plastiche rinforzate con fibra di vetro. Il volume della produzione annuale ha 

raggiunto le 1.069 megatonneallate, con una crescita stabile che nel 2015 ha superato il 2.5%.  

Il settore manifatturiero più coinvolto nella produzione di materie plastiche rinforzate con 

fibra di vetro è il settore dell’energia eolica. Le pale eoliche sono progettate con 

un’aspettativa di vita di circa vent’anni. Quindi, si prevede che la quantità di pale          

eoliche a fine ciclo di vita, in Europa, cresca considerevolmente negli anni avvenire. In 

particolare si stima che questa tocchi le 50,000 tonnelate annuali nel 2022, 100,000  nel 2034. 

Alla luce di ciò, l’impatto economico del settore dei compositi chiaramente appare enorme 

e l’impiego dei principi di Economia Circolare applicati alla gestione dei materiali compositi 

a fine ciclo di vita è una delle sfide che caratterizza il settore industiale moderno. All’interno 

di questa cornice, è stato svolto uno studio globale riguardante la possibilità di riutilizzare 

fibre di vetro riciclate dal settore dell’energia eolica.  

Innanzitutto, i due tipi di materiale riciclato, gentilmente forniti da Rivierasca S.p.A., sono 

stati caratterizzati in termini di dimensione e contenuto di fibra e il più adatto è stato scelto 

per realizzare il materiale composito finale.  

In seguito, con lo scopo di selezionare la matrice più adeguata, in termini di lavorabilità e 

prestazioni meccaniche, tre resine indurenti sono state sintetizzate e caratterizzate. In 

particolare tre leganti polimerici privi di stirene sono stati utilizzati: rispettivamente una 

acrilica, una epossidica e una poliuretanica.  

Successivamente, la resina epossidica è stata caricata con diverse concentrazioni di fibra di 

vetro (30, 35 e 40 % in peso). Il modello di Halpin-Tsai è stato usato per predire le proprietà 

meccanniche del composito finale ed in seguito è stato svolto un confronto fra questi dati e 

i valori sperimentali, ottenuti attraverso test a trazione eseguiti sui provini ritagliati dai 

compositi preparati. Inoltre, altre prove mecchaniche sono state eseguite su materiali 

compositi attualmente impiegati in prodotti commerciali, in modo da ottenere un valore di 

riferimento per le proprietà che devono caratterizzare il composito finale con fibre di vetro 

riciclate. È stato quindi provato che si possano riutilizzare fibre di vetro riciclate come fase 

di rinforzo in nuovi materiali compositi. Tuttavia sono emersi alcuni limiti nell’adesione tra   
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matrice e fibre e, di conseguenza, anche nelle proprietà meccaniche finali, che devono essere 

risolti.  

Inifne, un modello, implementato in Python 3.0 e MATLAB, sviluppato dal CNR-ITIA, è 

stato utilizzato per stimare il costo del materiale in termini di euro al kilogrammo. Questo 

ha richiesto l’ideazione di due diversi scenari per la raccolta e lo smantellamento di pale 

eoliche a livello Europeo. I costi stimati in questo modo sono stati messi a confronto con il 

costo delle fibre di vetro vergini. I due tipi di fibre, riciclate e nuove, hanno dimostrato di 

avere costi paragonabili, eppure per aumentare l’interesse del materiale riciclato nei 

confronti delle aziende, una ulteriore riduzione dei costi sarebbe auspicabile. 
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1.1. Interdisciplinarity as a M ean towards Sustainable 

Development 

The world in which we live nowadays is being subjected to rapid anthropogenic 

environmental changes. Indeed, the increasing scale of human activity led to a profound 

impact on the natural environment, which in turn influenced both society as well as 

ecosystem functions. Thus, the increasing vulnerability of social, ecological, and human 

systems brought human beings to reconsider the course of action in the existing technological, 

financial, political, and social fields.1 

Interdisciplinarity, multidisciplinarity and pluridisciplinarity occur when two or more 

scientific disciplines work together to pursue a given scope, with the contributions from the 

various disciplines being essential to revealing and addressing the different aspects of the 

problem. Keeping this into account, sustainability is a multi-, inter-, and transdisciplinary 

science by nature.2,3 Indeed, it is seen as a social contract between science and society.4 

Today’s environmental challenges make it essential to bring together various disciplines, so 

that a detailed and integrated picture of the current world predicament could be provided, 

together with the capability to avoid, reduce or mitigate the problems that arise.1 Most 

scientific disciplines are, directly and indirectly, expected to contribute towards realizing 

sustainability, because issues in sustainability have complex structures that include 

environmental, technological, societal, and economic facets. This complexity calls for an 

interdisciplinary approach to account for multiple factors and to design solutions by 

employing, utilizing, and integrating diverse knowledge, skills, and tools from each discipline. 

This experimental work is addressed to the issue of management of End of Life composite 

materials and tries to furnish a strategy to face the problem, exploiting the multidisciplinary 

approach on which sustainable development is based on. Especially, materials engineering 

and management engineering related concepts are involved and meshed. The former is 

involved because re-manufactured composite materials, with recycled reinforcement phase, 

were designed and developed; the latter because a circular economy approach was applied 

to the overall waste composites de-manufacturing process, to assess the costs per kilogram 

of derived recycled materials.  
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1.2. Composite M aterials  

Composites make up a very broad and important class of engineering materials. They consist 

of two or more materials, with different physical and chemical properties, separated by a 

distinct interface and combined in a unique structural unit. Through the design of composite 

materials it is possible to obtain a material with desirable and tailored to the service 

condition properties that cannot be achieved by any of the constituent materials acting 

alone.  

Composite materials are then materials featuring two or more distinct phases and having 

bulk properties significantly different from those of any of the single constituents. Matrix 

phase is the primary phase having a continuous character. Matrix is a usually more ductile 

and less hard phase. It holds the dispersed phase and shares a load with it. Dispersed 

(reinforcing) phase is embedded in the matrix in a discontinuous form. This secondary phase 

is called the dispersed phase.5 

The most common example of composite material is represented by the fibrous composite, 

consisting of reinforcing fibres embedded in a binder or matrix material. Even particles or 

flakes are used as reinforcement material, however they are not as effective as fibres.6 The 

concept of composite materials was originally inspired by nature. In fact many biological 

materials are effectively composites: wood is made up of fibrous chains of cellulose molecules 

in a matrix of lignin, while bones and teeth are both essentially composed of hard inorganic 

crystals (hydroxyapatite or osteones) in a matrix of a tough organic constituent called 

collagen.7 Such composite materials show marked anisotropy, since the reinforcement 

component (the harder one) is in the elongated form, with the fibre axes aligned along a 

specific direction. While in nature such anisotropy of mechanical properties is often exploited 

within the structure, in making artificial composite the idea of controlled anisotropy offers 

considerable scope for integration between the process of material specification and 

component design.7  

There exist several types of composite, since structural materials can be divided into three 

basic categories as metals, polymers and ceramics and since composites are typically made 

of a combination of the three above mentioned materials. The relative importance of the 

four basic materials (four considering even the composites themselves) in a historical context 

has been presented by Ashby, as shown in Figure 1.1. The design of a composite material 

suitable for a specific application is related to the final desired property that the material 

must feature, resulting from a combination of the properties of materials involved in the 

compounding. Then, it’s useful to consider the wide range of properties obtainable from the 

different systems using property maps, defined Ashby maps Figure 1.2. 
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Figure 1.1: The relative importance of metals, polymers, composites, and ceramics as a function of time. The 

diagram is schematic and describes neither tonnage nor value. The timescale is nonlinear.8 

 

 

Figure 1.2: Data for some engineering materials in the form of areas on a map of strength (σ) against density 

(ρ). 
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In those kinds of maps a property, such as the strength σ, is plotted against the density ρ, 

so that a particular material (or class of materials) is associated with a point or a region. 

This allows to compare the property combinations offered by potential matrices and 

reinforcements to those of alternative conventional materials7. Moreover, on those curves, 

lines representing the merit indices (or material performance indices) can be observed, that 

are useful tools to maximise or minimise the specific required performance. Finally, 

appropriate models can then be used to place upper and lower bounds on the composite 

properties involved in the merit index, for a given volume fraction of reinforcement.7 

The classification of composite materials may be done in relation to different parameters, 

mainly according to the matrix type or to the reinforcement phase. An overview is shown 

in Figure 1.3 and in Figure 1.4. 

 

 

Figure 1.3: Classification of composites based on the matrix type. 

 

 

Figure 1.4: Classification of composites based on reinforcement phase. 
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1.3. Polymer Composites  

A large part of the market related to composites is represented by polymer matrix 

composites (PMCs), often defined as resin solutions.  

PMCs are very popular and widely used as structural materials thanks to their low cost and 

simple fabrication method. In such a way, it’s possible to exploit advantages of polymers, 

especially low cost, easy processability, good chemical resistance and low specific gravity, 

avoiding their drawbacks like low strength, low modulus and low operating temperatures.  

Thus, considering the reinforcement of polymers with a strong fibrous network, the final 

PMC is characterized by high specific strength, high specific stiffness, high fracture 

resistance, good abrasion resistance, good impact resistance, good corrosion resistance, good 

fatigue resistance and finally low cost. Instead, main limitations are represented by low 

thermal resistance and high coefficient of thermal expansion.5 

The presence or absence of the above mentioned properties depends on some factors related 

to the physical-chemical properties of both reinforcement and matrix: a strong interfacial 

adhesion between matrix and fibres is crucial to improve mechanical properties; shape and 

orientation of dispersed phase inclusions mainly determine the extent of anisotropy of the 

final material; properties of the different polymers constituting the matrix determine the 

suitable application.  

Two main classes of polymers exist and therefore two classes of PMCs may arise: 

thermoplastic PMCs and thermosetting PMCs. The first category is represented by a 

polymer matrix that does not crosslink, deriving its strength and stiffness from the inherent 

properties of the monomeric units and from the very large molecular weight. The real 

advantage of this class is given by the fact that, through application of heat and pressure, 

the material undergoes disentanglement and a change from solid to viscous liquid occurs. 

This allows to shape the polymer, easing the processing and the recycling. Examples are 

polyethylene, polypropylene, polystyrene, nylon and many other commonly used resins.  On 

the contrary, in thermosetting polymers the liquid resin is converted into a hard rigid solid 

by chemical cross-linking, which leads to the formation of a tightly bound three-dimensional 

network.7 Moreover, they cannot be reshaped since they undergo degradation when heated 

above a certain threshold temperature. Most common examples are epoxies, unsaturated 

polyesters and vinyl esters.   

An important aspect concerning all the categories of composite materials is related to the 

technology by which they are produced. In fact, depending on the desired architecture of 

fibre distribution together with the nature of matrix and reinforcement itself, production at 

reasonable cost and with suitable microstructural properties may be a challenging problem. 

However, fabrication procedures for most polymer composites are commercially and 

technically mature. Several commercial processes for the manufacture of PMC components 

exist and, in most cases, the final product and the composite material (constituting the 

product itself) are produced at the same time.  
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Generally speaking there are three main approaches to the manufacture of fibre-reinforced 

thermosetting resins and two distinct production methods for thermoplastic composites.7 

Since thermosetting resins are the focus of this experimental work, methods for the 

manufacture of thermoplastic materials will not be covered. 

The first family of considered manufacturing techniques is the liquid resin impregnation 

method. There are several ways to perform this processing route, but the general scheme of 

functioning is based on a low-viscosity resin impregnated into arrays of dry fibres. The 

simplest and oldest method of this family is the hand lay-up or spray lay-up (Figure 1.5) 

procedure, where the reinforcement is firstly put down to line a mould previously treated 

with a release agent to prevent sticking and then impregnated with the resin by rolling or 

spraying. The resin is premixed with the curing agent just prior to be added in the mould. 

The process is characterized by high versatility and low costs, however the difficulty in 

ensuring complete impregnation and the high amount of labour force required limit its use 

nowadays. 

 

 

Figure 1.5: Schematic representation of the spray lay-up method.9 

 

An automated process, despite the lower versatility, in terms of achieved final shape, is the 

filament winding (Figure 1.6): bundles of fibres are drawn through a bath of resin, before 

being wound onto a mandrel or former of the required shape. It’s mainly used to produce 

surfaces of revolution such as pipes, tubes, cylinders and spheres. Different architectures 

exist for this technique: helical, circumferential and polar winding. A similar technique is 

the pultrusion (Figure 1.7), but in this case the impregnated tows are fed into a heated, 

tubular die in which they cure. Finally, a process that has the potential of becoming a 

dominant low cost process for the fabrication of large, integrated and high performance 

products is the resin transfer moulding (RTM) (Figure 1.8): dry fibres are placed in a 

prepared mould cavity and a pre-catalysed resin is injected at the lowest point, filling the 

die upward.5,7  
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Figure 1.6: Schematic representations of helical, circumferential, and polar filament winding techniques.10 

 

 

Figure 1.7: Schematic representation of the pultrusion method.10 

 

 

Figure 1.8: Resin transfer moulding (RTM).11  
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The second considered approach involves the presence of an intermediate mean, defined pre-

preg. The product manufacturing is based on the pressurised consolidation of those 

intermediates. Pre-pregs are tapes or sheets of fibres impregnated with the resin, that is only 

partially cured in order to ease further processability. Techniques of this kind provide for 

the stacking up of the pre-preg layers in predetermined directions, the consolidation by 

pressure and a final curing by heating. Low quality, but simple and quick methods like this 

are process routes involving the use of a directional hydraulic press and as alternative the 

vacuum moulding. Instead, for demanding applications autoclave moulding is preferred, 

similar to the first one, but in this case the composite system is put in a chamber that can 

be heated and pressurised.  

 

 

Figure 1.9: Pre-preg production process.10 

 

Finally, the last approach for thermosetting materials is the one represented by the 

consolidation of resin moulding compounds. In this case, the used intermediates are sheet 

moulding compounds (SMC) or bulk moulding compounds (BMC). The formers are 

fabricated with a resin containing thickening agents and particulate fillers mixed with 

chopped fibres. This mixture is then poured on a series of moving belts in order to obtain 

impregnation and the desired thickness. Bulk moulding compounds are instead made by 

mixing the same constituents in a blender, obtaining a bulky intermediate. Both SMC and 

DMC constitute raw materials for further compression moulding processes, to obtain the 

final product. A related process is the reaction injection moulding in which two components, 

forming the resin system, are mixed together with some short fibres and immediately 

injected into a mould.7  

Thanks to the valuable complex of properties attained by PMCs, they are used as structural 

materials in a wide range of applications. Aerospace, military, marine, automotive, sport  
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goods, biomedical, civil, electrical and chemical are the main sectors in which PMCs are 

involved.5 Furthermore, the increase in environmental consciousness and community interest, 

the new environmental regulations and unsustainable consumption of petroleum, led to new 

ways of thinking to polymer composites: from the research and development of fully resistant 

to degradation polymers to the investment of green composites, meaning bio-based or 

biodegradable or both PMCs. Natural fibre composites (NFPCs) and fully green composites 

were originated from this modern approach. NFPC is a composite material consisting of a 

polymer matrix embedded with high-strength natural fibres like bamboo, jute, oil palm, sisal, 

kenaf, and flax. If natural fibres are combined with biodegradable polymeric resins, a fully 

biodegradable green composite is obtained. Many research efforts are done to move towards 

this sustainable approach. The important biodegradable matrices are polyamides, polyvinyl 

alcohol, polyvinyl acetate, polyglycolic acid and polylactic acid which are synthetic or 

hemisynthetic as well as completely natural ones like polysaccharides, starch, chitin, 

cellulose proteins, collagens and lignin.5  

 

1.3.1. M atrix  

The matrix phase is the primary phase featuring a continuous character. The role of the 

matrix in the composite material is (1) to determine the final shape of the product, (2) to 

hold the reinforcement phase in place, (3) to bind the fibres and transferring load to them, 

(4) to prevent the buckling of the fibres, (5) to ensure the chemical and thermal 

compatibility with the reinforcement and (6) to avoid rapid propagation of composite cracks. 
10,12 

Polymer matrices used for structural applications are almost exclusively based on 

thermosetting systems, thanks to their good thermal stability, chemical resistance, low creep 

and relaxation properties and their better ability to impregnate the fibre reinforcements in 

comparison with thermoplastic matrices.13 Furthermore, following the aim of the thesis, only 

categories of polymeric thermosetting resins involved in this experimental work will be 

treated. 

1.3.1.1. Unsaturated Polyesters  

Unsaturated polyester (UPE) resins are commonly referred to as polyester resins since they 

cover about the 75% of the polyesters market in the world.12 This class of polymers is seen 

as one of the most promising and popular resins as well as one of the most versatile synthetic 

co-polymers in composites manufacturing; In fact, they can be found in a very wide range 

of engineering applications. Important product areas for unsaturated polyesters are marine, 

automotive, electric and electronic, building, construction, sport and leisure, domestic and 

sanitary appliances, furniture as well as military applications. The processing into a 

composite product can be done using several techniques: hand lay-up and spray lay-up 

lamination, casting, compression moulding, pultrusion, resin transfer moulding (RTM), 

vacuum infusion and filament winding.14 
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Figure 1.10: Chemical structure of a generic ester bond. 

Table 1.1: Common components used in unsaturated polyester resins and their influence on the properties of 

the final product.14 

Compound Properties 

Maleic anhydride 

• Branched polyesters compared to those from fumaric 

acid; 

• Lower degree of unsaturation compared to those from 

fumaric acid; 

Fumaric acid • Increased reactivity of polyesters; 

Phthalic anhydride 

• Polyesters with low molecular masses; 

• Improved hardness and stiffness in cured resins; 

• Good compatibility with styrene; 

Terephthalic acid 
• Improved hardness and stiffness in cured resins; 

• Increased heat deflection point; 

Isophthalic acid 

• Higher molecular masses; 

• Excellent physical and chemical properties; 

• Improved hardness and stiffness in cured resins; 

Adipic acid 

• More flexible chains; 

• Soft products; 

• Increased toughness; 

• Reduced water and weathering resistance; 

Ethylene glycol 

• Reduced solubility of unsaturated polyester in the vinyl 

monomer; 

• Increased rigidity; 

Propylene glycol (1.2-

propanediol) 
• Good compatibility with styrene; 

Diethylene glycol 

• More flexible chains; 

• Soft products; 

• Increased toughness; 

• Reduced water resistance; 

Neopentyl glycol • Good corrosion, UV, water, and chemical resistance; 

Hydrogenated bisphenol A • Good corrosion, water, and chemical resistance. 
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UPE are defined as thermosetting polymers which contain ester functional groups (Figure 

1.10) in the main chain and are obtained by a condensation polymerization reaction between 

dicarboxylic acids and dihydric alcohols. By varying the acid and alcohol, a wide range of 

polyester resins can be obtained (see Table 1.1). 

The unsaturated nature of the backbone is given by the dicarboxylic acid component, usually 

maleic anhydride or fumaric acid and allows the resin to cure in a final three-dimensional 

network through copolymerization with other polymeric monomers. Moreover, the mixing 

with low molecular weight monomers (styrene is the most widely used) permits to tune the 

final properties of the cured resin, especially in reducing the viscosity and easing 

processability. It’s important to observe that curing requires the presence of a catalytic 

system, usually represented by methyl ethyl ketone peroxide (MEKP) or benzozyl peroxide 

(BPO) with an amount varying between 1-2%. Together with catalysts, accelerant 

substances must be used as well to allow the reaction to occur at room temperature and in 

order to decrease reaction times.15 

The advantages of unsaturated polyesters are their very good structural properties together 

with low density, dimensional stability and affordable costs. Other advantages include ease 

of handling, processing, fabricating and good balance of mechanical, electrical and chemical 

properties. Some special formulations offer high corrosion resistance and fire retardancy. 

However, the additional ‘bonus’ offered by UPE manifests in the simplicity of modifying 

mechanical and environmental properties to fit the requirements of the fabrication process 

or the end use intended, considering that the mechanical properties are most often the 

critical factor in the selection of a polyester resin for a specific application.16 This resin is 

probably the best compromise between performance and structural capabilities.12 

 

1.3.1.2. Vinyl Esters Resins 

Vinyl esters are unsaturated resins obtained by the reaction of unsaturated carboxylic acids 

with an epoxy. This results in an epoxy backbone combined with esters terminal groups. 

The first confers excellent mechanical properties combined with toughness and resilience,  

while the ester terminal unsaturation makes them very reactive. Moreover, the low number 

of esters group in the main chain of the polymer gives outstanding chemical resistance to 

this class of resins.  

As for polyesters, the dissolution in diluent monomers, especially styrene, results in the 

formation of a thermosetting resin with good heat resistance, excellent mechanical properties 

(particularly high tensile elongation) and impressive chemical resistance.16 

This range of properties fits the requirements of corrosion resistance products and that’s 

why they are largely employed in this field. Other main markets include pultruded 

construction and electrical components, automotive structural applications, polymer 

concrete vessels for mining and chemical operations, high performance marine applications 

and sporting goods.  
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1.3.1.3. Epoxy Resins  

An epoxy resin features a formulation comprised of an epoxy combined with other molecules 

in order to obtain a thermosetting system able to cure into a rigid form. As for polyesters, 

epoxy resins feature tremendous versatility because they can be designed to meet a wide 

range of specific performance requirements; however, all epoxy systems involved in 

composite manufacturing are characterized by the presence of aromatic rings giving 

mechanical rigidity and thermal stability to the crosslinked polymer.16 

Main advantages of epoxy resins are: 

• The polar nature that confers excellent adhesion to a wide variety of fibres;  

• Dimensional accuracy of fabricated structures due to low cure shrinkage; 

• Absence of bubbles and voids due to the curing reaction characterized by no volatile 

products; 

• Very stable and resistance crosslinked structure. 

The epoxy composite market was valued at USD 21.6 billion in 2015 and is projected to 

reach USD 33.1 billion by 2021 driven by the increasing wind energy installations, the  

increasing use of epoxy composites in structural applications in the aerospace & defence 

industry, the need for lightweight materials to produce fuel-efficient vehicles due to the 

increasing environmental concerns, especially in Europe, and the increasing demand from 

the pipe & tank and oil & gas industries. In addition, the use of epoxy composite is also 

increasing in the sporting goods industry in the manufacturing of products, such as tennis 

rackets, bicycles, fishing rods, and golf shafts.17 

 

1.3.1.4. Polyurethane Resins 

Polyurethanes (PUs) are generally obtained by the reaction between polyisocyanates and 

polyols. Tuning the functionality of the two components, a wide range of properties is 

obtained.  

