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Abstract 
Thermoplastic resin systems have long been discussed for use in large-scale composite parts but have yet 
to be exploited by the energy industry. The use of these resins versus their thermosetting counterparts can 
potentially introduce cost savings due to non-heated tooling, shorter manufacturing cycle times, and 
recovery of raw materials from the retired part. Because composite parts have high embedded energy, 
recovery of their constituent materials can provide substantial economic benefit. This study determines 
the feasibility of recycling composite wind turbine blade components that are fabricated with glass fiber 
reinforced Elium® thermoplastic resin. Several experiments are conducted to tabulate important material 
properties that are relevant to recycling, including thermal degradation, grinding, and dissolution of the 
polymer matrix to recover the constituent materials. Dissolution, which is a process unique to 
thermoplastic matrices, allows recovery of both the polymer matrix and full-length glass fibers, which 
maintain their stiffness (190 N/(mm g)) and strength (160 N/g) through the recovery process. Injection 
molded regrind material is stiffer (12 GPa compared to 10 GPa) and stronger (150 MPa compared to 84 
MPa) than virgin material that had shorter fibers. An economic analysis of the technical data shows that 
recycling thermoplastic–glass fiber composites via dissolution into their constituent parts is commercially 
feasible under certain conditions. This analysis concludes that 50% of the glass fiber must be recovered 
and resold for a price of $0.28/kg. Additionally, 90% of the resin must be recovered and resold at a price 
of $2.50/kg. 
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1. Introduction 
Fiber-reinforced polymer composites are a desirable class of structural engineering materials due to their 
high specific mechanical properties. They are increasingly used in the construction, automotive, 
aerospace, and energy sectors (Mazumdar et al., 2017). Electricity generated from wind turbines has 
grown consistently by approximately 7.3 GW of installed capacity every year for the last decade in the 
United States (American Wind Energy Association, 2017). Wind turbine blades are constructed with fiber 
reinforced polymer and balsa or foam core; landfilling turbine blades contributes a massive amount of 
composite material to the waste stream. One study estimates 9.6 metric tons of composite per megawatt of 
installed capacity (Arias, 2016). Such waste of highly engineered material represents not only an 
environmental issue, but also a loss of potentially recoverable capital. Thermoplastic resins, which are 
inherently recyclable (Jacob, 2011), are potentially a better design choice due to increasing regulation of 
composite waste landfilling. The European Union Directive on Landfill Waste has enacted legislation that 
prohibits disposal of large composite parts such as wind turbine blades (1999/31/EC). It is prudent to 
anticipate the potential for similar legislation in the United States; therefore, it is a primary objective of 
the Institute of Advanced Composites Manufacturing Innovation to qualify composite technologies of 
which 80% of the constituent materials can be reused or recycled (IACMI, 2018). 

Thermosetting resins such as epoxy, vinyl ester, and poly(urethane) dominate the composites market; the 
wind industry exclusively uses these resins for vacuum infusion of blades. However, there is an 
increasing trend toward using thermoplastic resins in long fiber composites outside of the wind industry 
and a growing interest for using these resins for blade fabrication (Yao et al., 2018). Presently, there are 
several options for wind turbine blades at the end of their service lives: direct deposit in a landfill, grind 
for use as aggregate in concrete, or incineration with energy recovery (Correia et al., 2011; Fox, 2016; 
Larsen, 2009; Papadakis et al., 2010; Ribeiro et al., 2015). Additionally, a recent study has shown that 
thermoset blades can be recycled via grinding to be used for construction materials (Mamanpush et al., 
2018). That these recycling techniques are not commercially exploited on a large scale demonstrates the 
small margins on which they operate. Thermoplastics can potentially limit the extent of down-cycling that 
thermoset composites require. Still, the viability of composite recycling is heavily dependent upon 
reintroduction of recovered materials into the supply chain to displace virgin materials (Li et al., 2016; 
Witik et al., 2013). 