Concerning the field of thermosetting resins, it is customary to designate the polyisocyanates 

as resin and the polyols as co-reactant (hardener). Polymeric MDI is the polyisocyanates of 

choice due to its low viscosity and thereby good castability even at higher filler loading while 

polyether and polyols have been used as hardeners. Furthermore, as cast materials, they 

have gained importance as solvent free systems; however other components can be used such 

as desiccants, fillers, plasticizers, pigments, flame retardant additives and catalysts.  

The hardened materials range from hard and tough to soft and elastic. Considering hard 

ones, the clear advantage with respect to other matrices is represented by the large toughness 

and elasticity. Making a comparison with other thermosetting resins, it’s possible to state 

that PUs can be run as fast as polyesters but yield mechanical and thermal performances in 

the neighbourhood of epoxies.20 
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For decades, crosslinked polyurethanes have occupied a solid place as electrical insulation 

materials providing notable protection of electrical equipment from aggressive media such 

as water, chemicals and dust.21 Nowadays, excellent mechanical properties of PU composites 

open the way to redesign existing profiles and, in some cases, allowing a redesign of the 

reinforcement package.  
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1.3.2. Fibre Reinforcement Phase 

Technologically, the most important composites are those in which the dispersed phase is in 

the form of a fibre. This class can be further subdivided into the following:  

1) Composites with short fibres: the dispersed phase is in form of discontinuous fibres, 

preferentially oriented in one direction or randomly oriented (Figure 1.11); 

2) Composites with long fibres: the dispersed phase is in form of continuous fibres featuring 

a unidirectional or bidirectional orientation otherwise multiaxial planar, random planar 

and 3D configurations (Figure 1.12). 

 

 

Figure 1.11: Schematic of composites reinforced with short fibres oriented preferentially (a) and randomly 

oriented (b).22 

 

Figure 1.12: Schematic representation of composites reinforced with long fibres oriented in a unidirectional 

(a) and 3D fashion (b).22 

 

Design goals of fibre-reinforced composites include high strength and/or stiffness expressed 

in terms of specific strength and specific modulus parameters (respectively the ratio of tensile 

strength to specific gravity and modulus of elasticity to specific gravity).22 

Before considering specific properties of each type of fibre reinforcement used in polymer 

composites it’s essential to evaluate which physical-chemical parameters of the fibres affect 

the final properties of the composite.  

Firstly, the interfacial adhesion between fibres and the polymer matrix plays a crucial role 

for the mechanical properties since the mechanism responsible for the improvement of these 

properties is the transfer of load from the matrix to the fibre phase. Together with this, the 

fibre length also influences the load transfer: it must exceed a certain threshold defined as 

critical length (lc), to give an efficient load transfer.   
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The critical length is defined in the Equation 1.1:  
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where: 

 d  is the diameter of the fibre; 

 „ is the ultimate tensile strength of the fibre;  

 † is the fibre-matrix bond strength.  

From the critical length it’s easy then to go back to the critical aspect ratio, according to 

the Equation 1.2:  
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Furthermore, the arrangement or orientation of the fibre relative to one another, the fibre 

concentration, and the distribution all together have a significant influence on the stiffness, 

strength and other properties of fibre-reinforced composites.  

As already stated, high strength and stiffness of composites is one of the main goals of 

composite design; the physical property directly correlated is the Young’s modulus (E). 

There are several theoretical models to estimate the effect of reinforcement addition on the 

mechanical properties, especially the Young’s modulus. Some of these models are based only 

on the properties of the constituent materials and their volume fraction while others consider 

the geometry of the reinforcement and even its packaging in the polymer matrix.22 Following 

the aim of the thesis the Halpin – Tsai model will be treated, since it has been used in the 

experimental part of this work to predict the elastic modulus of manufactured composites. 

According to this model it’s necessary two distinguish two cases22: 

1) Composites with aligned short fibres 
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Where,   

Ὁ is the composite Young’s modulus; 

 Ὁ  is the matrix Young’s modulus;  

   ‒  is a parameter that depends on the geometry of the filler; 
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2) Composites with fibres randomly oriented: 
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For the sake of completeness it is important to highlight that the Halpin – Tsai model fits 

some experimental results at low-volume fractions and underestimate the values for high-

volume fractions of filler.22  

Main types of reinforcement fibres used in composite materials may be both natural or 

synthetic and will be discussed. 
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1.3.2.1. Glass Fibre Reinforcement  

Glass fibres are characterized by several properties that, together with the low cost on the 

market, make it a very popular class of reinforcement:  

• High tensile strength compared with other textile fibres (strength to weight ratio 

exceeds steel wires in some cases); 

• Heat and fire resistance due to the inorganic origin;  

• Excellent chemical resistance; 

• Moisture resistance; 

• Low coefficient of thermal linear expansion and high coefficient of thermal 

conductivity providing excellent performances in thermal environments; 

• Non-conductive behaviour that make them suitable for electrical insulation 

applications.16 

Regarding the composition, most glass fibres are based on silica (SiO2), with addition of 

oxides of calcium, boron sodium, iron and aluminium, with diameter ranging from 5 to 24 

μm. The most commonly used is E-glass (E for electrical): it draws well and features good 

strength, stiffness, electrical and weathering properties. In some cases, C-glass (C for 

corrosion) is preferred, having better resistance to corrosion than E-glass, but a lower 

strength. Finally, S glass (S for strength) is more expensive than E-glass, but shows higher 

strength, Young's modulus and temperature resistance.7 

Glass fibres are used in very different variations. Short fibres feature a length of less than 2 

mm while long fibres are between 2-50 mm. Every fibre which is longer than 50 mm is called 

endless fibre. 

An important cause of concern for glass fibres is the damage which fibres sustain when they 

rub against each other during processing. To minimise this damage, glass fibres are usually 

treated with a size, a coating containing an emulsified polymer.  

Glass fibre reinforced plastics (GFRP) dominate the composite market by volume with an 

annual production volume in Europe having reached about 2.8 million tons in 2016 with a 

steady growth rate of 2.5%. Around one third of the whole production volume is 

manufactured for the transport sector (cars, commercial vehicles, boats and to a lesser extent, 

aircraft), another third for the construction industry (buildings, infrastructures, and wind 

turbines) and the remaining divided between electronic and sport & leisure sectors. 
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Table 1.2: Glass fibres properties. 

Properties E - glass C - glass S - glass 

ρ (Mg M -3) 2.60 2.49 2.48 

K (W m -1 K -1) 13.00 13.00 13.00 

α (10 -6 K  -1) 4.90 7.20 5.60 

σf (GPa) 3.45 3.30 4.60 

E (GPa) 76.00 69.00 85.50 

T max (°C) 550.0 600.0 650.0 

 

1.3.2.2. Carbon Fibre Reinforcement  

Carbon is a high–performance fibre material and represents the most commonly used 

reinforcement in advanced polymer-matrix composites.  

Carbon fibres are typically about 8 μm in diameter and consist of small crystallites of 

turbostratic graphite (Figure 1.13), one of the allotropic forms of carbon.  

 

 

Figure 1.13: Schematic representation of the structure of carbon fibres (turbostratic form).7 

 

Properties exhibited by carbon fibres are:  

• Highest specific modulus and specific strength of all reinforcing materials; 

• Retention of mechanical properties at elevated temperature; still, high-temperature 

oxidation must be taken into account; 

• Chemical and moisture resistance; 

• Relatively inexpensive and cost effective related technology.10  
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Several manufacturing techniques exist for carbon fibres, differentiated according the 

selected precursor; three main precursors exist: polyacrylonitrile fibres (PAN), mesophase 

pitch and by pyrolytic deposition of hydrocarbons from gas phase.7 Even the carbon fibres, 

once formed, receive a surface treatment to improve the interaction with the matrix phase.  

The demand of carbon fibres for the carbon fibre reinforced plastic (CFRP) sector in 2014 

was about 83,000 tons correlated with an average annual growth rate of 11%, leading to a 

forecast of 175,000 tons in 2021. The aerospace industry, is the most important sector for 

CFRP with 32% of total global demand, followed by the automotive industry which 

currently makes up around 21.8% of the total demand.  

 

1.3.2.3. Aramid Fibre Reinforcement 

The aramid fibre is a synthetic organic polymer produced by a spinning process of a solid 

fibre from a stock solution of polyamide.22 There are a number of aramid materials but the 

two most commercially known are Kevlar and Nomex.  

All classes of aramid fibres have high mechanical strength and low density, thus providing 

a higher specific reinforcement. Furthermore, a peculiar characteristic of all types of aramid 

fibres is the high resistance to impact, which makes them largely used in ballistic 

applications. The resistance is due to the mechanism through which fibres break: chain 

extended molecules are aligned parallel to the axis of the fibre and a weak inter-chain 

hydrogen bonding between the molecules exists; being then largely anisotropic, when 

subjected to impact fibres readily split into much finer fibrils and microfibrils, dissipating 

the energy of impact.  

The global aramid fibre market size was estimated at USD 3.17 billion in 2017 and is 

projected to expand at a growth rate of 8.2% during the forecast period. The driven force 

of this sector is the growing need for security and protective measures in fact a wide range 

of industries such as healthcare/medical, mining, oil and gas, manufacturing, building & 

construction and military & emergency services require protective equipment to ensure 

safety and protection of personnel.23 
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Table 1.3: Properties of continuous and aligned glass-, carbon-, and aramid-fibre Reinforced Epoxy-matrix 

composites in longitudinal and transverse directions. In all cases the fibre volume fraction is 60. 

Properties 

Glass  

(E-glass) 

Carbon  

(H igh-Strength) 

Aramid  

(Kevlar) 

Specific gravity  2.1 1.6 1.4 

Tensile modulus  

- Longitudinal (GPa) 

- Transverse (GPa) 

 

45 

12 

 

145 

10 

 

76 

5.5 

Tensile Strength 

- Longitudinal(MPa) 

- Transverse (MPa) 

 

1020 

40 

 

1240 

41 

 

1380 

30 

Ultimate tensile 

strain 

- Longitudinal (%) 

- Transverse (%) 

 

2.3 

0.4 

 

0.9 

0.4 

 

1.8 

0.5 

 

1.3.2.4. Natural Fibre Reinforcement  

Natural fibres are fibres that are not synthetic or manmade. They can be sourced both from 

plants and animals. The plants which produce cellulose fibres can be classified into:  

• Bast fibres (jute, flax, ramie, hemp and kenaf);  

• Seed fibres (cotton, coir and kapok); 

• Leaf fibres (sisal, pineapple and abaca); 

• Grass and reed fibres (rice, corn and wheat); 

• Core fibres (hemp, kenaf and jute);24  

The most common and commercially natural fibres in the world and world production are 

shown in Table 1.4. 
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Table 1.4: Main natural fibres in the world and their world production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Natural fibres feature good mechanical properties such as tensile modulus and flexural 

modulus and show special advantage in comparison to synthetic fibres in that they are 

abundantly available, from a renewable resource and are biodegradable. On the other hand, 

natural fibres structure consists of organic molecules like cellulose, hemicellulose, lignin 

waxes and permit moisture absorption from the surroundings giving hydrophilic character 

and which causes low interfacial adhesion between the hydrophobic matrix and the fibre. 

Thus, surface treatments to improve adhesion are required.5 

The advantages presented by natural fibres together with the increasing concerns regarding 

the biodegradability of synthetic fibres coupled with the growing emphasis on reducing the 

usage of plastic-based materials in various regions, such as Europe and North America, is 

expected to give rise to a large growth of the natural fibres market from 2018 to 2025.25 

Natural fibre polymer composites (NFPCs) are finding applications in electrical and 

electronic industries, aerospace, sports, recreation equipment, boats, machinery office 

products, and so forth.  

  

Fibre Source World production (10 3 ton) 

Bamboo 30.000 

Sugar cane bagasse 75.000 

Jute 2300 

Kenaf 970 

Flax 830 

Grass 700 

Sisal 375 

Hemp 214 

Coir 100 

Ramie 100 

Abaca 70 
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Table 1.5: Mechanical properties of natural fibres compared with synthetic fibres. 

Fibre 

Density 

(103Kg/m 3) 

Elongation 

(%) 

Tensile Strength 

(MPa) 

Young’s modulus 

(GPa) 

Aramid 1.4 3.3 – 3.7 3000 – 3450 63 – 67 

Carbon 1.4 1.4 – 1.8 4000 230 – 240 

Kevlar 1.45 2 2800 124 

Cotton 1.5 7.0 – 8.0 287 – 597 5.5 – 12.6 

Jute 1.3 1.5 – 1.8 393 – 773 26.5 

Flax 1.5 2.7 – 3.5 345 – 1035 27.6 

Hemp / 1.6 690 / 

Ramie / 3.6 – 3.8 400 – 938 61.1 – 128 

Sisal 1.5 4 – 6 511 – 635 9.4 – 22 

Coir 1.2 30 175 4.0 – 6.0 

Banana 1.3 2 – 4 750 29 – 32 

Pineapple 1.56 / 172 62 

Oil palm 1.55 / 100 – 400 26.5 

Soft wood  1.5 / 1000 40 

E-glass 2.5 2.5 2000 – 3500 70 

S-glass 2.5 2.8 4570 86 
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1.4. Circular Economy and GFRP 

1.4.1. Take-make-dispose: the linear economic model   

Industrial economy, over its evolution and diversification, has never moved beyond one 

fundamental characteristic established at the onset of industrialisation: a linear model of 

resource consumption that follows a ‘take-make-dispose’ pattern. The basis on which this 

model is built, is very simple: companies extract materials, apply energy to them to 

manufacture a product and sell the product to an end-consumer, who finally discards it 

when it no longer works or no longer serves the user’s purpose.  

In a linear economy model, nature is seen as a reservoir of large quantities of easily accessible 

resources and energy. This led to an economic system in which the extraction of new 

resources was favoured with respect to the reuse of materials collected from end-of-life 

products, due to the ease of obtaining new input materials and cheaply disposing of refuse. 

This has been possible thanks to the declining of real resource prices, occurred in the 20th 

century, that have supported economic growth in advanced economies (see Figure 1.14). 

 

 

Figure 1.14: Commodity price index variations over the last century.26 

 

However, the low level of resource prices, relative to labour costs, has also created the 

current wasteful system of resource use. 
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Even if great efforts have been done in improving resource efficiency, any system based on 

consumption rather than on the restorative use entails significant losses all along the value 

chain:  

• Waste in the production chain: volume of materials commonly lost in the chain 

between mining and final manufacturing;  

• End-of-life waste: losses related to that part of the generated waste that is not reused, 

recycled or composted and digested (e.g. in 2010 60% of the total waste); 

 

 

Figure 1.15: Amount of the 2010 generated and reused, recycled or composted waste.26 

 

• Energy waste: manufacturing a product means also to store some energy in the 

materials involved. Depending on which end-of-life treatments are chosen, a certain 

amount of this energy is lost, while a certain amount is recovered. Disposal means 

that all the residual energy is lost, while incineration or recycling recoups only a 

small quantity; 

• Erosion of ecosystem services: kind of loss related to those benefits derived from 

ecosystems that support and enhance human wellbeing. The Millennium Ecosystem 
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Assessment examined 24 ecosystems services, ranging from direct services such as 

food provision to more indirect services such as ecological control of pests and 

diseases, and found that 15 out of 24 are being degraded or unsustainably used.27,28  

Troubles and limitations arising from this linear model present some indicators that became 

evident at the beginning of the 21st century, especially the scarcity of resources, insecurity 

of prices and volatility. Since 2000, the prices of natural resources have risen dramatically, 

and their sustained higher costs could certainly restrain prospects for an already fragile 

economy. Furthermore, this widens the exposure to risks of the stakeholders, since, like this, 

they are subjected to increasing and less predictable prices on one hand and stagnating 

demand in many consumer markets on the other. Several factors have driven over the past 

twenty years and will continue to drive in future the large enhancement of commodity prices 

and volatility:  

• Demographic trends including the enlargement of the global population, 

especially the predicted three billion new individuals entering the consuming 

middle class by 2030.26 This mass of new consumers will have a significant impact 

on resource demand;  

• Infrastructure needs: increasingly harder-to-access resources will require always 

heavier investments in infrastructures and technologies;  

• Political risks: 80% of all arable land, 37% of the world’s proven oil reserves and 

19% of proven gas reserves lie in areas afflicted by political or infrastructural 

issues;  

• Globalised markets: the ease of transporting resources throughout the world 

together with always more global financial markets mean that regional price 

shocks can quickly become global; 

• Climate: supply constraints and uncertainty due to climate changes would likely 

drive up prices and volatility.27 

Thus, prices and volatility are likely to remain high as populations grow and urbanise, 

resource extraction moves to harder-to-reach locations and the environmental costs 

associated with the depletion of natural capital increases. Against this backdrop, companies 

are searching an alternative industrial economy model to overcome the ‘take-make-dispose’ 

model. 

 

1.4.2. Circular Economy  

What emerges from all the previous considerations is that the global economy needs to make 

the leap from a system that consumes and discards products to one that uses and reuses 

them to the maximum extent. This is offered by the circular economy approach. 

The origin of the circular economy concept must be sought into the 1966 essay of  Kenneth 

Boulding “The economics of the Coming Spaceship Earth”. In that paper, he raised   
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awareness of the contrast between an “open economy” with unlimited input resources and 

output sinks, and a “closed economy”, in which resources and sinks are bounded and remain 

forever a part of the concerns of stakeholders. 29,30 

The circular economy is a generic term denoting an industrial economy that is restorative 

by intention and design. In a circular economy, products are designed for ease of reuse, 

disassembly and refurbishment, or recycling, with the understanding that it is the reuse of 

vast amounts of material collected from end-of-life products the foundation of economic 

growth. It involves the careful management of material flows, which, in this field, are 

considered of two types: biological nutrients, designed to re-enter the biosphere safely and 

build natural capital; technical nutrients (metals, polymers, composites), which are designed 

to circulate at high quality without entering the biosphere. The fundamental idea must be 

to shift the materials composition of consumables from made of technical nutrients towards 

one made of biological flows and to ensure cascade through different applications up to a 

final treatment, in which valuable feedstock is extracted and re-introduced in the biosphere. 

A scheme of how technological and biological nutrients flow along the economic system is 

given in Figure 1.16.  In the scheme, top to bottom straight lines represent the linear 

economy workflow, whereas the round curves stand for concepts introduced by circular 

economy. 

 

 

Figure 1.16: Circular economy design.26  
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Circular economy is based on a few simple principles. Firstly, waste does not exist if the 

nutrients, whatever they are biological or technical, are designed to fit in a cycle aimed at 

disassembling and refurbishing. Actually, waste is considered as a source of added value. In 

that sense, biological ones may be easily re-inserted into the biosphere, while technical 

nutrients are designed to stay in the cycle with high retention of quality and as long as 

possible; moreover, if improvements of quality are done, upcycling occurs. Then, it’s clear 

that systems should ultimately aim to run on renewable sources. Furthermore, the economic 

system must feature modularity, versatility and adaptivity in order to be more resilient in 

the face of external shocks and variations. Finally, system thinking it’s crucial: stakeholders 

must be able to think at the system as a whole, showing the capacity to understand how 

different parts flow and interconnect with their infrastructure, environment and social 

contexts.  

In order to make the circular economy more attractive to businesses, it’s important to ensure 

sources of economic value creation potential. Obviously, the issue it’s largely differentiated 

depending on several considerations, ranging from the product type to the specific geographic 

area considered. Nevertheless, there are four simple principles of circular value creation that 

hold true:  

1. Power of the inner circle: the general idea is that the tighter the circles are, the larger 

the savings will be in the embedded costs in terms of material, labour, energy, capital 

and of associated rucksack of externalities; whenever the costs of collecting, reprocessing 

and returning the product, component or material into the economy are lower than the 

linear alternative, setting up circular systems can make economic sense; 

2. Power of circling longer: core value creation potential may arise from keeping products, 

components and materials longer in use within the circular economy; this prolongation 

of usage substitutes virgin material inflows in order to counter the dissipation of 

materials out of the economy; in this context, rising resource prices render this value-

creation lever more attractive;  

3. Power of cascaded use and inbound material/product substitution: possibility of creating 

economic value may be achieved through the reuse of products, components or materials 

across different product categories. Basically, saving is obtained by reusing cascading 

material as substitute for virgin material inflows into a different application stream;  

4. Power of pure, non-toxic or at least easier-to-separate inputs and design: each of the 

above cited possibilities of economic value creation requires a certain purity degree of 

materials together with high quality of products and components. Improvements in this 

field must be done at the original design level of the products in order to ease end-use 

treatments. 
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1.4.3. Implementation of Circular Economy Principles in 

GFRP M arket 

The economic impact of the composite sector clearly appears huge and the application of 

the Circular Economy principles to End of Life (EoL) management of composites is one of 

the challenges of modern manufacturing industry.  

For this purpose, it’s fundamental to identify the most promising disassembly and 

remanufacturing  strategies for EoL products. De- and re-manufacturing include the set of 

technologies and systems, tools and knowledge-based methods to recover and re-use 

functions and materials from industrial waste and post-consumer high-tech products, to 

support a sustainable implementation of a new producer-centric Circular Economy paradigm. 

They represent the tools through which post-consumer products are transformed into 

valuable materials or new products meeting the customer requirements, for secondary use.  

The rapid introduction of new products and the increasing product variety experienced by 

manufacturers in the last decade is being reflected in the continuous evolution of post-

consumer products: products that will constitute the input feedstock of de- and re-

manufacturing systems.   

 

1.4.4. GFRP Input Stream Scenarios 

In 2016 the production volume of glass fibre reinforced plastics in Europe reached 

approximately 2.8 million tons, with a growth rate around 2% yearly. The growth rate of 

the worldwide composites market was above 5%. Consequently, in order to evaluate the use 

of circular economy principles in this framework, it’s fundamental to analyse possible 

scenarios related to the glass fibre reinforced plastic waste stream.  

The treatment of GFRP/CFRP waste is governed by the European Waste Framework 

directive (Directive 2008/98/EC). Indeed, waste management is now a high priority within 

the European Union and a hierarchy of the available routes for dealing with waste has been 

established.31 The European waste hierarchy designates five successive stages of waste 

management, shown in Figure 1.17.  
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Figure 1.17: EU Waste Hierarchy.31 

 

The EU-member states are committed to develop legislation and policies, which encourage 

the options that deliver the best environmental outcomes so prevention is considered the 

best way, whereas waste disposal on landfill sites shall be avoided to the greatest possible 

extent. Thanks to those restrictions, manufacturers across Europe need to pay to dispose of 

their production waste if it goes to landfill, including a climate change tax.31,32 Thus, it is 

recognized that landfilling will become unviable. It is actually already forbidden in Germany 

and Austria, while other EU countries are expected to follow soon this route. 

Two main waste types exist: End-of-Life waste and the process waste.  

Nowadays, End-of-Life GFRPs, regardless of whether derived from building, industry or in 

form of consumables, are neither systematically recorded nor separately collected on a 

national or European level. Compared to other materials, the relative proportion of 

composites in residual waste as well as the commercial value of mixed GFRP-waste is 

relatively low. These factors make manual or automated sorting of composite materials from 

mixed waste streams practically unprofitable. Those considerations are especially true for 

small-scale consumption products, which are disposed via municipal residual waste. 

Significantly more attractive streams arise from wastes derived from large-scale consumption 

products or industrial applications (wind energy system), much more suitable for a 

centralized recycling system. Notwithstanding, an estimation of the annually generated 

amount of waste is quite hard and data about presence and treatments in different European 

countries are rare. Especially since, for much of those products, the time of decommissioning 

and the data about exact amounts of residual waste or exported products or landfilled 

material are hard to recover.   

On the other hand, production waste appears as a much more reliable source of high quality 

materials suitable for various recycling processes. Inherent advantages of production waste 

for recycling are given by the possibility to collect non-mixed waste fractions with well-

known material properties and compositions, not to mention that locations of waste 

generation are finite and known. Furthermore, constant or at least predictable quantities of 

waste are generated.  
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Composites sector appears impressive, however the total amount of composite waste 

produced within European countries is relatively small, with respect to other materials. 

Therefore, an international collection system and a centralized approach to recycling could 

be a larger source of revenue. A system like this, involving the transportation of waste across 

borders of different countries, requires the examination of some legal aspects. Within the 

EU, the import, export and transit of wastes to, from or through EU states are subjected to 

approval procedures (notifications), which are regulated in detail in the EC Waste Shipment 

Regulation.33 Transboundary movements of waste require not only a notification by the 

country of waste origin, but also by the country of destination and all others the transport 

will travel through. This means that if a single waste management company intends to 

exploit waste from different European countries, it would have to arrange transport 

notifications with each stakeholder. Considering that every notification procedure is time 

consuming and accompanied by considerable financial efforts, such a procedure for 

international waste collection does not seem practical. Far more feasible seems a cooperation 

of waste management companies which collect GFRP waste on a national level and 

coordinate the different necessary notifications for the shipment to the centralized large-

scale recycling plant. 

 

1.4.5. GFRP Input Sources 

1.4.5.1. Process Waste 

The European GFRP market is a continuously growing market (apart the fall registered in 

2008 and 2009 during the financial crisis), with annual growth-rates of approx. 2% over the 

last five years. The trend is shown in the Figure 1.18 considering that short fibre reinforced 

thermoplastics are excluded (almost one half of the overall production).  

In 2010 the total amount of waste from composite production was estimated at 49,700 tonnes. 

Assuming that the increase of generated production waste follows similarly the growth of 

production volumes in the various European regions, the quantity of actual and near future 

process waste can be reasonably estimated. Estimations of GFRPs and EoL wind turbine 

blades waste are shown in Figure 1.19 and in Figure 1.20. 
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Figure 1.18: GFRP production volume in Europe.34 

 

 

Figure 1.19: Estimated amounts of GFRP production waste in Europe by 2020. 
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Figure 1.20: Expected amount of EoL blade material in Germany, in Europe and worldwide from 2020 to 

2024.35 

 

1.4.5.2. End-of-Use Products 

As already mentioned, time and location of the generated waste by End-of-Life GFRP 

composites products is difficult. The main involved manufacturing sector for GFRP is the 

wind energy sector: wind turbine blades are characterised by an expected lifetime of 

approximately 20 years. The amount of blade material waste across Europe is expected to 

increase significantly in the coming decades and is estimated to reach 50,000 tonnes per year 

in 2022 and 100,000 tonnes per year in 2034;35  

The decommissioning of a wind farm constitutes the final stage of a project when service 

life extension or repowering is not economically feasible. In the decommissioning procedure 

of a wind farm, all wind tower elements are dismantled (Figure 1.21)  

According to the turbine materials composition, the parts in which GFRP are more 

abundant are the rotor blades and the nacelle. 

Concerning the geographical location, the ideal wind farm installation would have a near 

constant flow of non-turbulent wind throughout the year, with a minimum likelihood of 

sudden powerful bursts of wind. An important factor of turbine siting is also access to local 

demand or transmission capacity. According to these requirements, both onshore and 

offshore installations would be possible, with limited accessibility in the latter case. 
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Wind turbines are currently dismantled into their component parts, including the hub, 

nacelle, blades, tower and pad-mounted transformers. The equipment required for the 

dismantling includes cranes, machinery required to construct roads and crane pads, light-

duty trucks, flatbed trucks, and trailers According to the specific logistic requirements, the 

blade is then shredded in smaller pieces proceeding from the bearing area to the tip of the 

blade. These pieces could be transported to a plant for the following treatment or treated 

directly to the farm by using chopping machine.  

Another important sector in which GFRP are largely employed is the building and 

construction sector. Indeed, they provide significant advantages over traditional building 

materials. Application areas include structural components, cladding and facades, roofing, 

doors and windows, acoustics and the fabrication of unique structures and components. 

Being usually installed in densely populated or industrial area, the product accessibility does 

not represent a critical issue for dismantling.  

 

 

Figure 1.21: Wind turbine components. 

 

Typical GFRP products, used in buildings are: 

• Undulated and flat rolls for building application and DIY (do it yourself); such rolls 

are commonly used for temporary roofing, green houses and gardens. They feature 

translucent neutral, green, red, yellow or light blue colour consisting 25 % glass fibres 

and 75 % of unsaturated polyester (UP) resin. Due to the huge quantity of end-users,   

1. Foundation 

2. Connection on the electric grid 

3. Tower 

4. Access ladder 

5. Wind orientation control (Yaw control) 

6. Nacelle 

7. Generator 

8. Anemometer 

9. Electric or mechanical brake 

10. Gearbox 

11. Rotor blade 

12. Blade pitch control 

13. Rotor Hub 
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• an exact lifetime can’t be estimated, however, it iss expected that GRP laminates 

can last for dozens of years; 

• Sheets for roofing and ceiling; the colour of those industrial roofing and ceiling 

materials depends on the composition. The standard warranty for roofs is 10 years 

but can often be used for a significantly longer time; 

• Rolls for sandwich or cold chain panels; laminates for sandwich panels are used as 

the bottom surface of sandwich metal panels in breeding and agricultural buildings. 

Rolls for cold chain panels are used for the production of insulating panels in “white 

rooms”. The standard lifetime of stables and “white rooms” is approx. 10 years. After 

usage, the GRP is dismantled jointly with PU-foams and metal. 

 

1.4.6. End-Of-Life Strategies 

Although there are many successful uses for this class of materials, the biggest challenges 

posed by fibre reinforced composites are related to the technologies through which valuable 

materials can be recovered.  

Main limitations affecting polymer composites are as follows:  

• Composites are by their very nature mixture of different materials: polymers, fibrous 

reinforcements and in many cases fillers (usually cheap mineral powders to extend the 

resin or some other specific functions);  

• Composites are often manufactured in combination with other materials in the final 

product manufacturing; 

• End-of-life related issues: contamination and the difficulty of collecting, identifying, 

sorting and separating the scrap material.36 

Together with those general problems, it’s crucial to underline specific limitations to 

recycling, affecting the class of glass fibre reinforced thermosetting polymers:  

• Thermosetting polymers are cross-linked and cannot be remoulded. Some resins can be 

easily converted back to the original monomer, however the more common ones, as 

polyester and epoxy, are not practical to depolymerise to their original constituents; 

• Despite the very large volume of GFRP, the very low cost of virgin glass fibres works 

against the commercialisation of recycling processes.  

Currently, many different processes and methods have been applied and have shown the 

feasibility of recycling such materials; however, industrial applications involving recycled 

fibres or resins are still rare, partly due to the already stated problems and partly because 

of a lack of confidence in performance of recycled composites.36  

In order to overcome the discussed problem, recycling oriented integrated de-manufacturing 

methods must be employed.  
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Three main aspects must be optimized to make the process more feasible and attractive:  

i. Process costs (i.e. dismantling, mechanical ad thermal treatments);  

ii. Logistic costs;  

iii. Output products requirements (i.e. dimension and fibres concentration). 

Figure 1.22 shows an overview of the currently adopted route for de-manufacturing of GFRP. 

 

Figure 1.22: Scheme of the currently adopted route for de-manufacturing of GFRP 

 

1.4.6.1. Disassembly  

Dismantling can be categorized into three types37: non-destructive, semi-destructive and 

destructive. Where in the first approach all outputs remain undamaged, in the latter, a 

partial or complete destruction of connective and obstructing components occur. This results 

in fast, efficient and flexible operations. Thus, semi-destructive and destructive disassembly 

allow techniques that are more capable of efficiently dealing with the uncertainties in 

product condition, therefore allowing more economically feasible operation. On the contrary, 

non-destructive disassembly tends to have high operation costs but may be unavoidable in 

maintenance or for component reuse.  

Furthermore, disassembly may be complete, namely every single component of the product 

is separated, or incomplete, in which only the desired components are separated. Indeed, 

disassembly becomes more cost-efficient with a strategic choice of disassembly targets. The 

Figure 1.23 illustrates the strategy for maximizing the profit in the disassembly process. 

  



1. INTRODUCTION 

38 

 

 

Figure 1.23: Curve of the benefits/costs of a disassembly strategy in function of the disassembly range.. 

 

The disassembly range refers to the completeness of disassembly and it’s easy to understand 

how disassembly costs increase with it. In conclusion, disassembly process is economically 

feasible when benefits from recovered materials exceed operation costs (i.e. the positive part 

of the curve). Moreover, the optimal strategy is the point at which the maximum profit can 

be obtained.38 

In conclusion, five criteria were established for determining the difficulty of disassembly 

operation:  

• Component accessibility;  

• Precision in locating the component; 

• Force required to perform tasks;  

• Additional time; 

• Special problems that cannot be categorized in the other areas.  

 

1.4.6.2. Cutting  

Composite cutting process could be performed using appropriate tool design and operating 

conditions with conventional or traditional machining methods, such as drilling, turning, 

sawing, routing and grinding, as well as non-traditional techniques like water jet machining 

(WJM), abrasive water jet machining (AWJM), ultrasonic machining (USM), 

electrochemical machining (ECM), electrical discharge machining (EDM), laser machining 

(LJM), chemical machining (CHM), photochemical machining (PCM).39–41 

Band saws and circular saws are the most common technologies for cutting composite 

materials. Specific blade and special router bits are designed for contouring/cutting   
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composite parts to reduce the tool wear, which is one of the most important composite 

machining challenges.  

It’s fundamental for the cutting process to accurately track a tool’s machining time, no 

matter what type of tool material is used: it takes diligence on a machine operator’s part to 

know what a tool’s predicted effective life is and change the tool before dulling occurs. In 

machining composites, tool life is predictable as long as there has not been a change in the 

part’s resin, fibre or fibre-winding angle. Furthermore, most of the energy spent in cutting 

is converted into heat, which causes temperature rises in the workpiece, in the tool and in 

the chips.  

Concluding, the main process variables are:  

• Composition of the material to be cut; 

• Surface thickness;  

• Cutting tool wear; 

• Cutting speed;  

• Feed rate.  

1.4.6.3. Recycling Technologies  

Several recycling technologies have been proposed and developed concerning thermoset 

composite materials, however the mechanical treatment is the most suitable process to 

reduce the size of GFRP composite parts, since GFs tend to be damaged during thermo-

chemical processes. An overview of the possible processes is shown in the Figure 1.24. 

 

 

Figure 1.24: Scheme of the recycling processes for thermoset composite materials. 
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1.4.6.3.1. Mechanical Recycling of GFRP  

Mechanical recycling is a multi-step technique in which the recovered composite components 

firstly undergo a coarse crushing or shredding step and then a fine size reduction stage.  

The first phase involves the use of a slow speed cutting or crushing mill (single/multiple 

shaft shear shredders) to obtain a mixture of fibres/resin flakes to be either further reduced 

in size or to be reused in specific application scenarios. The target material output size is 

typically lower than 10 mm. Instead, the main reduction stage is obtained through a hammer 

mill or other high speed mills, through which the material is ground into a finer product 

ranging from typically 10 mm in size down to particles lower than 50 μm in size.36 Finally, 

a separation and homogenization stage, usually size-based, is performed to obtain a granular 

stream of homogeneous particles.  

 

 

Figure 1.25: Industrial shedder to obtain coarse recyclate. 
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Figure 1.26: Example of fine shredding mill. 

 

The process results in a mixture of fractions, different in size and nature, of the original 

component, that requires a further grading or sorting process through cyclones or sieves. 

Typically, the finer graded fraction is composed of a resin- and filler-rich powder, whereas 

the coarser fraction tends to be of a fibrous nature, where the particles are still partially 

embedded in the “old” resin.  

The main process variables in this case are:  

• Feed rate;  

• Rotor speed;  

• Input and output product dimensions. 

The recovered products can be used as fillers or reinforcements. In particular, the fine 

powders may act as a substitute for calcium carbonate filler in new SMC or BMC, 

considering that the loading is tolerable up to 10 wt.%, since higher contents may lead to a 

reduction in mechanical properties and increased processing problems.36 On the other hand, 

the coarse fibrous fraction can be utilized as reinforcement since the larger pieces of recyclate 

contain significant amounts of intact fibre. However, composites re-manufacturing of this 

kind is reported to be very difficult and reductions in strength and toughness are recorded. 

The explanation relies on the lack of bonding between the recyclate and the “new” resin, 

together with the fact that larger particles of recyclate act as stress raiser. Improvements 

on the degree of reinforcements are obtained with the use of grafting and coupling agents.  

As the intrinsic value of glass fibres is small (around 2 €/Kg) and volumes are large, 

mechanical grinding is considered the cheapest and most viable strategy for the reuse of EoL 

GFRP.  
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1.4.6.3.2. Thermal Recycling  

Thermal processes include pyrolysis, fluidised bed process and combustion with energy 

recovery. Those treatments are based on the combustion of the resin fraction of the 

composite, aimed at recovering fibres and eventually fillers and inerts. This burning is 

carried out in a temperature interval ranging from 450 °C to 700 °C, with or without the 

presence of oxygen in the atmosphere. 

The combustion gives rise to an assorted array of products:  

• Gas phase products such as carbon dioxide, hydrogen and methane given by lower- 

weight molecules originated by the fragmentation of the polymeric chain; those gases 

can be condensed in solid and liquid hydrocarbon products or otherwise used as 

combustible gases in the heat reactor; 

• Liquid oil products;  

• Solid residue comprising the inorganic fibres, fillers and char traces deposited on them.  

The main limitation on the reuse of thermally recycled glass fibres is the strong reduction 

of the mechanical properties, suffered by this class of fibres at high temperatures: 50% at 

450°C and almost 80% at 550°C.42  

Alternative ways of recycling are offered by even higher temperature processes concerning 

combustion with energy recovery, found in cement kilns. Thermosetting polymers have a 

calorific value and can be burned as source of energy; based on this property, the composite 

waste is converted into energy and into raw materials components for the cement.32 However, 

it has been also shown that no more than 10% of the fuel input to a cement kiln route could 

be substituted by GFRP waste. Indeed, the presence of boron in E-glass fibres (those more 

widespread) was found to negatively impact the performances of the cement. However, some 

recent studies show that there are no negative effects on the quality of the produced 

cements.43 

According to the European Plastics Converters (EuPC), the European Composites Industry 

Association (EuCIA) and the European Recycling Service Company (ECRC), ‘‘the 

European composites industry considers the cement kiln route to be the most sustainable 

solution for waste management of glass fibre reinforced thermoset parts’’.44 

Thus, co-processing of composite waste in the cement kiln route is the technique promoted 

by the European composite industry, however only low value uses are generated; technical 

added value of fibres and polymer matrices are lost in this approach. 
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1.4.6.3.3. Solvolysis 

Solvolysis consists of a chemical treatment using a solvent to degrade and remove the resin 

fraction. It can be carried out in several ways thanks to a wide range of solvents, temperature, 

pressure and catalysts.  

As in thermal processes the polymer fraction is degraded but, in this case, lower 

temperatures are required. Drawbacks arise when supercritical conditions (e.g. of water) are 

reached; indeed, appropriate reactors can become really expensive since they have to 

withstand high temperatures and pressures, as well as to sustain very intense corrosive 

conditions.  

 

1.4.7. Process Boundaries and M acro-constraints 

For the sake of completeness, it’s important to analyse the process boundaries and macro-

constraints strictly correlated with the process-chain of GFRP. They include logistic and 

administrative procedures, operator safety, processing capacity, material requirements, and 

environmental footprint. 

Logistic and administrative procedures represent the major constraint of the de-

manufacturing planning problem, especially for large scale infrastructures. As already stated, 

specific administrative regulations exist and they are correlated to i) the composition, ii) the 

dimension and iii) the origin of composite products. 

Operations related to GFRP are usually characterized by unsafe tasks and are carried out 

in working environments that are undesirable for the human workers due to the presence of 

hazardous materials. Furthermore, high precision is usually mandatory. In fact, automation 

plays an important role in de-manufacturing procedures and it is more cost-effective than 

human workers. Indeed, the primary advantages that automation has given to the 

manufacturing process can be summarized as: i) cost effectiveness, ii) efficiency and accuracy, 

and iii) the ability to distance human workers from hazardous and/or unsafe activities. 

One macro-constraint of the de-manufacturing of composite EoL products is the process 

capacity, in particular of the mechanical recycling. Indeed, the throughput of the entire 

process depends on the operation with lower capacity. Additionally, the output material 

properties play a fundamental role as they can enable specific valorisation routes for high 

fibre concentrated fractions. In fact, different disassembly strategies could be performed in 

order to isolate the most valuable parts and improve the quality of the recovered fibres. 

Finally, the environmental footprint of the whole treatment is a matter of concern. Both 

logistic and composite treatments are the main steps to be analysed to drive demonstration 

decisions towards low environmental impact solutions. LCA an LCC of the developed 

solution must be reported and used to support different stakeholders during the economic 

and environmental evaluation aspects.  



1. INTRODUCTION 

44 

 

1.5. Aim of the Thesis 

In the framework of the Honours Programme for Sustainable Development and the European 

Union project FiberEUse, the aim of this thesis work was to study the feasibility of reusing 

recycled glass fibres from the energy sector as reinforcement for re-manufactured composite 

materials for structural applications.  

The FiberEUse is a project that aims at reducing the composite environmental impact by 

developing a remanufacturing process that could result in the creation of high-added-value 

composite products from end-of-life composites. Moreover, the task aims to moderate the 

dependency on fossil-based sources and cut down emission of VOCs, such as styrene, during 

the production of traditional composites. In this regard, the study should encompass both 

the development and the characterization of styrene-free resins, able to bind together the 

recycled fibres, the development and the characterization of re-manufactured composites 

and a cost analysis of the overall recycling process, through the implementation of circular 

economy principles. 
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2.1. M atrices   

2.1.1. Acrylic Resin  

Two reagents were used for the acrylic resin preparation: the first was an ethoxylated 

bisphenol A diacrylate, namely a difunctional acrylate monomer, with commercial name 

SR349, that was purchased by Sartomer (Arkema group). The second monomer might be 

classified as a reactive diluent and it was a 1,4-butanediol dimethacrylate (BDDMA - purity 

×95%, containing 200-300 ppm MEHQ as inhibitor) bought from Sigma Aldrich s.r.l.. 

 

 

Figure 2.1: Chemical structure of SR349, difunctional acrylate monomer. 

 

 

Figure 2.2: Chemical structure of 1,4-butanediol dimethacrylate molecule (BDDMA). 

 

2.1.2. Epoxy Resin 

The epoxy resin is a bisphenol-A (epichlorhydrin) resin containing 1,4-bis(2,3-

epoxypropoxy)butane. It’s commercially named Araldite® BY158 and it was kindly 

provided by Huntsman Corporation.  

In order to modify the viscosity and processing of the system, Araldite®BY158 was 

combined with Aradur®2992 or Aradur®21 or both, hardener mixtures still supplied by 

Huntsman: 

• Aradur®2992 is a mixture of trimethylhexane-1,6-diamine and toluene-4-sulphonic 

acid; 

• Aradur®21 is a trimethylhexane-1,6diamine component. 
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Figure 2.3: Chemical structure of the epoxy-terminated oligomer based on bisphenol-A. 

 

 

Figure 2.4: Chemical structure of 1,4 - Butanediol diglycidyl ether reactive diluent. 

 

 

Figure 2.5: Chemical structure of trimethylhexane-1,6-diamine curing agent. 

 

2.1.3. Polyurethane Resin  

The formulation of the polyurethane resin comprised of an isocyanate and a polyol. It was 

based on the formulation of the TSE-EcoSpray® polyurethane resin for bath reinforcement. 

Different chemicals were tested to determine the optimal formulation, in terms of reactants 

miscibility, matrix rigidity and presence of voids in the cured material. For all the 

formulations a molar ratio between hydroxyl groups and isocyanates of 1.05 was selected. 

The tested reactants were:  

• Poly[(phenyl isocyanate)-co-formaldehyde] (PMDI) with average Mn ͯ 400, 

purchased from Sigma Aldrich s.r.l.; 

 

Figure 2.6: Chemical structure of Poly[(phenyl isocyanate)-co-formaldehyde] monomer.  
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• Tripropylene glycol (purity  97%) of Sigma Aldrich s.r.l.;  

 

 

Figure 2.7: Tripropylene glycol chemical structure. 

 

• Glycerol (purity  99.5%) of Sigma Aldrich s.r.l.; 

 

Figure 2.8: Glycerol chemical structure 

 

• Dipropylene glycol (purity  99%) of Sigma Aldrich s.r.l; 

 

Figure 2.9: Dipropylene glycol chemical structure. 