The current investigation quantifies and demonstrates the methods by which the Elium thermoplastic resin 
system (Arkema, 2018) can facilitate recycling of large-scale composite parts by recovering and reusing 
material from a component of a wind turbine blade. A portion of a spar cap, which acts as the end of the I-
beam structure in the interior of the blade, was used for this study. Four recycling techniques are 
considered, including thermal decomposition of the polymer matrix, mechanical grinding, thermoforming, 
and dissolution. The decomposition energy of a commercial epoxy and Elium are compared via 
simultaneous thermal analysis (STA), which combines thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC). The tensile properties of recycled thermoplastic regrind are compared to 
those of similar virgin material. Thermoforming is demonstrated on a thermoplastic spar cap, and test 
panels are thermoformed to make a prototypical skateboard. Energy requirements for dissolution of 
thermoplastic components and separation into their constituent materials are estimated. Further, the 
tensile mechanical properties of glass fibers recovered from the dissolution experiment are compared to 
those of virgin glass fibers. Dissolution of thermosets is not possible, and therefore only the thermoplastic 
system is investigated using this recycling technique. Finally, the technical results from the investigation 
of the dissolution technique are used in an economic analysis to assess the commercial viability of 
recycling. 
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1.1 Review of relevant recycling methods 
1.1.1 Thermal degradation 
Pyrolysis allows recovery of fiber from either thermoset or thermoplastic polymer composites. Previous 
studies thoroughly characterize pyrolysis of composite materials but primarily investigate thermoset 
composites with carbon fiber reinforcement (López et al., 2012, 2013; Oliveux et al., 2015; Rybicka et al., 
2016). Pyrolysis can be detrimental to the mechanical performance of the recovered glass fibers because 
the process is typically carried out at temperatures above 450 °C (Oliveux et al., 2015). It has been shown 
that composites fabricated with glass fiber recovered from pyrolysis suffer severe degradation of 
mechanical properties compared to composites fabricated with virgin materials (Cunliffe and Williams, 
2003). An advantage of pyrolysis is that the oil recovered from the process can potentially be used to 
sustain the reaction so that no outside energy is required (Torres et al., 2000). Additionally, poly(methyl 
methacrylate) (PMMA) can be pyrolyzed under conditions such that monomer can be recovered 
(Kaminsky and Franck, 1991). 

Polymer composites can be combusted on an industrial scale to supply energy for cement kilns, and the 
recovered fibers can be used in the cement (Pickering, 2006). In either the case of pyrolysis or 
combustion, the polymer matrix is lost at the expense of recovering pyrolysis oil or energy. This is of 
concern because of the high embedded energy of synthetic polymers, which is 50 MJ/kg for poly(vinyl 
chloride), 70 MJ/kg for poly(ester) and epoxy, and 200 MJ/kg for PMMA (Howarth et al., 2014; Keoleian 
et al., 2000; Song et al., 2009). Some of this energy can be recovered in combustion; the heat of 
combustion of PMMA is 25 MJ/kg (Walters et al., 2000). Similarly, pyrolysis oils typically have a lower 
heating value (LHV) of 15 to 20 MJ/kg (Bridgwater, 2012; Oasmaa and Czernik, 1999). In the present 
work, pyrolysis of thermoplastic Elium and thermoset epoxy resins is conducted to estimate the energy 
required for thermal degradation. This energy requirement is used as a reference for comparison to other 
recycling techniques in the ensuing presentation of results. 

1.1.2 Mechanical grinding 
Grinding of composites has been extensively investigated and is considered a mature technology for 
recovery of raw materials (Howarth et al., 2014; Kouparitsas et al., 2002; Li et al., 2016; Shuaib and 
Mativenga, 2016a, 2016b). For thermoset composites, the primary objective is to isolate the fibers from 
the polymer by cyclone or another resin-fiber separation technique since the reclaimed thermoset matrix 
is of little use. Isolated fibers could be further ground for production of thermal and acoustic insulating 
foams (D'Amore et al., 2017). While it is possible to compound thermoset regrind into a virgin 
thermoplastic for injection molding, thermoplastic regrind is desirable because less virgin material is 
required for effective injection molding (Kouparitsas et al., 2002; Pickering, 2006; Zia et al., 2007). 
Another use for regrind is sheet molded compound (SMC) or bulk mold compound (BMC), which rely on 
discontinuous fibers as their reinforcement (Palmer et al., 2010). Recovering and reusing composite 
manufacturing waste is also of great interest; thermoplastic scrap material could potentially be used for 
BMC or SMC mats (Rybicka et al., 2015). While it is a relatively simple and mature technology, a 
significant disadvantage of grinding composite parts is the loss of high–aspect ratio fibers that can 
contribute to greater modulus, strength, and toughness (Fu and Lauke, 1996; Petersen and Liu, 2016). In 
fact, the economic feasibility of reusing ground carbon fibers is reduced after two rounds of recycling due 
to fiber length degradation (Longana et al., 2016). However, to preserve fiber length and therefore 
mechanical properties, composites may also be chipped rather than fully ground. The present study grinds 
long-fiber composites to short fiber regrind and uses this material for injection molding tensile test bars. 
The estimated energy requirements for this process are presented and compared to the other recycling 
techniques investigated in this study.  
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Recent work has shown that the efficiency of mechanical grinding increases with throughput; the specific 
energy requirements decay as a power law (Howarth et al., 2014; Shuaib and Mativenga, 2016a, 2016b) 
up to a throughput of 150 kgcomposite/h. Therefore, at a throughput of 150 kgcomposite/h, the specific energy 
consumption (SEC) required for grinding is 0.16 MJ/kgcomposite, assuming a screen size of 5 mm. This 
value is consistent with values reported by another recent grinding study (Asmatulu et al., 2013). Because 
the material in the present study is further ground to pass through a 7 standard mesh screen with 2.8 mm 
holes, the SEC for grinding will be higher than 0.16 MJ/kgcomposite. In fact, screen size is the most 
significant processing parameter affecting SEC for grinding (Shuaib and Mativenga, 2016a). Accordingly, 
the estimated energy required for grinding is assumed to be nearly double the value of that correlation, or 
0.29 MJ/ kgcomposite, since the screen size used in the present study is 44% smaller than that used in the 
study by Shuaib and Mativenga (Shuaib and Mativenga, 2016a). 