 

• Glycerol propoxylate with averahe Mn~ 266 of Sigma Aldrich s.r.l; 

 

Figure 2.10: Glycerol propoxylate chemical structure 

 

• Tetraethylene glycol (purity  99%) of Sigma Aldrich s.r.l., 

 

Figure 2.11: Tetraethylene glycol chemical structure. 

 

• UOP-L powder, 3A zeolite type molecular sieves for high-quality polyurethane 

system, bought from Kurt Obermeier GmbH & Co. KG company.  
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2.1.4. Rivierasca Commercial Resin  

Unsaturated polyester resin with commercial name SIRESTER FS 0910/M that was kindly 

provided by Rivierasca S.p.A. It contains a polyester binder, styrene (40 50%) and 

octabenzone ( πȟςυϷȢ 

 

2.2. Recyclate Reinforcement 

Mechanically recycled composite flakes (size lower than 6mm) and fine powder were 

provided by Rivierasca S.p.A.. The scrap, from which flakes and powders were obtained, 

was composed of the above cited Rivierasca commercial resin and virgin glass fibres 

randomly distributed. 

 

2.3. Catalysts 

Ester formulations (acrylic and Rivierasca resin) required the use of initiators and catalysts: 

• Cobalt (II) Naphthenate (CoNAP, Co percentage 12% in mineral spirit) provided 

by Novaresine s.r.l.; 

• 2-Butanone peroxide (methyl ethyl ketone peroxide) solution with commercial name 

Luperox® DHD-9, purchased from Sigma Aldrich s.r.l.;  

• Dicumyl peroxide (purity ωψ%) by Sigma Aldrich s.r.l.. 

 

2.4. Composites  

A laminated composite, provided by Rivierasca S.p.A., was used as benchmark composite, 

to evaluate the performances of the re-manufactured composites. It consisted of the already 

cited SIRESTER FS0910/M resin reinforced with virgin glass fibres. 
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3.1. M echanical Recycling of Glass Fibres 

In a standard mechanical recycling process, the composites are milled or ground to particles 

with a length from 10 mm to 80/100 μm. The mechanical recycling treatment was performed 

by the ITIA – CNR (Istituto di Tecnologie Industriali e Automazione – Consiglio Nazionale 

delle Ricerche).  

Two shredders were used:  

i. A first coarse shredding was performed with Erdwich single shaft shredder M600M-

400, shown in Figure 3.1;  

 

 

Figure 3.1: Erdwich single shaft shredder M600M-400. 

ii. A second fine shredding, giving particles of size lower than 4 mm, was obtained 

through a Retsch SM300 shredder, shown in Figure 3.2. 

 

 

Figure 3.2: Retsch SM300 shredder.  
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3.2. Liquid Resin Preparation  

Three resins types were developed and used in this experimental work as matrix for GFRP 

reformulation. Each one of them features a different formulation and different techniques 

for the preparation. 

3.2.1. Acrylic Resin  

The acrylic resin formulation was developed in a former thesis work, still correlated with 

the remanufacturing of composite materials.  

 

 Table 3.1: Acrylic resin formulation. 

Component Weight fraction (%) 

SR349 78.44 

BDDMA 19.61 

Dicumyl peroxide 0.29 

Cobalt(II)Naphthenate 0.19 

2-Butanone peroxide 1.47 

 

Firstly, the SR349 and the reactive diluent were mixed in a beaker, then the catalytic system 

was added, according to the following order: 1) solid phase Dicumyl peroxide; 2) Cobalt (II) 

Naphthenate; 3) 2 – Butanone peroxide. Afterwards, mixing was performed, initially causing 

the system to pass from an uncoloured state to a purple colour and finally to a dark green 

shade. The mixing phase generated gasses, resulting in the formation of a layer of bubbles 

on top of the liquid resin. Owing to this, a final degassing phase was performed, putting the 

beaker with the resin into a vacuum oven at 50°C. Finally, the resin was ready to be used. 

 

3.2.2. Epoxy Resin  

Three different formulations (Table 3.2) were supplied by Huntsman corporation and were 

used for the epoxy resin depending on the desired viscosity and gel time of the system.   

Depending on which formulation was chosen, the selected components were properly mixed 

in a beaker with a spatula. During mixing, a transition from clear to opaque of the system 

was observed. When the resin had become clear again, the mixing could be interrupted and 

the resin be employed for further steps. 
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Table 3.2: Epoxy Resin formulations with their specific viscosity and gel time. 

Component  
Weight Fraction 

(%) 
 

Araldite BY158 74.63 77.52 78.12 

Aradur 2992 25.37 5.43 / 

Aradur 21 / 17.05 21.88 

Viscosity at 25°C □╟╪ ▼ 150 100 90 

Gel time □░▪ 10 30 80 

 

3.2.3. Polyurethane Resin 

In this section is presented the finally selected polyurethane formulation. In section 4.2.2.4 

will be discussed the selection procedures results 

  

Table 3.3: Polyurethane resin formulation. 

Component Weight fraction (%) 

PMDI 52.89 

Tripropylene Glycol 42.83 

Zeolite powder 4.28 

 

Processing of polyisocyanates, as poly[(phenyl isocyanate)-co-formaldehyde], requires the 

total absence of water, since the reaction between the isocyanate group and water is opposed 

and favoured with respect to the reaction with the polyol, resulting in an incomplete and 

inefficient curing of the resin. In order to achieve this requirement, tripropylene glycol was 

subjected to stirring with a magnetic stirrer, in a flask at 90°C under vacuum for 16 hours. 

In order to complex and deactivate the remaining water in the polyol, ten parts by weight 

(with respect to the polyol) of a zeolite-type molecular sieve (UOP-L powder) were added 

to the stirring polyol. Prior to the addition to the tripropylene glycol, it was crucial for the 

zeolites to be activated with a heating treatment of 4 hours, under vacuum, at 350°C. The 

stirring of the mixture of tripropylene glycol and zeolites was performed for 1 hour, still at 

90°C, under vacuum. Finally, the proper quantity of PMDI was mixed with the glycol, for 

15 minutes at room temperature, still under vacuum. The liquid resin, ready to be casted, 

showed itself of a vivid ochre colour. 
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3.2.4. Rivierasca Commercial Resin 

The styrene-based conventional UP resin was provided in a ready-to-be-used liquid phase, 

however crosslinking required the addition of a catalytic system. 

 

Table 3.4: Rivierasca resin formulation. 

Component Weight fraction (%) 

SIRESTER FS 0910/M 98.33 

Cobalt (II) Naphthenate 1.47 

2 – Butanone peroxide 0.20 

 

3.3. Casting and M oulding  

3.3.1. Open M oulding  

Acrylic and epoxy liquid resins were casted into a rectangular aluminium mould. The resins 

that underwent this process were fluid enough to wet the whole mould surface and to 

generate a smooth surface. 

 

.  

Figure 3.3: JBT Engineering hydraulic press. 
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3.3.2. Compression M oulding  

Polyurethane resin required a faster moulding and curing method to avoid contact between 

the mixture and the humidity of the air; this is the reason why compression moulding was 

chosen. Especially, a JBT Engineering hydraulic press was used (Figure 3.3). Instead, 

regarding the mould, it was to be ensured that the cured material could be pulled-off at the 

end of the treatment, without getting damaged. After some preliminary and qualitative 

adhesion tests, a PTFE mould was designed and used. The moulding was performed for 1 

hour at 50°C. 

3.4. Curing Cycle 

Generally, thermoset materials achieve full cure at room temperature over a period of 7-10 

days. Post curing is the process of exposing a part or mould to elevated temperatures to 

speed up the curing process and to maximize some of the material physical properties. 

Different post curing treatments were designed for the different resins; they are provided in 

Table 3.5. 

 

Table 3.5: Designed curing cycles for the resins. 

Resin Curing Cycle 

Acrylic 

i. 2 hours at room temperature  

ii. 3 hours at 80°C; 

iii. 2 hours at 140°C; 

Epoxy 
i. 24 hours at room temperature; 

ii. 1 hour at 100°C; 

Polyurethane 
i. 1 hour at 50°C (during moulding); 

ii. 5 hours at 80°C; 

SIRESTER FS 0910/M 
i. 24 hours at room temperature; 

ii. 3 hours at 80°C; 
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3.5. Composite Remanufacturing 

3.5.1. Compounding with the Recycled Fibres 

The compounding between the coarse recyclate and the polymeric matrix was mainly done 

with the epoxy resin, due to the higher mechanical performances showed by this class.  

Firstly, the recyclate batch was dried to remove trapped gasses and water, so as improving 

the fibre-matrix adhesion; this was carried out at 50°C in an oven for 2 hours. After that, 

the liquid resin was poured in the beaker containing the recyclate and manually mixed with 

a spatula. 

 

3.5.2. Casting and M oulding  

The loaded resin was too viscous and not able to autonomously wet the surface of a mould, 

therefore compression moulding technology was performed. Compression moulding was also 

chosen to achieve a composite material with a smooth surface and a precise thickness. In 

this case a PMMA mould of 10 cm x 10 cm was chosen.  

Compression moulding was carried out at room temperature for 24 hours, in order to make 

the sample cure with the desired shape. Afterwards, the typical post curing treatment was 

performed.  
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3.6. Characterization Techniques  

3.6.1. Thermogravimetric Analysis (TGA) 

TGA is a fundamental technique used to assess the thermal stability of a material. The 

instrument allows the measurement of the mass of the sample as a function of temperature 

or time. The results are shown in a plot which presents on the axis of abscissae the 

temperature and on the axis of ordinates the percentage mass variation. The analysis can 

be performed both in air or in an inert gas atmosphere (N2). 

TGA analysis were performed on the mechanically recycled flakes, provided by Rivierasca 

S.p.A., to measure the exact concentration of glass fibres in the coarse recyclate batch. 

Indeed, heating at high temperatures makes the resin deposited on the fibres to degrade, 

leaving only the glassy inorganic residue in the sample chamber.  

All the tests were performed with “TGA Q 500” (TA Instruments®) through which a 

constant heating ramp of 20°C/min was set, in air atmosphere. The chosen range of 

temperatures was from 25°C to 800°C.  

 

 

Figure 3.4:TGA Q 500 (TA Instruments®). 
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3.6.2. Differential Scanning Calorimetry (DSC) 

The DSC analysis is carried out by using a calorimeter that records changes of the specific 

heat (Cp) of a sample resulting from a variation of the temperature. In a thermal cycle, the 

variation of the specific heat is directly linked to the variation of the enthalpy: 

ὅ
ὨὌ

ὨὝ
 

DSC measures heat flow variations between a reference and the sample under investigation. 

The calorimeter is composed by a heat flux plate and two aluminium crucibles, one 

containing few milligrams of the under investigation substance and one being empty, acting 

as reference crucible. Since the reference crucible is empty, the temperatures of the two 

crucibles will be different. In particular, the instrument measures this temperature difference 

and the heat absorbed by the sample, during the thermal cycle. The difference in the heat 

absorbed from the two crucibles is correlated with the transitions of the specimen and they 

are showed as endothermic or exothermic peaks on a DSC thermogram: it allows to identify 

the presence of transition temperatures (i.e. Tg = Glass transition temperature) but also 

crystallization temperatures and melting temperatures.  

A “DSC 823e” (Mettler-Toledo®) instrument was used. DSC tests were performed to:  

• Evaluate the glass transition temperature of a pure polymer or of a composite. The 

ramp was divided into 3 parts: a first run from 25°C to 250 °C to identify the 

unreacted material and let it crosslink, from 250°C to 25°C and finally again from 

25°C to 250°C to identify transition temperature. The heating rate was 20°C/min; 

• Determine the total crosslinking enthalpy of a resin, starting from a liquid sample.  

In this case a unique heating ramp was employed, going from 0°C to 250 °C, with a 

rate of 10°C/min. 

 

Figure 3.5: Mettler-Toledo® DSC 823e  
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3.6.3. Fourier Transform Infra-Red Spectroscopy (FTIR) 

Infrared spectroscopy is an analytical technique utilised in chemistry and material science, 

used to investigate the chemical composition and the structural bonds of a material sample. 

The working principle is based on the absorption of radiation. When the absorption of an 

infrared photon occurs, the molecule passes from the vibrational ground state to an excited 

vibrational state. In particular, each bond or functional group present in the molecule 

possesses its own vibrational frequency, meaning that the absorption of external IR radiation 

occurs only at a determined characteristic frequency. 

 

 

Figure 3.6: Thermo Nicolet NEXUS 470 FTIR 

 

FTIR techniques was performed to obtain a qualitative indication of the curing degree of 

the polyurethane resin formulation: if after curing the recorded spectra was still showing the 

characteristic peak of isocyanates, the curing wasn’t complete.  

Specifically, Thermo Nicolet NEXUS 470 FTIR, produced by GMI Inc., was used. In order 

to carry out the analysis, the tested sample was ground and blended with potassium bromide 

(KBr). The resulting mixture was then pressed with a hydraulic press into thin disks of 

diameter 13 mm under 8 tons for 3 min. Then, IR spectra region 4000 – 400 cm-1 were 

recorded at room temperature. Each spectrum was the result of an average of 64 scans at a 

resolution of 4 cm-1. Spectra analysis was done using OMNIC Spectra Software (by Thermo 

Scientific). 
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3.6.4. Optical M icroscope and ImageJ Analysis  

An optical microscope, in reflectance configuration, was used to analyse the particle size 

distribution of the materials under investigation. Especially, the visualizations were carried 

out by means of an Olympus BX-60 optical microscope equipped with a digital camera, 

Lumenera’s “INFINITY2-2”, to take picture of the sample. Furthermore, it provided a 

magnification of 10x with the assistance of the software Infinity Analyze released by 

Lumenera Corporation. 

To obtain a suitable and representative sample, 20 mg of powder were dispersed in 20 ml of 

distilled water and sonicated for 40 minutes. Indeed, this step resulted in the breaking of all 

the floating agglomerates. Then, a drop was taken from the container and enclosed in-

between two microscope slides. The sample was analysed with different optical 

magnifications, in order to have a better overview of the image. In order to characterise the 

material, a scale reference was added to all the images. 

“ImageJ” software was used to study the properties of the powders through the images 

obtained with the optical microscope. Drawing a line over the scale, added during the 

acquisition of the images under the microscope, allowed defining the reference length to 

identify a correspondence between pixels and real length. To retrieve the information with 

reduced errors, processing was necessary to obtain a clean image and to acquire 

distinguishable particles. To perform the particle measurement, a minimum area cut off was 

set to remove small noises during the image acquisition and elaboration. 

 

 

Figure 3.7: Olympus BX-60 optical microscope. 
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3.6.5. Scanning Electron M icroscopy (SEM ) 

A scanning electron microscope (SEM) is a type of microscope that produces images of a 

sample by scanning the surface with a focused beam of electrons. The interaction between 

the electron beam and the surface of the specimen generates secondary electrons (from 

inelastic interactions), backscattered electrons (from elastic collisions), diffracted 

backscattered electrons, photons (characteristic X-rays and continuum X-rays), visible light 

(cathodoluminescence), and heat. SEM images are constructed by using mainly secondary 

electrons and backscattered electrons. 

The scanning electron microscope used in this work is an EVO 50 Extended Pressure, 

produced by ZEISS. 

 

 

Figure 3.8: Scanning electron microscope EVO 50 Extended Pressure. 

 

Micrographs obtained from SEM, of flakes of the coarse recyclate, are processed with the 

software ImageJ to get the average length and diameter of the glass fibres. Alternatively, 

analyses are carried out on fragments, obtained from remanufactured composite specimens 

used for tensile tests, by N2 cryogenic fracture in low vacuum regime. Those analyses are 

useful to provide indications of the matrix-fibre interface and to highline the eventual 

presence of pores in the fracture surface.  

 

  



3. METHODS 

64 

 

3.6.6. Gel Content Evaluation  

Gel content method is a technique through which it’s possible to achieve the effective gel 

percentage of a resin that has already undergone the crosslinking procedure, to verify the 

degree of crosslinking itself. 

This is normally done by immersing the solid sample into an adequate solvent, to allow the 

dissolution of any residual unreacted component. Acetone or THF solvents were used. Those 

were poured into a round-bottom Kumagawa flask, closed at the entrance by a hooked cap. 

To ensure the highest level of aggression during the test, a magnetic stirring system was 

provided to keep the solvent under continuous motion until the end of the procedure. The 

sample was then suspended inside the flask with a metallic wire; a complete immersion was 

to be ensured, but still avoiding any contact with the stir bar. The proper amount of solvent 

in which the sample should be immersed was calculated according to the weight of the 

sample, so that for each gram of sample, 70 mL of solvents were used. With acetone a 24 h 

treatment was required, whereas with THF a 7 h treatment was enough.  

Before the end of the analysis, a 100-mL flask, a beaker and a filter (Whatman Filter Papers, 

Cat NO 1001 125) were properly weighted to get mflask, mbeaker and mfilter. To avoid 

misleading measurements, all the components were previously introduced into the vacuum 

oven, for few hours; the weighting procedures were conducted just after their removal from 

the oven itself. 

At the end of the period of analysis, the residual, not solubilized, sample was introduced 

into the beaker. The solution was carefully filtered to collect every residual insolubilized 

particle in the filter itself, while the solution was poured into the flask. The filter was then 

introduced into the beaker, while the flask containing the excess of solvent was treated by 

the use of a Rotary Evaporator under vacuum. Once the whole amount of solvent had 

evaporated, both the flask and the beaker (with the filter inside) were inserted into a vacuum 

oven at a temperature of 50°C and left there for approximately 48 h. Every 6/12 h, the flask 

and the beaker-filter system were weighted: final removal from the oven could be performed 

only after the obtainment of two constant consecutive weighing at minimum 6 h of distance. 

The final weights were respectively defined as mflask* and mbeaker* and they were used to 

calculate the final mass of the sample being solubilized (mSOL) or not (mUN-SOL).  
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Finally, the Gel Percentage (Gel%) could be evaluated according to the equations 2.3 and 

2.4.  

 ὋὩὰϷ ρzππ; 
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3.6.7. Tack-free Time Evaluation  

The tack-free time determination method is a test that allows to obtain an estimate of the 

time required by a liquid resin to reach a correspondingly robust state for safe handling. 

This means that, from that moment, the semi-cured resin may be removed from the mould.  

The test involved the casting of a thin layer of the liquid polymeric resin in a round mould 

of PP, featuring a diameter of 1 cm. The layer, then, was periodically subjected to a scratch 

and the time required by the resin to recover was measured; the test was repeated until it 

wasn’t possible to scratch the surface of the layer anymore.  

 

3.6.8. Adhesion Tests (pull-off test)  

Mechanically recycled fibres from composite materials were partially embedded in the 

matrix that was binding them in the former application product. Therefore, it’s important 

to measure the adhesion between the polymer resin constituting the former matrix and the 

“new” resins, employed in this work as matrices for remanufactured products.  

For this purpose, the PosiTest Pull-Off Adhesion Tester (Figure 3.10) was used. This 

portable and hand-operated instrument measures the force required to pull a specified test 

diameter of a material layer away from its substrate using hydraulic pressure. Basically, the 

greatest tensile pull off force that it can bear before detaching is measured.  The pressure is 

displayed on a digital LCD and represents the strength of adhesion to the substrate.  

In this specific case, a substrate made of the SIRESTER commercial resin was prepared. 

Then, a thin layer of the “new” resin was applied on the dolly surface. After that, the dolly  
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was attached to the substrate, creating a system like that one shown in the Figure 3.9a 

and the pull-off test was performed. If the adhesion between the metallic dolly and the 

tested polymer resin was too low to achieve a measurement, an adhesive layer was 

deposited on the dolly surface (Figure 3.9b). The test was performed for each one of the 

three resins developed in this thesis.  

 

 

Figure 3.9: a) Standard geometry adopted in the adhesion test. b) Geometry with the adhesive adopted in the 

adhesion test; 

 

 

Figure 3.10: Adhesion tester PosiTest AT-M. 
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3.7. Tensile Tests  

Tensile test is a fundamental technique to characterize the material from the mechanical 

point of view. Especially, the specimens tested in this work were cut from compression 

moulded samples, using a circular saw, whenever the tested material was a matrix alone or 

a composite.  

The test consists in the application of a controlled tension until failure. Thus, ultimate 

tension strength, maximum elongation and reduction in section area can be directly 

measured. Moreover, Young’s modulus, Poisson’s ratio and yield strength of the material 

can be computed from the results of the test. There are different typologies of tensile tests 

depending on the class of material being tested. In this experimental work the dimensions 

and the operative parameters were selected and scaled from the international standard 

related to test conditions for isotropic and orthotropic fibre-reinforced plastic composites 

(ISO 527-4). In this case, rectangular shape specimens without end tabs were used. 

Representation of the shape of the specimens together with standard dimensions are shown 

in the Figure 3.11. 

 

Table 3.6:Standard requirements indicated by ISO 527-4. 

Property  Dimension (mm) 

L3 Overall length  250 

L2  Distance between end 

tabs 
/ 

b1 Width 25  0.5 or 50  0.5 

h Thickness 2  10 

L0 Gauge length 50  1 

L Initial distance between 

grips 
150  1 
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Figure 3.11: Representation of rectangular shaped specimens, without end tabs. 

 

The specimens were tested by using a dynamometer Zwick/Roell BT-FR010TH.A50, 

equipped with a 10 kN load cell (Figure 3.12). 

 

Figure 3.12: Testing machine Zwick/Roell BT-FR010TH A50. 
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3.8. Assessment of the W ind Turbines Recyclate Cost  

In this part of the thesis, concerning the assessment of the recyclate material cost, the 

recycled fibres from wind turbines dismantling were considered. In fact, several de-

manufacturing routes exist and each of them results in a different economic impact. In order 

to select the most economically advantageous disassembly solution, some different strategies 

were considered. Afterwards, a software was used to minimize the costs of each route and 

to select the best one.  

Finally, different international collection systems were supposed and each of them was 

optimized through the software and discussed.  

 

3.8.1. Disassembly Strategies for the EoL W ind Turbines   

With the purpose of defining the several possible scenarios, some key modelling assumptions 

on the proposed process-chain were done:  

• The fine stage size reduction must be performed in plant since it requires specific 

operating systems to collect process by-products, such as gases and powders, 

respectively. On-site size reduction is possible only for coarse stage by using a 

chopping machine; 

 

• Cutting and preliminary shredding (chopping) on site feature higher costs than in 

plant. This is due to higher operator costs, transport and set-up of machines; 

 

• Cutting and shredding on site require permissions with relative administrative costs; 

administrative costs for permissions are not considered for in plant treatment. 

For the recovering of glass fibres from wind turbines, the following scenarios were identified:  

i. On-site cut: EoL products are cut in situ to increase truck saturation and reach 

acceptable dimension for further shredding treatment, transported through regular 

transport and shredded in plant to reach the target output dimension; 

ii. On-site cut and chopping: EoL products are cut and preliminary shredded in situ 

(chopping) to increase truck saturation, transported through regular transport and 

shredded again in plant to reach the target output dimension; 

iii. Mixed cut: EoL products are cut in situ to increase truck saturation, transported 

through regular transport, cut again in plant to reach acceptable dimension for 

further shredding treatment and shredded in plant to reach the target output 

dimension; 

iv. Full in-plant treatment: EoL products are dismantled in-situ and transported by 

using an exceptional load transport to the recycling plant. Here the products are cut 

to reach acceptable dimension for further shredding treatment.  
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3.8.2. Decision Support System Software  

A model, implemented in Python 3.0 and MATLAB, was developed by STIIMA-CNR, in 

the FiberEUse framework, to select the best de-manufacturing route for each specific product 

under treatment.  

The basic equations behind this model are addressed to analyse the identified possible 

scenarios and solve the related recycling oriented integrated disassembly and transport 

problem, in order to optimize the whole disassembly planning problem in terms of costs 

minimization. Equations are shown in the annexes.  

This software was employed to assess the economic costs of a specific business case. It works 

taking as input information about the product, technologies and logistic and administrative 

aspects. Starting from these data, the tool runs the optimization and provides, as output to 

the user, the optimized disassembly strategy to isolate the target composite-made 

parts/components. 

Thus, the main objective function returns the minimum element of an array. The main 

objective function is reported in the following:  

 άὭὲὅὅ ὅ ὅ  

 

άὭὲὅὅ ὅ ὅ ὅ ὅ ὅ  

 

(2.5) 

 

(2.6) 

Where the variables meaning is shown in the Table 3.7. 
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Table 3.7: Input variables type of the DSS. 

Variables Definition Influencing parameters 

ὅ  Cost for on-site 

cutting 

i. Cutting technology; 

ii. Energy consumption and tool wear;  

iii. Personnel costs; 

iv. Set-up costs; 

ὅ  Cost for on-site 

shredding  

i. Shredding technology; 

ii. Energy consumption and tool wear;  

iii. Personnel costs; 

iv. Set-up costs; 

v. Output particles size (grate dimension); 

ὅ  Cost for logistic  i. Fuel cost; 

ii. Transport fees;  

iii. Exceptional load transport; 

ὅ  Cost for in plant 

cutting  

i. Cutting technology;  

ii. Energy consumption and tool wear; 

iii. Personnel costs; 

ὅ  Cost for in plant 

shredding  

i. Shredding technology; 

ii. Energy consumption and tool wear;  

iii. Personnel costs; 

iv. Output particles size (grate dimension); 

ὅ * Cost for thermal 

treatment  

i. Technology (capacity);  

ii. Energy consumption; 

iii. Personnel costs; 

iv. Residence time; 

*This variable wasn’t used for GFRP business cases.  
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4.1. Recyclate Cost Assessment  

Within Europe, a systematic recording and a separate collection of reinforced materials is 

not established. Furthermore, GRPs are usually not sorted out from mixed waste streams. 

Thus, an assessment of EoL-composite waste streams is very difficult and data about waste 

occurrence, volumes and geographical distribution are rare. Estimations on currently 

available and future waste streams of EoL-composites are mainly based on assumptions 

considering average lifetimes, production volumes in the past and more or less uncertain 

predictions of future developments. 

Recycling approaches which intend to use input streams from different European countries 

must also take into account that legal requirements for waste collection, transport and 

treatment can differ significantly between European countries. Although the European waste 

framework directive is valid for all EU member states, the practical implementation of this 

regulation depends on the corresponding legal authority in each country. 

An impressive example concerns the obligation for notification of a transboundary shipment 

of composite waste. For international transports, not only the permissions by the country 

of waste origin are necessary, but also by the country of destination and all others the 

transport will travelling through. Therefore, it is assumed that transboundary transports of 

composite wastes require notification in many cases. 

In the view of above, the de-manufacturing process of wind turbine blades was exploited as 

valuable and representative business case to apply circular economy principles and estimate 

the costs of innovative EoL strategies.  

In particular, different scenarios were analysed and specific mathematical models were 

proposed. Subsequently, the developed models were validated and a specific software tool, 

based on Decision Support System (DSS) approach, was designed by STIIMA-CNR, in the 

FiberEUse framework, and implemented for the identification of the most promising 

disassembly strategy. This software takes in input information about the characteristics of 

EoL product, the key processes and technologies, logistic aspects, the required target output 

product (both in terms of dimension and fibres content) and provides the user with the 

optimal disassembly scenario, according to the process costs minimization. 

Finally, according to the purposes of this thesis work, the software was used to assess the 

costs, in terms of euros per kilogram, of the recyclate material, including a polymeric resin 

and glass fibres, to employ as reinforcement material for re-manufactured polymer 

composites. 
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4.1.1. M apping of the W ind Plants in Europe 

The first phase of the cost assessment comprised the mapping of the wind power installations 

around Europe. This was carried out with the aim of comprehending which countries would 

be mainly involved in the dismantling process of wind turbines, in the forthcoming years.  

When it comes to wind energy, it’s necessary to refer to total installed capacity measured 

in Gigawatt (GW). Europe is characterised by a total installed capacity of 178.8 GW; wind 

energy remains the second largest form of power generation in the EU-28.45 

 

 

Figure 4.1: Total power generation capacity in the European Union from 2008 to 2018. 

 

It’s clearly observable in Figure 4.1 that wind energy is likely to overtake natural gas 

installations in 2019. 

Of the overall installed capacity, 68% of wind power is installed in 5 countries: Germany 

(59.3 GW), Spain (23.5 GW), the UK (21 GW), France (15.3 GW) and Italy (10 GW). Four 

other countries (Sweden, Poland, Portugal and Denmark) have more than 5 GW installed 

whereas five additional countries have over 3 GW of installed capacity: the Netherlands, 

Ireland, Belgium, Austria and Romania. In 2018 this total wind energy European capacity 

generated  enough electricity to meet 14% of the EU’s electricity demand. The overall 

capacity and the percentage of the annual electricity demand covered by wind installations 

are presented in Figure 4.2 and Figure 4.3. 

In the view of these considerations, only countries with a total installed capacity greater 

than 5 GW were considered as significative and worthy to be involved in the assessment.  
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Therefore, nine countries were taken into account: Germany, Spain, the UK, France, Italy, 

Sweden, Poland, Portugal and Denmark. 

 

Figure 4.2: Cumulative onshore and offshore installations by country.45 

 

 

Figure 4.3: Percentage of the average annual electricity demand covered by wind plants.45 (The figures 

represent the average of the share of wind in final electricity demand, captured hourly from ENTSO-E and 

corrected thanks to national TSOs and BEIS data. Data is not available from all European countries.)  
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4.1.2.  W ind Energy Scenarios for 2030  

In 2014, the European Union set a legally binding target for 2030 of at least 27% renewable 

energy in final energy consumption at European level. The original target of at least 27% 

was revised upwards in 2018 and it was set at 32% (with a clause for an upwards revision 

by 2023). 

Within this European framework, EWEA, the European Wind Energy Association, 

supposed three different scenarios depending on the commitment undertaken by the 

European countries in forthcoming years46: 

i. Central Scenario: In this scenario, a clear 2030 governance structure with reporting 

mechanisms on Member States’ progress to 2030 is implemented and effective 

regional cooperation mechanisms are established. As a result, the EU meets its 27% 

target. Thus, the wind energy installations would amount to over 320 GW in 2030. 

In total, wind energy would produce 778 TWh of electricity in 2030, equal to 24.4% 

of EU electricity demand; 

 

ii. Low Scenario: An efficient 2030 governance is not fully implemented and the EU-

wide 27% renewable energy target does not materialise. The new market design is 

not able to guarantee increased renewable energy penetration and system costs are 

therefore not reduced. This would result in 251 GW of wind energy; total wind 

energy installations are 22% lower than in the Central Scenario and wind energy 

would produce a total of 604 TWh in 2030, equal to 19% of EU electricity demand; 

 

iii. High Scenario: An efficient 2030 governance system is in place enabling Member 

states to exceed the EU-wide target of at least 27% renewable energy in final energy 

consumption. Both the new market design and the reformed Emission Trading 

System contribute to phasing out inefficient and uneconomical fossil fuels power 

plants and pave the way to a sustained development of renewable energies, which 

help achieving the EU energy security objectives and improving the EU macro-

economic outlook. 

In this scenario, total wind energy installations in the EU would grow to over 392 

GW in 2030. Wind energy would produce a total of 988 TWh in 2030, equal to 31% 

of EU electricity demand. 

In Table 4.1, estimated data for the three supposed scenarios are provided. 
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Table 4.1. EWEA 2030 scenarios: capacity installed, power generation and percentage of EU electricity demand 

met. 

 Installations  

(GW) 

Generation 

(TWh) 

EU  demand met by wind 

energy 

Low Scenario  251 605 19% 

Central Scenario  320 778 24.4% 

High Scenario  392 988 31% 

 

4.1.3.  Dismantling Routes 

As already seen in the Section 3.8.1, for each wind turbine, four possible alternative 

treatments were supposed by the STIIMA-CNR: 

v. On-site cut: EoL products are cut in situ to increase truck saturation and reach 

acceptable dimension for further shredding treatment, transported through regular 

transport and shredded in plant to reach the target output dimension; 

vi. On-site cut and chopping: EoL products are cut and preliminary shredded in situ 

(chopping) to increase truck saturation, transported through regular transport and 

shredded again in plant to reach the target output dimension; 

vii. Mixed cut: EoL products are cut in situ to increase truck saturation, transported 

through regular transport, cut again in plant to reach acceptable dimension for 

further shredding treatment and shredded in plant to reach the target output 

dimension; 

viii. Full in-plant treatment: EoL products are dismantled in-situ and transported by 

using an exceptional load transport to the recycling plant. Here the products are cut 

to reach acceptable dimension for further shredding treatment. 

Then, the model had the objective to select the cheapest option among the above described  

possible routes, considering the input parameters.  

In Table 4.2, are reported all the variables on which is possible to intervene to tailor the 

model for reality, as best as possible. 
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Table 4.2: Input parameters of the DSS software. 

 Parameter Unit 

Blade Number pure  

Lenght m 

Width m 

Surface (one side) m2 

Avg Thickness m 

Weight kg 

On-site operator Cost €/h 

In plant operator Cost €/h 

Cutting 

Technology 

Energy + wear in plant €/h 

Energy + wear on-site €/h 

Feed rate m2/h 

In plant set-up € 

On-site set-up € 

Shredding 

Technologies 

On-site 

Feeder_lenght m 

Feeder_width m 

Energy + wear €/h 

Feed rate (model) m3/h 

Set-up € 

saturation k (model) n 

Downstream shred speed-up (model) n 

Shredding 

Technologies 

In plant 

Feeder_lenght m 

Feeder_width m 

Energy + wear €/h 

Feed rate (model) m2/h 

Output particles dimension mm 

Set-up € 

Logistic Abnormal transport (included 

personnel) 

euro/km 
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Ordinary transport (included personnel) euro/km 

Fee abnormal transport euro 

Max load m3 

Max blades per abn.t. n 

Site - plant distance km 

Administrative Permission on site cut euro 

Permission on site shredding euro 

 

Thus, according to the set input parameters, the costs of the whole process related to each 

route were derived and immediately the optimal solution was achieved. A table, like the one 

successively presented (Table 4.3), was drawn and the best route was highlighted with a 

green shade. 

Table 4.3: Table showing an example of the overall costs of each routes and the highlighting of the optimal one. 

Total Costs [€ ] 

On-site cut On-site cut and 

chopping 

M ixed cut Full in plant 

treatment 

 

167.677,93 219.627,93 167.777,93 235.418,62 
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4.1.4.  De-manufacturing International Strategies 

4.1.4.1. Methodology 

Starting from this basis, the next objective was to design and assess, through the DSS 

software, several strategies for the collection and dismantling of wind turbines, on the 

European level.  

Basically, two main scenarios were supposed and for each scenario two target output sizes 

of the recyclate material were considered, of four mm and ten mm respectively. The 

discriminatory between the scenarios was related to the location of the dismantling centre. 

The first one provided for a dismantling centre in each involved country, whereas the second 

included a unique European collection and dismantling centre, located in a strategic position 

in terms of energy and labour costs. It must be highlighted that, for each country, a unique 

situ-plant distance was taken, corresponding to the distance between the two countries taken 

into account. Obviously, it didn’t represent the real situation but it could be considered a 

good first approximation to obtain reliable results.   

The main model leverage parameters, for each of the ten considered country, were: 

i) The site-plant distance;  

ii) The exceptional load transport costs; 

iii) The on-site/in plant energy costs for both shredding and cutting operations;  

iv) The operator costs for both on-site and in plant operations; 

v) The target output particle size. 

Therefore, the input parameters were tuned for each country, depending on which of the 

two primary scenarios was considered. Afterwards, the software was run and two optimal 

solutions for each European nation were obtained: one for output particles of four mm and 

one for output particles of ten mm. Always accounting for the output recyclate size and in 

both the supposed cases, the costs of the optimal solutions were added up and an overall 

price was gained. Then, dividing the overall costs for the number of treated blades, a cost 

per blade was obtained. In conclusion, those costs were divided by the weight of a blade, 

and the desired costs of the recyclate material, in terms of euros per kilogram, were finally 

achieved.  

For each solution case, several assumptions related to the input parameters were done. 

These assumptions and the results of each case are shown in the following sections.  
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4.1.4.2. Data Collection  

4.1.4.2.1. Fixed Parameters   

Some input parameters for the model were kept equal for both the included scenarios, while 

other ones were variable depending on the made assumptions. Fixed values are shown in 

Table 4.5 and a brief discussion about them is presented next.  

With regard to the physical characteristics of a single blade, technical data of standard 

blades used in wind turbines, featuring 1.5 MW of capacity, were selected as a reference. 

Indeed, this type of wind turbine is the most commonly employed.  

On the other hand, to choose a reference number of involved blades, the data about the 

number of decommissioned installations by each country, were required. Those data, related 

to the 2018 and to the nine countries involved in the assessment, are presented in Table 4.4. 

 

Table 4.4: Number of decommissioned installations in the 2018 by the ten reference countries.45 

Country 

Decommissioned  

Installations 

Germany 249 

Spain  / 

UK / 

France 13 

Italy  / 

Sweden 13 

Poland / 

Portugal 14 

Denmark 13 

Total 302 

Average*  34 

               *Average rounded value of decommissioned installations per country. 

The procured data showed an average number of about 34 decommissioned installations in 

the 2018. This meant that about 100 blades were collected for dismantling on average, by 

each country. Therefore, this number was selected as a reference for the assessment. It must 

be underlined that this amount of blades should be referred to different sites, however as a 

first approximation a unique wind plant location for each country was considered.  

.   
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Table 4.5: Fixed input parameters of the model. 

 Parameter Value Unit 

Blade Number 100 pure  

Lenght 43 m 

Width 10 m 

Surface (one side) 215 m2 

Avg Thickness 0.1 m 

Weight 5000 kg 

Cutting 

Technology 

Feed rate 40 m2/h 

In plant set-up 100 € 

On-site set-up 100 € 

Shredding 

Technologies 

On-site 

Feeder_lenght 1.5 m 

Feeder_width 1.5 m 

Feed rate (model) 0.1 m3/h 

Set-up 500 € 

saturation k (model) 1.2 n 

Downstream shred speed-up (model) 2 n 

Shredding 

Technologies 

In plant 

Feeder_lenght 1 m 

Feeder_width 1 m 

Feed rate (model) 8 m2/h 

Set-up 100 € 

Logistic Abnormal transport (included 

personnel) 

 

6 euro/km 

Ordinary transport (included personnel) 
 

1.75 euro/km 

Max load 70 m3 

Max blades per abn.t. 2 n 

Administrativ

e 

Permission on site cut 1000 euro 

Permission on site shredding 2000 euro 
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Technical data about shredding and cutting operations were provided by STIIMA-CNR and 

were related to standard technologies employed in this field. 

Administrative and logistic input parameters were kindly provided by Saubermacher 

Dienstleistungs AG, an Austrian leading waste disposal and recycling company in the 

private sector, partner of the FiberEUse project. 

Certainly, those data didn’t reflect the real situation in all the comprised countries, however 

they could be considered reliable parameters for a first approximated assessment.  

 

4.1.4.2.2. Variable Parameters 

On the opposite, parameters that were tuned depending on the evaluated country and on 

the considered scenarios are presented in Table 4.6.  

Table 4.6: Varying input parameters of the model. 

 Parameter Unit 

Cutting 

Technology 

Energy + wear in plant €/h 

Energy + wear on-site €/h 

Shredding 

Technologies 

On-site 

Energy + wear €/h 

Shredding 

Technologies 

In plant 

Energy + wear €/h 

Output particles dimension mm 

Logistic Fee abnormal transport euro 

Site - plant distance km 

On-site operator  Cost  €/h 

In plant operator Cost  €/h 

 

The non-household energy costs of EU-28 are shown in Figure 4.4. In the curve, the turquoise 

column is referred to costs without taxes, while purple one is related to tax-including costs. 

Data about electricity are provided in €/kWh, as units of measurement. Being more useful 

and immediate to work with €/h unit, it was necessary to refer to the provided amounts of 

energy, spent in the shredding and cutting phase. The obtained prices are shown in Table 

4.7.   



4. RESULTS AND DISCUSSION 

86 

 

 

 

Figure 4.4: Electricity prices for non-household consumers, updated at the second half of 2017.47 

 

Table 4.7: Energy costs related to cutting and shredding operations, both on-site and in plant. 

Country  

Price  

(€ /kW) 

Cut in plant 

(€ /h) 

Cut on-site 

(€ /h) 

Shred on-

site (€ /h) 

Shred in 

plant (€ /h) 

Germany 0.15 16.67 25.00 10.00 8.34 

Spain  0.105 11.67 17.50 07.00 5.84 

UK 0.125 13.89 20.83 8.33 6.95 

France 0.09 10.00 15.00 6.00 5.00 

Italy  0.145 16.11 24.17 9.67 8.06 

Sweden 0.06 6.67 10.00 4.00 3.33 

Poland 0.085 9.44 14.17 5.67 4.72 

Portugal 0.11 12.22 18.33 7.33 6.11 

Denmark 0.09 10.00 15.00 6.00  5.00 

 

The estimated hourly labour costs in 2017 for the EU-28 is shown in Figure 4.5. Those 

curves are referred to the whole economy (excluding agriculture and public administrations) 

for enterprises with ten or more employees.48 
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Figure 4.5: Estimated hourly labour costs in 2017 for the EU-28.48 

Values of hourly labour costs and the resulting on-site and in plant operator costs of the 

nine reference countries are shown in Table 4.8. 

 

Table 4.8: Labour costs and related operator costs of the countries involved in the assessment. 

Country 

Labour cost  

(€ /h) 

On-site operator costs 

(€ /h) 

In plant operator costs 

(€ /h) 

Germany 34.09 145.22 96.82 

Spain  21.17 90.18 60.12 

UK 25.68 109.40 72.93 

France 35.97 153.23 102.16 

Italy  28.17 120.00 80.00 

Sweden 38.33 163.29 108.86 

Poland 9.36 39.87 26.58 

Portugal 14.1 60.07 40.04 

Denmark 42.48 180.96 120.64 
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4.1.4.3. Scenario 1 

The first supposed scenario provided for one collection and dismantling centre located in 

every one of the nine involved countries.  

This meant that each time the software was run, specific input parameters related to energy 

and operator costs (Table 4.7 and Table 4.8) of each country were set. On the other hand, 

logistic costs were fixed in all the ten cases. Especially the assumption made with regard to 

logistic costs were:  

i. Average site-plant distance of 500 km for all the countries;  

ii. Fee for abnormal transport of 200 euros for all the countries. 

The assessment of this scenario was performed considering, first, a target output particle 

size of 4 mm and then of 10 mm.  

4.1.4.3.1. 4 mm Target Output Size 

The results given by the software are shown in Table 4.9. For all the involved countries the 

costs related to each of the four possible dismantling routes are presented. The optimal costs 

are highlighted with a green shade.  

In all the cases, the best solution was the one in which the blades were cut and preliminary 

chopped in situ, to increase the truck saturation. Furthermore, the software allowed to 

calculate the contributions allocated to each sub-step of the strategy. In particular, 

approximately 1.3% of the total price resulted from the on-site cutting operations, 38.7% to 

the on-site chopping, 50% to the in plant shredding and the remaining about 10% to the 

ordinary transport costs. No costs related to abnormal transports were involved since the 

blades were considered to be cut prior to the transportation to the plant. The recyclate cost 

turned out to be 1.57 €/kg. 

Table 4.9: Results of the software calculations for the scenario 1 (output size 4 mm). 

Country 

Full on-site 

(€ ) 

O-S cut and chopping 

(€ ) 

M ixed 

(€ ) 

Full in plant 

(€ ) 

Germany 1,205,995 1,077,277 1,206,095 1,292,610 

Spain 863,598 773,848 863,698 952,366 

UK 1,015,083 907,945 1,015,183 1,103,074 

France 756,977 680,665 757,077 843,660 

Italy 1,165,680 1,041,583 1,165,780 1,253,190 

Sweden 533,094 482,984 533,194 619,602 

Poland 707,557 635,867 707,657 798,171 

Portugal 896,855 803,154 896,955 986,629 

Denmark 759,842 683,529 759,942 845,569 
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Table 4.10: Overall on-site cutting and chopping treatment total cost and derived recyclate cost. 

Overall treatment cost 

 (€ ) 

Recyclate Cost 

 (€ /kg) 

7,086,852 1,57 

 

4.1.4.3.2. 10 mm Target Output Size 

Results for the 10 mm coarse particles are shown in Table 4.11. 

 

Table 4.11: Results of the software calculations for the scenario 1 (output size 10 mm). 