1.1.3 Thermoforming 
Continuous fiber-reinforced thermoplastics became commonplace in the mid-1980s, and the 
thermoforming process is now considered mature (Offringa, 1996). In this process, thermoplastic 
composite sheets are heated above the glass transition of the polymer so that the material can be formed to 
a three-dimensional shape in a heated mold. Upon cooling, the composite retains this shape. While 
thermoforming granulated thermoplastic material has been well documented, recycling of large 
continuous-fiber thermoplastics by thermoforming has garnered little attention in the literature. Large-
scale thermoplastic parts such as wind turbine blades could be cut into sections, straightened by heated 
pressing, and then planed into segments that are suitable for construction materials, such as building 
flooring. The feasibility of this straightening technique is demonstrated on a section of a spar cap in this 
work. Additionally, thermoplastic test panels are fully down-cycled into a skateboard by thermoforming. 

1.1.4 Solvolysis and dissolution 
Processing via solvolysis or dissolution enables recovery of full-length fibers from the composite part 
(Pimenta and Pinho, 2011). Confusion exists in some studies as to what constitutes dissolution versus 
solvolysis (Liu et al., 2017; Yang et al., 2012). In these works, the term dissolution is used to describe a 
reaction that breaks the chemical bonds of a polymer matrix. In this work, dissolution is more 
appropriately defined as dissolving thermoplastic polymer chains into a solvent, which is a purely 
physical process. The term solvolysis implies a technique to use a reactive solvent to break the covalent 
bonds of a polymer matrix. Solvolysis typically requires elevated temperatures and pressures, which 
could incur significant energy expenditures on an industrial scale (Bai et al., 2010; Liu et al., 2012; 
Piñero-Hernanz et al., 2008). Furthermore, these elevated temperatures can compromise the mechanical 
properties of the recovered fibers (Cunliffe and Williams, 2003). However, a recent study shows promise 
of a low-energy process via cleavable thermoset resin (La Rosa et al., 2016). Thermoplastic materials 
enable the possibility of recovering both the polymer matrix and full-length fibers at the end of the blade 
life by dissolution of the polymer matrix at low temperatures. This recycling technique is makes 
thermoplastic resins highly advantageous; it is an especially intriguing aspect of this class of materials 
(Yang et al., 2012). While recycling different chemical species of comingled thermoplastic polymers by 
dissolution has been studied for several decades (Nauman and Lynch, 1989; Subramanian, 1995), 
relatively little work has investigated dissolution of thermoplastic composite parts (Knappich et al., 2017; 
Ramakrishna et al., 1998). Feasibility of reselling materials recovered via dissolution is investigated in 
this work via an economic model. 
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2. Methods 
2.1 Materials 
Part A Elium liquid thermoplastic resin, which is a resin in the family of methacrylates, and Luperox 
AFR40, a peroxide initiator, were used to fabricate the spar cap component used for this study. The Elium 
resin is a viscous liquid that is suitable for infusion, after which it cures into a solid thermoplastic 
polymer. All fiberglass used for the work conducted in this study was Johns Manville StarRov 086-1200. 
The epoxy system for thermal decomposition comparison was Hexion Epikote Resin MGS RIMR 135 
with Epikure Curing Agent MGS RIMH blend of 134/137 (1366) at a ratio of 80:20. Chloroform for the 
dissolution study was ACS grade from Fisher Scientific. Methanol for precipitation was ACS grade from 
Pharmco-AAPER. 

2.2 Fabrication of spar cap component 
A section of a spar cap was fabricated at the National Wind Technology Center (NWTC) in Boulder, 
Colorado, using the Elium resin system in a VARTM infusion process. The peroxide initiator was added 
to the Elium liquid thermoplastic resin at 2 wt% and manually mixed for 5 min. The resin was degassed 
under vacuum for an additional 5 min prior to infusion. The layup of the spar cap was 50 plies of StarRov 
086-1200 fiberglass. Fig. 1 shows the part under the vacuum bag prior to infusion, and Fig. 2 shows the 
part after de-molding. The part took approximately 20 min to infuse. Fifteen thermocouples embedded in 
the part detected peak exotherm temperatures between 77 °C and 90 °C approximately 2.5 h after 
infusion. 