Country 

Full on-site 

(€ ) 

O-S cut and 

chopping 

(€ ) 

M ixed 

(€ ) 

Full in plant 

(€ ) 

Germany 533,583 741,070 533,683 620,198 

Spain 392,748 538,423 392,848 481,516 

UK 454,740 627,773 454,840 542,731 

France 353,852 479,102 353,952 440,535 

Italy 515,842 716,665 515,942 603,353 

Sweden 264,612 348,744 264,712 351,121 

Poland 327,007 445,592 327,107 417,621 

Portugal 404,236 556,845 404,336 494,011 

Denmark 356,717 481,967 356,817 442,444 

 

According to the results presented in the table, to obtain the recycled coarse particles with 

target output size of 10 mm, the full on-site cutting strategy was determined as the best. 

As expected, increasing the target output size, the on-site preliminary shredding step was 

no longer included by the optimal solution, even though an on-site cutting step was still 

considered.  

Contributions were allocated, as follow: approximately 2.4% to on-site cutting, 77.6% to in 

plant shredding and 20% to the ordinary transport costs. Again, no abnormal transportation 

was involved. It can be noticed that the impact of the transport and in plant shredding 

stages was increased. The former was due to the larger size of the recyclate material that 

prevent a good degree of the trucks saturation, whereas the latter due to the absence of a 

preceding chopping phase. The recyclate final cost was assessed to be 0.80 €/kg 
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Table 4.12: Overall full on-site cutting treatment total cost and derived recyclate cost. 

Overall treatment cost  

(€ ) 

Recyclate Cost  

(€ /kg) 

3,603,337 0.80  

 

4.1.4.4. Scenario 2 

The second scenario provided for a unique collection and dismantling centre, located in one 

of the nine involved countries. The choice of the host country was not randomly made; 

indeed, it was reasonably selected the country with low energetic and operator costs, in 

order to minimize in-plant treatments costs. Poland was the country meeting all the 

requirements due to the lowest operator and energy (apart from Sweden) costs. Moreover, 

thanks to its geographic location, also the logistic seemed to be favoured. 

Thus, the fixed parameters of this scenario were the ones related to Polish in-plant energetic 

costs: 

i. Energy + wear in plant for cutting: 9.44 €/kg ; 

ii. Energy + wear in plant for shredding: 4.72  €/kg; 

iii. In plant operator costs: 26,58 €/hour. 

On the opposite, on-site energetic costs were dependent on the analogue country, so as the 

operator and logistic costs. Indeed, as a first approximation, the fee for the abnormal 

transport, if included, was multiplied one time per each country that must be crossed to 

reach the de-manufacturing centre. Furthermore, an indicative site-Poland plant distance 

was assumed for each country. Assumptions related to logistic costs are shown in Table 4.13.  

 

 

Table 4.13: Logistic variable parameters of the scenario 2. 

Country  

Number of crossed countries 

(pure) 

Site-plant distance 

(Km) 

Germany 2 750 

Spain  5 2750 

UK 5 1500 

France 3 1700 
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Italy  4 1750 

Sweden  2 1500 

Poland  / 500 

Portugal 6 3000 

Denmark  3 1000 

 

4.1.4.4.1. 4 mm Target Output Size 

Results for the 4 mm coarse particles are shown in Table 4.14.  

 

Table 4.14: Results of the software calculations for the scenario 2 (4 mm sized recyclate) . 

Country 

Full on-site 

(€ ) 

O-S cut and 

chopping 

(€ ) 

M ixed 

(€ ) 

Full in 

plant 

(€ ) 

Germany 752,370 866,433 752,470 883,171 

Spain 1,008,410 989,973 1,008,510 1,513,171 

UK 846,676 887,616 846,776 1,138,171 

France 876,852 817,252 876,952 1,178,171 

Italy 880,930 979,052 881,030 1,203,171 

Sweden 851,125 705,875 851,225 1,108,171 

Poland 707,557 635,867 707,657 798,171 

Portugal 1,038,198 1,032,223 1,038,298 1,598,171 

Denmark 787,842 729,467 787,942 968,171 

 

Table 4.15: Overall treatment total cost and derived recyclate cost for the scenario 2 (4 mm sized recyclate). 

Overall treatment cost  

(€ ) 

Recyclate Cost  

(€ /kg) 

6,667,141 1.48 

The best solution for the obtainment of a 4 mm sized recyclate was represented by a mixed 

strategy, comprising both the full on-site route and the on-site cut and chopping one. The 

former represented the optimal solution for Germany, UK, Italy and Portugal, while the 
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latter for Spain, France, Sweden, Poland and Denmark. The resulting cost was assessed to 

be 1.48 €/kg  

4.1.4.4.2. 10 mm Target Output Size 

Results for the 10 mm coarse recyclate are shown in Table 4.16.  

 

Table 4.16: Results of the software calculations for the scenario 2 (10 mm sized recyclate) 

Country 

Full on-site 

(€ ) 

O-S cut and 

chopping 

(€ ) 

M ixed 

(€ ) 

Full in 

plant 

(€ ) 

Germany 371,820 676,158 371,920 502,621 

Spain 627,860 799,698 627,960 1,132,621 

UK 466,126 697,341 466,226 757,621 

France 496,302 626,977 496,402 797,621 

Italy 500,380 788,777 500,480 822,621 

Sweden 470,575 515,600 470,675 727,621 

Poland 327,007 445,592 327,107 417,621 

Portugal 657,648 841,948 657,748 1,217,621 

Denmark 407,292 539,192 407,392 587,621 

 

Table 4.17: Overall treatment total cost and derived recyclate cost for the scenario 2 (10 mm sied recyclate) 

Overall treatment cost  

(€ ) 

Recyclate Cost  

(€ /kg) 

4,325,010 0.96 

 

The results of this second scenario reflected what seen in the first one. In fact, again 

increasing the target output size from 4 mm to 10 mm, the optimal solution was represented 

by the full on-site cutting strategy  

In conclusion a recyclate cost of 0.96 €/kg was estimated.  
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4.1.4.5. Discussion  

Table 4.18: Comparison of the recyclate costs of the two considered scenarios. 

 4 mm  

(€ /kg) 

10 mm 

(€ /kg)  

Scenario 1 1.57 0.80 

Scenario 2  1.48 0.96 

 

In Table 4.18 a comparison of the results obtained in the two scenarios is presented. 

Regarding the 4 mm sized recyclate, the best collection and de-manufacturing system was 

given by the scenario 2. On the opposite, for the 10 mm sized recyclate, the optimal solution 

was represented by the first one, in which a single collection and dismantling centre was 

supposed for each country. It must be underlined that both scenarios constitute valuable 

strategies for the implementation of circular economy principles in the composite market; 

however, nowadays, the total amount of composite waste produced within each European 

country, from the wind energy sector, is not sufficient to sustain a continuous de-

manufacturing process. Therefore, an international collection system and a centralized 

approach to recycling (scenario 2) could be necessary, regardless the results given by the 

assessment. On the opposite, in the future, a steady stream of EoL wind blades could be 

achieved and the scenario 1 could be considered as actionable. 

Secondly, two dismantling routes stood out as the best options in both the scenarios: the 

full on-site cut strategy and the on-site cut and preliminary shredding one. Nevertheless, 

looking at the results in all the run cases, it can be observed that the cost of the mixed 

approach was greater than the first (full on-site) of only one hundred euros. This was related 

to the way through which the software calculated the cost of the additional in plant cutting 

phase, required by the mixed strategy. The model calculates the cost of the above cited 

cutting stage on the basis of the blade dimension; then, for this type of blades that cost was 

assessed to be one hundred euros. In conclusion, whenever the best solution was represented 

by the full on-site route, even the third mixed strategy could be considered optimal as well. 

Completely different is the discussion about the fourth treatment, the one fully performed 

in plant. This strategy seemed to be fully unfeasible at the present, due to the estimated 

excessively high prices. Those costs resulted from the very high logistic and transport efforts 

required by the transportation of not yet dismantled wind blades. 

Finally, it is necessary a comparison among the cost of the recycled glass fibres obtained 

from the wind energy sector and the virgin ones, to measure the attractiveness of this class 

of reinforcement materials for businesses. Currently, the virgin glass fibres price ranges from 

about one to two euros per kilogram, a comparable value to the one estimated for the 

recyclate. Hence, recycled glass fibres from the wind energy sector could represent in the 

forthcoming years a valuable source of revenue within a circular economy context.  
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4.2. Re-manufacturing of EoL composites  

The aim of the second part of the thesis was to re-manufacture composite materials for 

structural applications using, as matrix phase, newly developed polymeric resins, and, as 

reinforcement phase, recycled glass fibres from EoL composites.  

4.2.1. Characterization of the Reinforcement M aterial  

Two kinds of ground particles, deriving from scraps of glass fibres reinforced polyester 

composites, were supplied by Rivierasca S.p.A..  

The first recyclate consisted of a fine powder, re-defined red powder due to the reddish 

colour characterizing it; whereas the second was composed by coarse white flakes with size 

lower than 4 mm.   

The composite was made of a styrene-based polyester resin, and 5 cm long fibres with a 

diameter of 13 μm, as reported in the technical data. 

 

4.2.1.1. Red Powder  

4.2.1.1.1. TGA results 

The thermogravimetric curves of the two batches of red powder are shown in Figure 4.6; 

results are shown in Table 4.19  

From the obtained data, an average content of glass fibres in the recycled powder of 32 ± 

2 % was registered. This percentage represented the amount of the remaining inorganic 

residue in the TGA chamber. In fact, the polymer matrix, made of polyester and styrene as 

reactive diluent, decomposed during the heating treatment at 800°C, under inert atmosphere. 

The reddish colour resulted from the presence of iron oxides.  

  



4. RESULTS AND DISCUSSION 

   

95 

 

0 100 200 300 400 500 600 700 800

0

10

20

30

40

50

60

70

80

90

100

W
e

ig
h

t 
(%

)

Temperature (°C)

 batch (1)

 batch (2)

 

Figure 4.6: TGA curve of red powder batches. 

 

Table 4.19: TGA analysis results of red powder batches. 

Batch Glass Fibre Content (%) 

1 33 

2 31 

Average ± Standard Deviation  32 ± 2 

 

4.2.1.1.2. Size Analysis  

 

Figure 4.7: a) Image obtained through Optical Microscope; b) Image (a) elaborated through ImageJ; (c) 

Particle analysis output through ImageJ. 

  

a) b) c) 
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In order to obtain the physical properties of the recycled fibres, images of the powder were 

taken with the optical microscope and then elaborated through ImageJ software. Pictures 

are shown in Figure 4.7 while results in  Table 4.20  

The area and the Feret’s diameter were determined.  

 

 

Figure 4.8: (a) Area and (b) Feret’s Diameter distributions of red powder obtained through particle analysis of 

ImageJ. 

 

Table 4.20: Results of red powder analysis obtained with ImageJ software. 

Property  Average StD Mode M edian 

Area (μm2) 13 35 0.23 2.14 

Feret’s Diameter (μm) 4 4 0.69 2.44 

 

As shown in Figure 4.8, the system featured a wide distribution of grain size. By comparing 

the average values reported in Table 4.20 with the corresponding distribution in Figure 4.8, 

the average values did not appear to be a meaningful parameter to describe the system, due 

to the high value found for standard deviations. On the other side, mode and median seemed 

more appropriate and therefore were chosen in order to define the characteristics of the 

powder. 
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4.2.1.2. Coarse Recyclate  

4.2.1.2.1. TGA 

The thermogravimetric curves of the three batches of the coarse recyclate are shown in 

Figure 4.9; results are shown in Table 4.21. 
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Figure 4.9: TGA curves for coarse recyclate batches. 

 

Table 4.21: TGA analysis results of coarse recyclate batches. 

Batch Glass Fibre Content (%) 

1 33.1 

2 29.2 

3 29.1 

Average ± 

Standard Deviation  
30.5 ± 2.3 

 

In the coarse recyclate, an average content of glass fibres of 30.5 ± 2.3% was determined.  
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4.2.1.2.2. Size Analysis  

To obtain the physical properties of the recycled fibres, images of the powder were taken 

with the scanning electron microscope (SEM) and were then elaborated through ImageJ 

software. Pictures are shown in Figure 4.10 and in Figure 4.11, while results in Table 4.22.  

In this case, length and diameter of the recycled fibres were evaluated, since more meaningful 

with respect to the surface area.  

 

 

Figure 4.10: Length determination of a bundle of fibres through ImageJ on a Sem picture.  

 

 

Figure 4.11: Diameter determination of a single fibre, through ImageJ on a SEM picture. 

  

13.7 μm 
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Table 4.22: Results of coarse recyclate analysis obtained with ImageJ software. 

Property Average StD M edian 

Length (μm) 567.7 336.15 506.60 

 

The average length turned out to be 567.7 ± 336.15 μm. However, the very large standard 

deviation with respect to the value itself, made it unreliable. Thus, the median function was 

employed giving a length of 506,60 μm 

The analysis of SEM pictures also allowed to assess that the diameter of the fibres wasn’t 

affected by mechanical treatment. An example is shown in Figure 4.11. 

 

4.2.1.2.3. Discussion  

As expected, the two types of recyclate materials were characterized by a low amount of 

glass fibres. Especially, the red powder featured a glass fibres content of 32 ± 2 %, while 

the coarse one of 30.5 ± 2.3%. The two values are therefore comparable.  

Considering the further application, as reinforcement material for polymeric resins, the same 

mechanical performances were expected due to the approximately equal amount of fibres. 

However, the white coarse recyclate was chosen for the next steps of the re-manufacturing 

process. Indeed, the mechanical treatment to obtain the ground powder was more energy-

consuming than the other one. This translated into a more expensive de-manufacturing 

process, that made the coarse particles a better resource in terms of economic added value.   
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4.2.2. Characterization of the M atrix M aterials 

In this experimental work, four polymeric resins were characterized:  

• An unsaturated polyester resin provided by Rivierasca S.p.A, with name SIRESTER 

FS 0910/M, already commercially employed in glass fibre reinforced plastic products, 

for building applications; especially the laminated composite from which the recycled 

fibres were obtained. It was characterized in order to provide a reference case for the 

other resins; 

• An acryilic resin featuring a formulation that was developed in a former thesis work, 

still correlated to composite remanufacturing; 

• An epoxy resin characterized by three formulations, industrially developed. It was 

gently supplied by Huntsman corporation, 

• A polyurethane resin whom formulation was developed in this experimental work. 

 

4.2.2.1. SIRESTER FS 0910/M  

The thermal curing treatment, required by the SIRESTER resin (Rivierasca S.p.A.) to cure 

into a solid material, consisted of: 

i. 24 hours at room temperature;  

ii. 3 hours at 80°C.  

The properties obtained with DSC and gel content evaluation tests, for the solid resin are 

provided in Table 4.23. 

Table 4.23: Properties of the SIRESTER FS0910/M solid resin. 

Tg Gel content 

121°C 99% 
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4.2.2.2. Acrylic Resin  

The thermal curing treatment, required by the acrylic resin to cure in a solid material, 

consisted of:  

i. 2 hours at room temperature; 

ii. 3 hours at 80°C; 

iii. 2 hours at 140°C. 

The properties obtained with DSC and gel content evaluation tests, for the solid resin are 

provided in  

Table 4.24. 

 

Table 4.24: Properties of the Acrylic solid resin. 

Tg Gel content 

123°C 98% 

 

4.2.2.3. Epoxy Resin  

The thermal curing treatment, required by the epoxy resin to cure in a solid material, was 

composed of:  

i. 24 hours at room temperature; 

ii. 1 hour at 100°C. 

As described in Section 3.2.2, three different formulations of the epoxy resin exist. For this 

reason, the most catalysed one was characterized by ten minutes of gel time, the 

intermediate one by thirty minutes of gel time and the one without catalysts by eighty 

minutes of gel time. They were respectively named ‘EPO10’, ‘EPO’ and ‘EPO80’. 

Preliminary tests were conducted on all the three epoxy systems. However, only EPO was 

developed as binder material, as it was more suitable for processing . For this reason, tests 

correlated to the composite re-manufacturing were performed only on the EPO. 

The properties obtained with DSC and gel content evaluation tests for the solid resin are 

provided in Table 4.25. 

Table 4.25: Properties of the EPO solid resin*. 

Tg Gel content 

73°C 98% 
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4.2.2.4. Polyurethane Resin  

The polyurethane formulation comprised of an isocyanate and a polyol. Different polyols 

were tested to determine the optimal formulation, in terms of reactants miscibility, matrix 

rigidity and presence of voids in the cured material. Results are given in next Table 4.26. 

 

Table 4.26: Polyurethane formulations tested in the design phase. 

Number 

Isocyanate 

(part A) 

Polyol 

(Part B) 

M olecular 

Sieve 

(Part C) 

Parts by 

Weight  

(A:B:C) Tg (°C) 

1 MDI Glycerol / 100:26:00 153 

2 MDI Dipropylene 

Glycol 

/ 100.56:00 63.5;143 

3 MDI Glycerol 

Propoxylate 

Zeolite A 

type 

100:74:7.4 <80 

4 MDI Tetraethylene 

Glycol 

Zeolite A 

type 

100:81.6:8.2 49;104 

5 MDI Tripropylene 

Glycol 

Zeolite A 

type 

100:81:8.1 92.5±2.5 

 

According to the results of the DSC curves, the Tg of the different curves were evaluated. 

The formulation including the glycerol resulted in an excessively brittle material, featuring 

a Tg equal to 153°C, and owing to this it was discarded. The ones involving the dipropylene 

glycol and the tetraethylene glycol were characterized by a limited miscibility that gave rise 

to biphasic resins, characterized by a double Tg, not suitable as binders. On the other hand, 

the formulation 3, with glycerol propoxylate, resulted in a too soft and malleable resin. 

Alternatively, the formulation 5, obtained with MDI and tripropylene glycol, led to a cured 

resin with a glass transition temperature of 92°C. Furthermore, the resin showed good 

miscibility and proper viscosity, during processing. In the view of above, the formulation 

involving MDI and tripropylene glycol was selected to constitute the polyurethane system 

in the further steps.  

The thermal curing treatment, required by the polyurethane resin to cure into a solid 

material, consisted of:  

i. 1 hour at 50°C (during moulding); 

ii. 5 hours at 80°C. 

The properties obtained with DSC and gel content evaluation tests, for the solid resin are 

provided in Table 4.27.  



4. RESULTS AND DISCUSSION 

   

103 

 

Table 4.27: Properties of the Polyurethane solid resin. 

Tg Gel content 

92.5 ± 2.5°C 96% 

 

4.2.3. Reactivity of the Resins 

Considering the further application as binder material, a key property for the different 

studied matrix systems was the kinetic reactivity. It was crucial to understand how long the 

resin was processable and can be compounded. Especially, the tack-free time evaluation at 

room temperature and DSC analysis were performed.  

Results of the tack-free time tests of the resins are shown in Table 4.28.  

 

Table 4.28: De-moulding time results of the different resins. 

Resin  

Phase transition  

(min)* 

De-moulding time  

(min) 

SIRESTER 10 15 

EPO10 15 20 

EPO  90 240 

EPO80 270 600 

Acrylic  180 360 

Polyurethane 30 180 

              *Liquid to viscous phase transition. 
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Figure 4.12: DSC curve of the liquid SIRESTER resin. 

 

The SIRESTER resin, provided by Rivierasca, is currently used in a large number of 

applications, especially for composite manufacturing. Therefore, it was taken as a benchmark. 

Reactivity of a material of this type should be as to guarantee a large enough interval of 

processability together with a fast curing, to achieve larger productivity. In this case, a 

demoulding time of fifteen minutes was measured.  

According to the DSC curve, shown in Figure 4.12, the resin started to react at room 

temperature and a total exchanged enthalpy of 225.33 J/g was measured. 

On the other hand, single DSC curves of the epoxy systems are shown in Figure 4.13 , Figure 

4.14 and Figure 4.15. 
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Figure 4.13:  DSC curve of the liquid EPO10 resin. 
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Figure 4.14: DSC curve of the liquid EPO resin. 
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Figure 4.15: DSC curve of the liquid EPO80 resin. 
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Figure 4.16: DSC curves of all the three liquid epoxy formulations.  
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The results of the tests reflected the gel time indications about the reactivity of the resins: 

EPO10 was the fastest resin to cure into a solid material with a de-moulding time of twenty 

minutes. Then EPO and EPO80, featuring respectively a de-moulding time of four and ten 

hours. Furthermore, all the epoxy binders started to react above room temperature and 

were characterized by almost the same large heat flux. 

Focusing on the comparison of the three resins (Figure 4.16), it was observed that the onset 

temperature was a good indicator of the reactivity of the resins: resins that featured a faster 

curing (lower gel and de-moulding time) were characterised by lower onset temperature. On 

the contrary, the reaction was slower (lower gel and de-moulding time) with the increasing 

of the onset temperature. Thus, considering future applications, the epoxy formulation could 

be tuned to achieve a fast curing or, otherwise, a slow curing system. Finally, the EPO10 

could be considered the most comparable system to the benchmark in terms of kinetics 

reactivity. 

Turning to the Acrylic, the measured amount of heat flux was comparable to the one of the 

commercial styrenic resin, but a much larger de-moulding time of six hours was detected. 

The onset temperature was found to be 68.37°C and this suggests that this resin can feature 

a slow kinetics. 

Characteristics similar to the previous one were observed for the polyurethane system. It 

featured a demoulding time of three hours and again, the onset time was above room 

temperature (Tonset=57.59°C). Finally, a heat flux of 153.39 J/g, the lowest of all the three 

resins, was measured. 
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Figure 4.17: DSC curve of the liquid acrylic resin.  
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Figure 4.18: DSC curve of the liquid polyurethane resin. 

 

            

Figure 4.19: (a) Picture of a dolly with peeled off substrate on it; (b) Picture of the styrenic substrate in which 

the failure occurred in the bulk. 

 

  

a) b) 
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4.2.4.  Adhesion Tests 

The mechanically recycled glass fibres, provided by Rivierasca S.p.A., were still partially 

embedded in the original matrix material: this could constitute a relevant limitation for the 

adhesion strength between the new matrix and the recycled reinforcement. In fact, a poor 

adhesion strength could result in unsatisfying mechanical performances of the final re-

manufactured product since physical and mechanical properties of GFRP depend essentially 

on how tightly the resin adheres to a glass fibre. This is related to how efficiently the 

mechanical stresses can be transferred from matrix to the reinforcing fibre. It was important, 

therefore, to reliably estimate the adhesion of the different resins to the recycled material. 

Then, it was necessary to perform pull-off tests involving the SIRESTER resin, surrounding 

the fibres, and the three resins under investigation. As described in the Section 3.6.8, a 

styrenic substrate was prepared and the evaluated resins constituted the adhesive between 

the dolly and the substrate. Furthermore, if the adhesion between the metallic dolly and 

the tested polymer resin was too low to achieve a measurement, an epoxide adhesive layer 

was deposited on the dolly surface. 

Results are shown in Table 4.29 

The best adhesion was achieved by the acrylic resin with a value of adhesion strength of 5.6 

± 0.3 MPa, while lower results were obtained by the epoxy and the polyurethane, 

respectively characterised by interfacial strength of 2.0 ± 0.6 and 4.2 ± 0.4 MPa. 

It must be underlined that if failure occurred along the interface between the adhesive and 

the substrate, the specific value of load required to peel off the dolly from the substrate was 

set as the level of the adhesion strength. On the opposite, if failure occurred in the substrate 

bulk, what was measured was the level of cohesive strength. When the substrate failed and 

thus the cohesive strength was established, as a consequence the adhesive strength could 

not be determined, but it was considered to be greater than the cohesive strength value. 

This was the case of acrylic and polyurethane resins. Pictures of a dolly with peeled off 

substrate on it and of a styrenic substrate, in which the failure occurred in the bulk are 

shown in Figure 4.19 

. 

Table 4.29: Pull-Off tests Results. 

Resin  

Adhesion 

Strength 

(MPa) 

Failure Type 

Acrylic 5.6 ± 0.3 Cohesive 

Epoxy  2.0 ± 0.6 Adhesive 

Polyurethane 4.2 ± 0.4 Cohesive 
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4.2.5.  M echanical Characterization of the Resins 

4.2.5.1. SIRESTER 

As a reference system for commercial applications, tensile tests were also performed on the 

commercial styrenic resin provided by Rivierasca. Young’s modulus (ET), tensile strength 

(σb) and deformation at break (εb) are reported in Table 4.30. 

 

Table 4.30: Tensile tests results for the commercial SIRESTER resin. 

ET (GPa) σ b (MPa) ε b (%) 

3.7 ± 0.8 28.0 ± 2.9 0.8 ± 0.2 

 

Those results were compared to common tensile properties of commercial polyester resins, 

shown in Table 4.31. CES Edupack 2017 was used, as a source, to obtain reference data.  

Table 4.31: Range of data of commercial polyesters. 

ET (GPa) σ b (MPa) ε b (%) 

2.07  4.41 41.4  89.6 2.0  2.6 

 

Considering that the database reported a common content of styrene in the ratio 2:1 (with 

respect to unsaturated polyester) and that the SIRESTER resin is characterized by a higher 

content, mechanical properties of our styrene-base resin are comparable with the commonly 

employed ones. 
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4.2.5.2. Acrylic Resin  

 

Table 4.32: Tensile tests results for the acrylic resin. 

ET (GPa) σ b (MPa) ε b (%) 

2.6 ± 0.3 29.91 ± 5.37 1.22 ± 0.28 
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Figure 4.20: Stress-strain curve for the acrylic resin.  

According to the glass transition temperature (123°C) and the gel content (98%), the acrylic 

resin was expected to be a very rigid material with a high degree of crosslinking. Tensile 

tests confirmed these expectations.  

Making a comparison with the reference resin, the acrylic one featured a lower Young’s 

modulus (about 1 GPa lower) together with a slightly increase of elongation at break. On 

the opposite, concerning the tensile strength (including the standard deviation), the average 

value of the acrylic proved to be basically the same of the reference one. This means that 

the acrylic resin was a less stiff material, capable of larger deformation at break, when 

compared to our styrene-based resin.   
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4.2.5.3. Epoxy Resin  

 

Table 4.33: Tensile tests results for the epoxy resin. 

ET (GPa) σ b (MPa) ε b (%) 

2.53 ± 0.13 44.36 ± 0.74 2.65 ± 0.09 

 

0,0 0,5 1,0 1,5 2,0 2,5 3,0
0

10

20

30

40

50


 (M

P
a
)

 (%)

 EPO_1

 EPO_2

 EPO_3

 EPO_4

 EPO_5

 

Figure 4.21: Stress-strain curve for the epoxy resins. 

 

The tested epoxy resin was characterized by a Tg of 73 °C and a gel content of 98%. Thus,  

due to the lower Tg and the presence of residual reactive groups, a rigid material with better 

elongational capacity was expected. Indeed, the resin showed almost the same average 

Young’s modulus of the acrylic resin, together with a double average value of elongation at 

break. Furthermore, also a very high tensile strength was measured.  

In addition, the epoxy resin showed itself less stiff (lower elastic modulus) and tougher 

(increased average tensile strength and elongation at break) of the reference case.  
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4.2.5.4. Polyurethane Resin  

 

Table 4.34: Tensile tests for the polyurethane resin. 

ET (GPa) σ b (MPa) ε b (%) 

1.28 ± 0.45 21.47 ± 0.07 1.73 ± 0.02 
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Polyurethane is rarely used as a thermosetting matrix, since it features lower mechanical 

properties with respect to standard materials employed in commercial applications. However, 

in this experimental work, it was selected in order to present an alternative type of binder 

with slightly different characteristics: particularly, it should provide a more ductile and 

tougher matrix, able to bear higher deformations.  

According to the data obtained, the desired scopes were only partially achieved: the 

polyurethane resin featured a low Young’s modulus and tensile strength (respectively 1.74 

GPa and 21.47 MPa), in agreement with the desired mechanical behaviour; however, the 

determined average elongation at break was too low: indeed, it was comparable with the 

one of the reference case. Explanation should be sought in the presence of some defects in 

the tested specimens. Those defects likely originated from humidity trapped in the 

tripropylene glycol reagent, during the manufacturing process. Defects gave rise to stress 

intensification and led to the premature fracture of the sample.  
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4.2.5.5. Resins Comparison  
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Figure 4.22: Young's modulus comparison of the different resins. 
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Figure 4.23: Tensile strength and elongation at break comparison. 

 

A comparison between the mechanical properties of the resins was done and the one 

featuring the best performances was selected for further compounding.  

The average Young’s modulus comparison is provided in Figure 4.22, whereas tensile 

strength and deformation at break of the different systems are compared in Figure 4.23. As   
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already highlighted in the former section, the polyurethane resin was characterized by lower 

mechanical properties and was developed to provide a different solution with higher 

toughness. Therefore, the epoxy and the acrylic resins were considered. The two systems 

were analogous in terms of stiffness, since the very similar average Young’s modulus; 

however, the epoxy showed a larger capability to sustain more intensive loads and 

deformations. Thus, the epoxy resin seemed the most appropriate candidate for the 

compounding with the recycled fibres.  

In conclusion, it must be highlighted that most of the GFRP products from the wind energy 

sector feature an epoxy matrix; hence, a large stream of mechanically recycled fibres, still 

partially embedded in an epoxy resin, is expected to impact the composite market. For this 

reason, the composite remanufacturing, involving a new epoxy binder, should result in an 

improved adhesion between matrix and fibres and thus, in better mechanical properties.  

 

4.2.6.  Composite Remanufacturing  

4.2.6.1. Recycled Glass Fibre Reinforced Epoxy Resins  

The epoxy resin was mixed with the recycled glass fibres, as described in Section 3.5.1 

Three formulations were mechanically tested. They differed in terms of weight concentration 

of recycled coarse flakes: especially, they were characterized by 30, 35 and 40 wt.% of 

reinforcement material. They were named ‘EPO30’, ‘EPO35’ and ‘EPO40’ , respectively. 

Results are reported in Table 4.35 and shown in Figure 4.24 and in Figure 4.25. 

   

Table 4.35: Comparison of mechanical properties of differently reinforced epoxy systems. 

 ET (GPa) σ b (MPa) ε b (%) 

EPO 2.53 ± 0.13 44.7 ± 0.74 2.65 ± 0.09 

EPO30 3.16 ± 0.38 26.02 ± 4.18  0.91 ± 0.13 

EPO35 3.41 ± 0.40 28.29 ± 5.07  0.92 ± 0.16 

EPO40 3.45 ± 0.31 30.82 ± 5.29  0.96 ± 0.13 

 

It is clearly observable that compounding resulted in an improvement of modulus and 

therefore of stiffness. However, no significant changes were found increasing the percentage 

of recyclate from 30% to 40%. This could be reconducted to the small variation in glass fibre 

content, going from 9% to 12% in case of fibres weight fraction of 30% and 40%, respectively.   
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Figure 4.24: Young's modulus of differently reinforced epoxy systems. 
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Figure 4.25: Tensile strength and elongation at break of differently reinforced epoxy systems. 

  



4. RESULTS AND DISCUSSION 

   

117 

 

On the other hand, compounding led to a large reduction of tensile strength and elongation 

at break. The reduction of the average deformation at break was in accordance with the 

increasing of stiffness registered. Furthermore, the reduction in tensile strength may be 

reconducted to the poor interfacial adhesion and to the presence of defects, originated during 

the manufacturing operations.  

4.2.6.2. Halpin – Tsai M odel 

The Halpin-Tsai model was used to predict the Young’s modulus of the re-manufactured 

composites, on the basis of the measured properties of both matrix and fibres.  

Especially, compounding was performed with the epoxy resin and the coarse recycled 

particles, hence the following equation22 for composites reinforced with randomly oriented 

fibres was used:  
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In Table 4.36 are presented the physical parameters of matrix and fibres, used in the model.  

 

Table 4.36: Physical parameters of the epoxy resin and glass fibres involved in the compounding. 

 

Young’s M odulus  

E (GPa) 

Density  ́  

(g/cm 3) 

Diameter d 

(μm) 

Length l 

(μm) 

Fibres 75.00 2.5 13.00 506.60 

Matrix 2.53 1.16 / / 
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Results depend on the exact concentration of glass reinforcement present in the composite 

material. Thus, it was necessary to calculate the exact fibre weight fraction, starting from 

the recyclate weight fraction.  

Formulations with 30%, 35% and 40% of recyclate were assumed and tested. Those 

percentages of recyclate material resulted in fibre weight fractions of 9%, 10.5% and 12%, 

respectively.   

Results, depending on the considered fibre weight fraction, are shown in Table 4.37. 

Table 4.37: Halpin - Tsai results. 

 Reinforcement  

fraction 

(wt. %) 

Fibre 

fraction 

(wt. %) 

Fibre volumetric 

fraction 

(%) 

Young’s 

modulus 

(GPa) 

EPO30 30 9.00 0.04 3.61 

EPO35 35 10.50 0.05 3.80 

EPO40 40 12.0 0.06 4.00 
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Figure 4.26: Comparison between data obtained with the Halpin-Tsai model and with experimental tests. 

The results were subsequently compared to the obtained experimental data. How it is clearly 

observable in Figure 4.26, the Halpin-Tsai model slightly overestimated the mechanical 

performances of the composite. An acceptable explanation could be provided by the poor  
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adhesion between the matrix and the recycled fibres, due to the layer of unsaturated 

polyester in which the fibres were embedded.  

Another possible reason of the poor adhesion between matrix and fibres could be given by 

the residual internal stresses, existing in the fibres, and originated during the mechanical 

recycling treatment.  Nevertheless, taking this into account, the model may be considered 

as a reliable tool to predict the mechanical properties of the remanufactured composites. 

Finally, it could be evaluated the introduction of a correction factor to improve the fitting 

between model and experimental data. 

 

4.2.6.3. Fine Red Powder and Coarse Flakes Comparison  

A series of tests were performed on the epoxy resin loaded with a 40% of fine red powder. 

Those were carried out to understand if the different morphology of the reinforcement 

particles could lead to different mechanical properties. Indeed, the two types of composites 

were expected to show the same properties, since the actual quantity of glass was basically 

the same in the two cases.  

The recyclate compounded with the red powder was named ‘EPO40FF’, while the one with 

the coarse flakes ‘EPO40FG’. The results are presented in Table 4.38.  

 

Table 4.38: Average values of main mechanical properties of EPO40FF and EPO40FG. 

 

Fibre fraction 

(wt. %) 
ET  

(GPa) 

σ b  

(MPa) 

ε b  

(%) 

EPO40FF 12.80 3.36 ± 0.23 23.63 ± 5.18  0.73 ± 0.18 

EPO40FG 12.00 3.45 ± 0.31 30.82 ± 5.29  0.96 ± 0.13 

 

The comparison between the two types of composites is shown in Figure 4.27 and in Figure 

4.28. It was observed that for the same-or almost- quantity of pure glass as reinforcement, 

the measured average Young’s modulus could be considered equal. This means that the 

morphology of the particles didn’t affect the stiffness of the material. On the opposite, a 

variation was observed for the tensile strength and elongation at break: larger stresses and 

deformation were sustained by the coarse reinforcement (it must be underlined that this 

variation was not that evident considering the standard deviation bars). This effect could 

be reconducted to two main reasons: 

• The further grinding treatment to which the recycled material was subjected to 

obtain the ground powder, that could lower the mechanical properties of the fibres;  
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• The higher surface area presented by the red powder; a higher surface area entails a 

higher number of, likely weak, interface surfaces, where loads could be intensified 

and lead to premature rupture of the material.   
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Figure 4.27: : Young's modulus average value comparison between EPO40FF and EPO40FG. 
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Figure 4.28: Tensile Strength and Elongation at Break average values comparison between EPO40FF and 

EPO40FG.  
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4.2.6.4. Acrylic Resin and Epoxy Resin Composites  

A series of tensile tests were also performed on the acrylic resin loaded with the 40% of 

coarse recyclate, to comprehend if the use of this matrix could bring to major differences.  

The acrylic reinforced composites were defined ‘SR40’. Results of the tests are reported in 

Table 4.39. 

 

Table 4.39: Average values of main mechanical properties of SR40 and EPO40. 

 ET  

(GPa) 

σ b  

(MPa) 

ε b  

(%) 

SR40 2.90 ± 0.15 12.85 ± 2.06  0.53 ± 0.11 

EPO40 3.45 ± 0.31 30.82 ± 5.29  0.96 ± 0.13 

 

A comparison of the properties is shown in Figure 4.29 and in Figure 4.30. 

In this case, the most significative differences (considering the standard deviation) were 

found in the elastic modulus and in the average tensile strength while a comparable 

elongation at break was found. Thus, the epoxy system still showed a larger capability to 

bear more intensive loads and deformations. Therefore, EPO40 seemed to perform better 

than SR40 from a mechanical point of view and this confirmed the choice of the epoxy resin 

between the other resins under investigation for the remanufacturing of glass fibre reinforced 

recyclates.  
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Figure 4.29: Comparison of average Young's modulus between EPO40 and SR40. 
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Figure 4.30: Comparison of average tensile strength and elongation at break between EPO40 and SR40. 
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4.2.6.5. Rivierasca Composite Benchmark  

A scrap laminated composite sample, deriving from the manufacturing process of commercial 

applications, was kindly provided by Rivierasca S.p.A.  

The composite consisted of the unsaturated polyester commercial resin loaded with wt. 30% 

of virgin glass fibres, randomly oriented. Two types of specimens were obtained from this 

laminate sample, related to the direction along which the cutting was performed; 

longitudinally cut specimens were defined ‘RIVL’, while transversally ones were defined 

‘RIVT’. All the specimens featured a thickness of about one millimetre.  

Tensile test were carried out on this sample in order to obtain reference data, attributable 

to commercial products. However, a comparison between commercial products performances 

and re-manufactured composites ones couldn’t be carried out, due to the large difference in 

terms of glass reinforcement content. Indeed the commercial laminated featured a 30% 

content of glass fibres with respect to the maximum of 12% obtained in the EPO40. 

Results are reported in Table 4.40. No significant difference were found between longitudinal 

and transversally cut specimens, meaning that the reinforcement phase was characterized 

by homogeneous spatial distribution. Thus, average values of mechanical properties, not 

concerning the cut type, were determined and reported in Table 4.40 with the acronym 

‘RIV’.  

 

Table 4.40: Average values of mechanical properties of the specimens obtained from the commercial laminate. 

 ET  

(GPa) 

σ b  

(MPa) 

ε b  

(%) 

RIVL 6.28 ± 0.27 61.97 ± 3.16  1.16 ± 0.17 

RIVT 6.46 ± 0.90 68.02 ± 7.66  1.15 ± 0.15 

RIV 6.38 ± 0.67 65.33 ± 6.57 1.16 ± 0.15 

 

Stress-strain curves of the different specimens are reported in Figure 4.31 and Figure 4.32.  
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Figure 4.31: Stress-strain curves for the Rivierasca composite benchmark longitudinally cut. 
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Figure 4.32:Stress-strain curves for the Rivierasca composite benchmark transversally cut. 
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4.2.6.6. SEM  Analyses  

The fracture surfaces of the epoxy samples with the best performances in terms of 

mechanical properties and absence of defects were analysed by SEM, in order to study the 

interface and assess the adhesion quality between the reinforcement phase and the matrix. 

Images were taken for each of the developed and tested formulation of composites. 

The first fact that could be observed was the evidence of the presence of the two different 

resins: the old one embedding the fibres and the new one. Indeed, two differently coloured 

zones were noted, defined as zone 1 and zone 2, and were highlighted in Figure 4.33. 

 

 

 

 

 

 

Figure 4.33: SEM picture (250x) of a fractured sample of EPO35, in BSD mode, and compositional analysis 

results for the two highlighted zones. 

 

Furthermore, a compositional analysis were performed, through the SEM, to understand to 

which resins the two zones could be ascribed. This was feasible because the epoxy resin 

differentiated from the unsaturated polyester one due to the presence of sulphur in its 

chemical structure. Sulphur originated from the toluene-4-sulphonic acid, acting as catalyst. 

Generalizing, the zone in which the presence of sulphur was registered represented the epoxy 

resin. Therefore, on the basis of the compositional analysis results, zone 1 consisted of the 

epoxy resin, while zone 2 represented the polyester.   

1 

2 
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Taking into account those considerations, a qualitative evaluation of the adhesion between 

the two resins could be carried out. Especially, as expected, the pictures taken from the 

fractured surfaces revealed a rather heterogeneous material; in fact, both interfaces with no 

discontinuities in between and no disconnected interphase regions were noted. Examples are 

presented in Figure 4.34: areas in which a smooth transition from zones of type 1 to zones 

of type 2 was observed, featured good adhesion, whereas discontinuities indicated the 

opposite.  

 

  

Figure 4.34: Sem pictures in BSD mode of the fractured surface of: (a) EPO30 sample, 100x; (b),(c) EPO40 

samples, 100x; (d) EPO40 sample, 250x. 

 

Additionally, a poor distribution of the fibres in the matrix phase was clearly detectable.  

Alternatively, regarding the adhesion between the matrix and the fibres, different 

phenomena, related to the fracture of the composite, were noticed. In Figure 4.35 are 

provided cases of interfacial debonding. Some interfacial debonding usually occurs during 

the fracture of a composite. If a crack is propagating normal to the direction of fibres 

alignment, debonding occurs provided the crack is deflected on reaching the interface.7 
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Figure 4.35: SEM pictures in BSD mode of: (a) EPO30 sample, 500x; (b) EPO40 sample, 500x; (c) EPO35 

sample, 500x; (d)SEM picture in VPSE mode, of the fractured surfaces of an EPO35 sample, 500x.  

 

Finally, Figure 4.36 represents cases of frictional sliding and fibre pull-out. Frictional sliding 

potentially constitutes the most significant source of fracture work for most fibre composites. 

In fact, depending on the interfacial roughness, contact pressure and sliding distance, this 

process can absorb large quantities of energy. This results in the pull-out of the fibres from 

their sockets in the matrix. The kink bands, observable in several regions, represented clear 

and detectable signs of the occurrence of those phenomena.  
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Figure 4.36: SEM pictures in BSD mode of: (a),(c) EPO40 samples, in 500x; (d) EPO40 samples, in 250x; (b) 

SEM pictures, in VPSE mode, of the fractured surfaces of an.EPO40 sample, in 500x. 
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Conclusions and Future Perspectives 
Although the composite market is a steadily growing market, large scale and profitable 

recycling routes apart from incineration are still missing. Despite the fact that composite 

wastes underlie – as all other types of waste – the European waste hierarchy, landfill is still 

practiced where legally possible. 

In the view of the composite waste management issue, the aim of this thesis work was to 

evaluate the feasibility of reusing recycled glass fibres from the energy sector, as 

reinforcement for re-manufactured composite materials for structural applications. This 

involved both the use of circular economy principles, to evaluate the economic sustainability 

of the process, and the development and characterization of the composite material including 

the recycled fibres. 

Considering the economic assessment of the recyclate cost, two target output sizes and two 

international collection and de-manufacturing scenarios were supposed: regarding the 4 mm 

sized recyclate, the best collection and de-manufacturing system was given by the scenario 

2. On the opposite, for the 10 mm sized recyclate, the optimal solution was represented by 

the first one, in which a unique collection and dismantling centre was supposed for each 

country. Therefore, both scenarios affirmed as valuable strategies for the implementation of 

circular economy principles in the composite market; however, nowadays, the total amount 

of composite waste produced within each European country, from the wind energy sector, 

is not sufficient to sustain a continuous de-manufacturing process. Therefore, an 

international collection system and a centralized approach to recycling (scenario 2) could be 

necessary, regardless the results given by the assessment.  

Furthermore, the recyclate prices, obtained through the model, were comparable with the 

one of virgin glass fibres. Thus, a further cost reduction is necessary to encourage businesses 

to undertake this recycling activity. This could result from a greater optimization of the 

overall process, eliminating the inefficiencies affecting both processes and technologies. 

Besides the technological advances, legislation appears to be the solution to promote 

industries to increase recycling rates. Indeed, the main driver towards recycling and 

sustainability practices must be represented by country legislations, forcing the 

manufacturing sector to subsidise recycling or ‘producer responsibility for recycling’  

Regarding the material development and characterization, different conclusions were drawn, 

as follows. 

The size and the glass content of the recycled material feature a key role in the reinforcement 

nature of the filler. Moreover, taking into consideration the most spread end-of-life strategies 

for composite materials, the content of glass fibres could be a first discriminating factor that 

helps to distinguish wastes for energy recovery from the ones with potential reinforcement 

ability. In particular, two types of recyclate materials, featuring almost the same content of 

glass fibres, were examined. Especially, the red powder featured a glass fibres content of 32   
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± 2 %, while the coarse one of 30.5 ± 2.3%. As expected, the same amount of pure glass 

translated in almost identical mechanical properties that were shown by the reinforced resins. 

Therefore, both recyclates represented valuable resources as feedstock for the 

remanufacturing process; notwithstanding, as it was proved in the cost assessment phase, 

the recycling treatment to obtain the fine particles was more energy-consuming and less 

economically sustainable. This makes the coarse particles a better resource in terms of 

economic added value. 

On the other hand, the three developed and tested thermoset resins were proven to be 

suitable to constitute the matrix phase in a composite material, showing reactivity and 

mechanical properties comparable to the ones of the currently used resins in commercial 

applications. Moreover, the polymeric resin, acting as reinforcement binder, could be 

properly selected depending on the desired reactivity, processability and mechanical 

behaviour. However, poor adhesion was found between all the three resins and the 

unsaturated polyester, still embedding the recycled fibres. This represented a limitation since 

it could lead to poor adhesion and defects in the final remanufactured item. 

The compounding between the epoxy resin and the glass fibres resulted in an improvement 

of elastic modulus and therefore of stiffness. However, no significant changes were found 

increasing the percentage of recyclate from 30% to 40%, due to the low variations of  the 

glass fibre content. Additionally, SEM pictures of the fractured specimens of the glass fibre 

reinforced epoxy composites proved the occurrence of some phenomena resulting from the 

poor adhesion between matrix and fibres: interfacial debonding, frictional sliding and fibre 

pull-out. Furthermore, the experimental results were compared with theoretical data given 

by the Halpin-Tsai model for composites with randomly dispersed fibres. It was shown that 

the model constitutes a reliable tool to predict the elastic modulus of the remanufactured 

composite.  

The tested laminate, provided by Rivierasca and currently used in many commercial 

applications as polymeric composite, proved to be much more performant, in terms of 

mechanical properties, than our remanufactured materials. Therefore, at the present, our 

re-manufactured materials cannot replace the commonly employed ones and, hence, cannot 

find place in commercial applications. 

Nevertheless, this does not mean that the re-manufacturing of composite materials involving 

recycled glass fibres is not a valuable strategy to face the issue of the composite waste 

management, however it means that the recycling and re-manufacturing technology must 

be implemented to achieve a certain degree of mechanical performances that allow businesses 

to use this class of recycled materials for commercial products, limiting the current 

drawbacks. 

Future perspectives in which remanufactured materials might be much more attractive, are 

now briefly discussed. 
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In order to suppose a future scenario in which re-manufactured polymer composites replace 

currently employed reinforced unsaturated polyester resins, it is required to make a 

comparison of the physical properties of the two involved materials.  

The Rivierasca laminate was composed of a styrene-based resin, reinforced with 30 wt.% of 

virgin glass fibres, featuring 5 centimetres in length and 13 μm in diameter. On the other 

side, our re-manufactured material comprised an epoxy resin reinforced with (at maximum) 

40 wt.% of coarse recyclate. This percentage of recyclate resulted in a 12 wt.% of glass fibres 

weight fraction in the composite. Therefore, besides defects arisen in the remanufacturing 

process, the large difference found in mechanical performances could be attributed to the 

large difference in the glass fibre content.  

Therefore, it is evident that, to develop a re-manufactured product performing as the 

commercial ones, the weight fraction of glass fibres must be largely increased up to the same 

percentages registered in the currently made composites. However, using the recyclate 

exploited in this experimental work, it is not possible to achieve such percentages. Indeed, 

30 wt. % of glass fibres would mean the employment of 100 wt.% of recyclate in the 

composite, that constitutes a contradiction.  

A viable opportunity could be provided by the use of a different type of recyclate in which 

a much larger content of glass fibres is measured. This opportunity would be given by the 

recyclate coming from the wind energy sector. In fact, recyclate materials obtained from the 

mechanical recycling of wind turbine blades, within the FiberEUse framework, showed a 

glass fibre weight fraction of the 60 wt.%. The employment of a recycled reinforcement 

phase of this type would allow to achieve glass fibre contents comparable or larger than the 

ones measured in commercial products.  

Since the Halpin-Tsai model represented a valuable tool to predict the elastic modulus of 

remanufactured composites, it was exploited to predict the mechanical properties of an 

epoxy resin reinforced with a theoretical amount of recyclate coming from the wind turbine 

blades. The physical parameters of involved materials and the results, depending on the 

specific amount of included recyclate, are given in Table 1 and Table 2, respectively. It must 

be underlined that length and diameter of the fibres were assumed to be the same of the 

ones measured in the coarse recyclate provided by Rivierasca S.p.A.  

 

Table .1: Physical parameters of the epoxy resin and glass fibres involved in the compounding. 

 

Young’s M odulus  

E (GPa) 

Density 

ρ  

(g/cm 3) 

Diameter d 

(μm) 

Length l 

(μm) 

Fibres 75.00 2.5 13.00 506.60 

Matrix 2.53 1.16 / / 
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Table .2: Halpin-Tsai Results. 

Reinforcement  

fraction 

(wt. %) 

Fibre 

fraction 

(wt. %) 

Fibre volumetric 

fraction 

(%) 

Young’s 

modulus 

(GPa) 

40 24 13 5.79 

45 27 15 6.29 

50 30 17 6.82 

55 33 19 7.39 

60 36 21 7.99 

70 42 25 9,3 

80 48 30 10,79 

 

In order to easily compare the predicted elastic modulus values with the one characterizing 

the Rivierasca laminate, used as reference case, the experimental tensile properties attained 

by the laminate are given again in the next table.  

Table .3: Rivierasca laminate experimental elastic modulus. 

 ET  

(GPa) 

RIVL 6.28 ± 0.27 

RIVT 6.46 ± 0.90 

RIV 6.38 ± 0.67 

 

Observing the predicted elastic moduli it is possible to notice that with glass fibre contents 

equal or higher than the ones existing in the Rivierasca composite, comparable or even larger 

mechanical properties are obtained. Indeed, the use of 50 wt. % of recycled reinforcement 

would theoretically result in an elastic modulus of 6.82 GPa, greater than the one measured 

for the reference laminate. However, it is necessary to make some clarifications. 

Firstly, it must be taken into account that the Halpin-Tsai model overestimates the 

performances of the material, since it doesn’t include the presence of defects. Hence, even 

though with the model acceptable values of modulus are already achieved with 50% of 
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reinforcement fraction, it is likely that experimentally larger values of reinforcement weight 

fractions are necessary.  

On the other hand, the addition of such large quantities of reinforcement cannot come 

without the development of cutting-edge mixing and remanufacturing technologies, suitable 

for that purpose. 

Since the material taken as benchmark is employed in building and sanitary sectors, its 

properties can be taken as a reference for these applications. The remanufactured materials 

analysed in this section could find an application in these same fields. 

In conclusion, the original aim of facing the issue of EoL composites management could be 

satisfied by a downgrading process, in which materials recovered from the wind energy sector 

are exploited to remanufacture products to be employed where lower mechanical 

performances are required (i.e. building and sanitary sectors).  

These conclusions must be validated in economic terms by an analysis of the considered raw 

material costs. A rough assessment could be done by means of CES EduPack, which allows 

to evaluate the price of a reference weight of one kilogram of obtained composite of both 

the currently commercial laminates and the remanufactured ones   

Commercial products are composed of an unsaturated polyester resin, which is found on the 

market at 3.46 €/kg and virgin glass fibres pricing on average 2 €/kg; The remanufactured 

composites are considered to be composed of an epoxy resin, which is found on the market 

at 2.46 €/kg and the mechanically recycled glass fibres coming from the wind energy sector. 

In particular, the recyclates featuring the most advantageous costs, obtained with the 

software, for both the supposed scenarios were considered, regardless of the size. Results are 

shown in Table .4.: one kilogram of commercial resin is estimated to cost 3.26 €/kg, whereas 

one kilogram of the remanufactured one would cost in a range of price going from 1.85 €/kg 

to 1.98 €/kg. Therefore, taking this into account, and considering it as a first approximation, 

even the costs analysis shows promising prospects for the applications involving recycled 

glass fibres from EoL composites materials. 

Table .4: Formulation of 1 kg of material and relative cost for both commercial and remanufactured composites. 

 
Matrix 

type 

Matrix 

(g) 

Reinforcement 

type 

Reinforcement 

weight 

fraction 

(wt. %) 

Glass 

fibre 

weight 

fraction 

(wt. %) 

Cost 

(€ /kg) 

Commercial 
UP 770 

Virgin glass 

fibre 
30 30 3.26 

Remanufactured Epoxy 667 

Recyclate 

- (10 mm, 

scenario 1) 

- (4 mm, 

scenario 2) 

 

 

50 

 

50 

 

 

30 

 

30 

 

 

1.85 

 

1.98 
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Appendix 1 

Dismantling Routes 

• Route I: Full on-site cutting and full in plant 

shredding  

Name Description  Unit of measure  

C1 Cost of route 1 € 

COS-cut-1 Cost of on-site cutting € 

CTR-1 Ordinary transport cost € 

CIP-shred-1 Cost of in plant shredding € 

 

ὅ ὅ ὅ ὅ  

Where, 

ὅ  ὅ ὅ ὔᶻὅ ὅ ᶻ
ᶻᶻ

 

 

Name Description  Unit of measure  

COS-cut-1 Cost of on-site cutting € 

COS-cut-admin On site cutting 

administrative cost  
€ 

COS-cut-setup On-site cutting set-up costs € 

N Number of blades € 

COS-op On-site cost of operator €/h 

COS-cut- Energy and wear cutting-

related costs 
€/h 

L1  Total cutting length  m 

Th Average thickness of the 

blade 
m 

sc Cutting speed  m2/h 
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The total cutting length is calculated by an optimization algorithm proposed in next 

appendix and it depends on several parameters.   

L2= f (shredding chamber dimensions, blade geometry, output homogeneity requirements) 

ὅ ὔ ᶻὅ ὅ Ὀz  

 

ὔ Ὥὲὸ
ὠ

ὠ
 

 

ὠ
ὲ τ

ὲ ρ

ρ

ὲ σ
ὠz  

 

ὠ ςz ὃ ὸzὬ 

 

Name Description  Unit of measure  

CTR-1 Ordinary transport cost € 

NTR-1 Number of trasports needed  Pure 

CTR-fixed Transportation fixed cost € 

CTR-km Transportation cost-per-km €/km 

Dplant-farm Wind farm-recycling plant 

distance 
Km 

Vreal-1 Gross volume of blade 

pieces 
m3 

Vmax-truck Maximum volume of a 

container  
m3 

Vnet Net GFRP m3 

ncuts Number of cuts to be 

performed on-site 
pure 

A Surface of the blade (one 

side only) 
m2 

th Average thickness of the 

blade 
m 
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ὅ  ὅ ὔ ὅz ᶻ
ςz ὃ ὸzὬ

ὝὌ
 

 

ὝὌ ὑ ᶻ
Ὠ

ρπππ άάȾά
 

 

Name Description  Unit of measure  

ὅ  Cost of in plant shredding € 

CIP-shred-setup In plant shredding set-up 

cost  
€ 

N Number of blades  € 

Cshred Energy and wear shredding 

related cost 
€/km 

A Surface of the blade  m2 

th Average thickness of the 

blade  
m 

THsh-1 Shredder throughput  m3/h 

Ksh Technology dependant 

constant  
m2/h 

dgrate Grate size  mm 

 

Route 2: Full on-site cutting, on-site chopping, and in 

plant shredding 

 

Name Description  Unit of measure  

C2 Cost of route 2 € 

COS-cut-2 Cost of on-site cutting € 

COS-chop-2 Cost of on-site chopping € 

COS-shred-2 Cost of in plant shredding € 

CTR-2 Ordinary transport cost  € 
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ὅ ὅ ὅ ὅ ὅ  

 

Where,  

ὅ  ὅ ὅ ὔᶻὅ ὅ ᶻ
ᶻᶻ

 

 

Name Description  Unit of measure  

COS-cut-2 Cost of on-site cutting € 

COS-cut-admin On site cutting 

administrative cost  
€ 

COS-cut-setup On-site cutting set-up costs € 

N Number of blades € 

COS-op In plant cost of operator  €/h 

Ccut- Energy and wear cutting-

related costs 
€/h 

L2  Total cutting length  m 

th Average thickness of the 

blade 
m 

sc Cutting speed  m2/h 

The total cutting length is calculated by an optimization algorithm proposed in next 

appendix and it depends on several parameters.   

L2= f (shredding chamber dimensions, blade geometry, output homogeneity requirements) 

 

ὅ ὅ ὅ ὔ ὅz ᶻ
ςz ὃ ὸzὬ

ὝὌ
 

 

Name Description  Unit of measure  

COS-chop-2 Cost of on-site chopping € 

Cchop-admin Chopping administrative 

cost  
€ 

Cchop-setup Chopping set-up costs € 

N Number of blades pure 
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Cchop Energy and wear cutting-

related costs 
€/h 

A  Surface of the blade (one 

side only)  
m2 

th Average thickness of the 

blade 
m 

THchop Chopping throughput  m3/h 

 

 

ὅ ὅ ὔ ὅz ᶻ
ςz ὃ ὸzὬ

ὝὌ
 

 

ὝὌ ὑ ὑz ᶻ
Ὠ

ρπππάάȾά
 

 

Name Description  Unit of measure  

ὅ  Cost of in plant shredding € 

CIP-shred-setup In plant shredding set-up 

cost  
€ 

N Number of blades  € 

Cshred Energy and wear shredding 

related cost 
€/h 

A Surface of the blade  m2 

th Average thickness of the 

blade  
m 

THsh-2 Shredder throughput  m3/h 

Ksh Technology dependant 

constant  
m2/h 

Ksh-chop Chopped input mixture 

acceleration  
pure 

dgrate Grate size  mm 

 

ὅ ὔ ᶻὅ ὅ Ὀz  
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ὔ Ὥὲὸ
ὠ

ὠ
 

 

ὠ ὠ ὠ ὑz  

 

ὠ ςz ὃ ὸzὬ 

 

Route 3: Cutting both on-site and in plant, full in plant 

shredding 

Name Description  Unit of measure  

C3 Cost of route 3 € 

COS-cut-3 Cost of on-site cutting € 

CIP-cut-3 Cost of in plant cutting € 

CIP-shred-3 Cost of in plant shredding € 

CTR-3 Ordinary transport cost  € 

 

ὅ άὭὲὅ ὅ ὅ ὅ  

 

Where,  

ὅ ὅ ὅ ὔᶻὅ ὅ ᶻ
ὒᶻ ςzz ὸὬ

ί
 

 

Name Description  Unit of measure  

COS-cut-3 Cost of on-site cutting € 

COS-cut-admin On site cutting 

administrative cost  
€ 

COS-cut-setup On-site cutting set-up costs € 

N Number of blades € 

COS-op In plant cost of operator  €/h 
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Ccut- Energy and wear cutting-

related costs 
€/h 

L3
*
  Optimal on-site cutting 

length  
m 

th Average thickness of the 

blade 
m 

sc Cutting speed  m2/h 

 

ὅ ὅ ὔᶻὅ ὅ ᶻ
ὒ ὒᶻ ςzz ὸὬ

ί
 

 

Name Description  Unit of measure  

ὅ  Cost of in plant cutting € 

CIP-cut-setup In plant cutting set-up cost  € 

N Number of blades  pure 

CIP-op In plant cost of operator €/h 

Ccut Energy and wear cutting-

related costs  
€/h 

L3 Total cutting length  m 

L3
* Optimal on-site cutting 

length  
m 

th Average thickness of the 

blade  
m 

sc Cutting speed  m2/h 

 

ὅ ὔ ᶻὅ ὅ Ὀz  

 

ὔ Ὥὲὸ
ὠᶻ

ὠ
 

 

ὠᶻ
ὲᶻ τ

ὲᶻ ρ

ρ

ὲᶻ σ
ὠz  
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Name Description  Unit of measure  

CTR-3 Ordinary transport cost € 

NTR-3 Number of trasports needed  Pure 

CTR-fixed Transportation fixed cost € 

CTR-km Transportation cost-per-km €/km 

Dplant-farm Wind farm-recycling plant 

distance 
Km 

Vreal-3
* Gross volume of blade 

pieces 
m3 

Vmax-truck Maximum volume of a 

container  
m3 

Vnet Net GFRP m3 

ncuts
* Number of cuts to be 

performed on-site 
pure 

A Surface of the blade (one 

side only) 
m2 

th Average thickness of the 

blade 
m 

 

ὅ ὅ ὔ ὅz ᶻ
ςz ὃ ὸzὬ

ὝὌ
 

 

ὝὌ ὑ ᶻ
Ὠ

ρπππάάȾά
 

 

Name Description  Unit of measure  

ὅ  Cost of in plant shredding € 

CIP-shred-setup In plant shredding set-up 

cost  
€ 

N Number of blades  € 

Cshred Energy and wear shredding 

related cost 
€/h 
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A Surface of the blade  m2 

th Average thickness of the 

blade  
m 

THsh-3 Shredder throughput  m3/h 

Ksh Technology dependant 

constant  
m2/h 

dgrate Grate size  mm 

 

Route 4: Exceptional load transport and full in plant 

treatment 

Name Description  Unit of measure  

C4 Cost of route 4 € 

CIP-cut-4 Cost of in plant cutting € 

CIP-shred-4 Cost of in plant shredding € 

CTR-4 Exceptional load transport 

cost  
€ 

 

ὅ ὅ ὅ ὅ  

Where, 

ὅ  ὅ ὔᶻὅ ὅ ᶻ
ὒ ςzz ὸὬ

ί
 

 

Name Description  Unit of measure  

ὅ  Cost of in plant cutting € 

CIP-cut-setup In plant cutting set-up cost  € 

N Number of blades  pure 

CIP-op In plant cost of operator €/h 

Ccut Energy and wear cutting-

related costs  
€/h 

L3 Total cutting length  m 
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L3
* Optimal on-site cutting 

length  
m 

th Average thickness of the 

blade  
m 

sc Cutting speed  m2/h 

The total cutting length is calculated by an optimization algorithm proposed in next 

appendix and it depends on several parameters.   

L4= f (shredding chamber dimensions, blade geometry, output homogeneity requirements) 

 

ὅ ὅ ὔ ὅz ᶻ
ςz ὃ ὸzὬ

ὝὌ
 

 

ὝὌ ὑ ᶻ
Ὠ

ρπππάάȾά
 

 

Name Description  Unit of measure  

ὅ  Cost of in plant shredding € 

CIP-shred-setup In plant shredding set-up 

cost  
€ 

N Number of blades  € 

Cshred Energy and wear shredding 

related cost 
€/h 

A Surface of the blade  m2 

th Average thickness of the 

blade  
m 

THsh-4 Shredder throughput  m3/h 

Ksh Technology dependant 

constant  
m2/h 

dgrate Grate size  mm 

 

ὅ ὔ ᶻὅ ὅ Ὀz  
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ὔ Ὥὲὸ
ὔ

ὲ
 

 

Name Description  Unit of measure  

CTR-4 
Exceptional load transport 

cost 
€ 

NTR-ovs-4 Number of exceptional load 

transports needed   
Pure 

CTR-ovs-fixed Oversized transportation 

fixed cost 
€ 

CTR-ovs-km Oversize transportation 

cost-per-km 
€/km 

Dplant-farm Wind farm-recycling plant 

distance 
Km 

N Number of blades pure 

novs-max Maximum number of blades 

for each exceptional load 

transport  

pure 
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Appendix 2 

Cutting Process M odelling 

A dedicated optimization algorithm was developed by STIIMA-CNR to evaluate a case-by-

case optimal cutting strategy. The algorithm is able to treat a general digital image, here 

representing the wind blade, extrapolate the contour, and investigate an optimal cutting 

strategy to satisfy the model limitations (as pieces final size and concentration) maximizing 

or minimizing a set of pre-defined variables, as total cutting length, homogeneity within 

pieces, etc. 

The Cutting Optimizator (CO) was implemented in Python 3.0 and consists in a set of 

classes and methods that allows the user to find a sub-optimal cutting strategy for a surface 

having general shape. The CO offers methods to retrieve the contour of a surface and define 

lines (cuts) on it in order to split the surface and analyze the properties of the resulting 

parts. The CO provides also the possibility to couple the surface with a function that specify 

the concentration of material for each point contained in the surface. 

The core of CO is a method, called “ComputeCutting” that takes in input: 

• the set of points describing the contour of the surface to be cut; 

• the maximum length and width of the parts that arise from the cutting; 

• the maximum concentration of material of the parts that arise from the cutting; 

• a general user-defined function f(-). 

The output is a set of cuts that optimize the splitting of the surface according to f. The 

function f was left general in such a way that the user can specify his own criteria. However, 

the input parameters of f were fixed. In particular, the function receives: 

• A surface to be split; 

• Two points, namely a and b, that define the line of the cut; 

• The description of the current best cut (two points, score value and the two parts 

that are generated by the cut); 

• Three possible weights that can be used for general purposes. 

Function f returns the best cut between the cut defined by a and b, and the best cut. 

The method “ComputeCutting” works on any kind of shape as long as its contour is specified 

as an array of x-y coordinates. Despite this, the CO offers a method that retrieves the set 

of coordinates from a digital image. This functionality has been included to avoid the manual 

generation of the shape of the surface under investigation. 

In particular, for the calculation of the on-site optimal cutting length and number of cuts,  

the cutting optimization algorithm provides a set of cuts with an inner hierarchy. There is 

a first cut, a second cut, a third and so on. Each of these cuts is associated with its own 
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length. The total cutting length exploited in  the full on-site cutting or full in plant cutting 

is the sum of the single lengths. The overall optimization model takes this cutting hierarchy 

and analyzed for each cutting level the associated on-site treatment costs and transportation 

cost, under the main assumptions that the more onsite cuts the more transport saturation. 

For each of the seven hierarchy levels: 

• The number of on-site cuts is exploited by a saturation algorithm to estimate the 

transport saturation and so the transportation costs; 

• The on-site cutting length L* is exploited to calculate the costs of on-site cutting; 

• The in plant cutting length L-L* is exploited to calculate the costs of in plant cutting. 

Having these data, the main model is able to calculate the overall treatment costs associated 

to the on-site cutting for each hierarchy level and highlight the best solution. 
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