2.3 Fabrication and thermoforming of thermoplastic test panels 
Thermoplastic composite panels with glass fiber reinforcement were used to demonstrate the viability of 
recycling via thermoforming. The flash material from the edge of the panels was also used for 
simultaneous thermal analysis of the two different resin systems. The panels were fabricated in a mold 
from Composite Integration (Cornwall, UK). Both thermoplastic Elium and thermoset Hexion epoxy 
panels were fabricated with four plies of Johns Manville 086-1200 fiberglass. Elium was initiated with 3 
parts per hundred resin (PPHR) Luperox AFR 40. Hexion epoxy panels were made by mixing RIMR 135 
resin with RIMH 1366 hardener at a ratio of 100:30. In both cases, the reactive resin was pulled into the 
mold cavity with 50 kPa vacuum below atmospheric pressure. Once the mold had filled, the vacuum line 
was clamped and 200 kPa pressure was provided by compressed argon to the feed side. Panels cured 
overnight before being removed from the mold. Mold cavity was set to produce panels with a thickness of 
3.2 mm. 

To demonstrate the plausibility of thermoforming, a 2.1 kg curved section of the thermoplastic spar cap 
was straightened by heating the specimen at 120 °C for 8 h under metal plates, which provided 5.4 kPa of 
pressure. Furthermore, a thin thermoplastic composite panel was used as reinforcement for constructing a 
thermoformed skateboard deck. To make the finished skateboard deck, the thermoplastic panel was 
sectioned into strips 25 cm wide and positioned with 4 plies of poly(vinyl acetate) (PVA) monomer-
coated wood on a skateboard mold. This composite stack was then transferred to a radio-frequency press 
that used dielectric heating to cure the PVA resin. This heat was also sufficient to allow the thermoplastic 
panel to be molded to the shape of the skateboard. 

2.4 Simultaneous thermal analysis  
Simultaneous thermal analysis (STA) uses differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) to probe decomposition kinetics. Approximately 10 mg samples were 
cut from Thermoplastic Elium and Hexion epoxy test panel flash material. The instrument used was a 
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Labsys Evo TGA-DSC 1600C. The total enthalpy required for decomposition can be elucidated from this 
experiment. The heating protocol under nitrogen was as follows: heat from ambient temperature to 90 °C 
at 10 °C/min, hold at 90 °C for 30 min for controller stabilization, then heat to 800 °C at 10 °C/min. The 
gas was then switched to dry air (79% N2, 21% O2) to combust any residual material. 

2.5 Mechanical testing of injection molded samples 
A section of the same spar cap fabricated at the NWTC was used for a study of the feasibility of using 
regrind material for injection molded parts. A Foremost A2 granulator was used to grind the spar cap 
component. To grind the component down, it had to be cut into strips and then pre-cracked using a 
hammer and chisel to not jam the grinder. Fig. 3 shows the strips before being fed into the grinder (left) 
and the subsequent ground material (right). The composite was ground using a 3.5 standard mesh screen 
and then re-fed into the grinder with a 7 standard mesh screen to obtain a size suitable for injection 
molding.  

The material was then injection molded into ASTM type IV dog bones using a Morgan-Press G-55T 
injection molding machine with a barrel temperature of 245 °C (ASTM D 638, 1941). The ground 
material initially contained a fiber content that was too high to be effectively injection molded; therefore, 
a weight equivalent of the polymer precipitated from the dissolution experiment was added to the ground 
material. This mixture was still too viscous to be effectively molded, so an additional weight equivalent of 
Altuglas V920 PMMA was added to the mixture. This addition of preformed polymer allowed the 
material to be effectively injection molded into dog bones for tensile testing, as depicted in Fig. 4. Tensile 
testing of the dog bones fabricated from the ground material was conducted on an MTS 370.10 uniaxial 
servohydraulic load frame according to ASTM D 638. After tensile testing, the fiber volume fraction of 
the specimens was determined by dissolution to be 0.128 ± 0.005 (mass fraction of 0.221 ± 0.007). For 
comparison to other recycling techniques, the energy required for injection molding is estimated to be 19 
MJ/kg (Song et al., 2009). 

2.6 Dissolution of spar cap component 
A specimen was cut from the spar cap component using a diamond blade tile saw. The initial weight of 
the piece used for the dissolution experiment was 0.924 kg. The component was placed in a glass pan, 
immersed in chloroform, covered with aluminum foil, and allowed to soak for 48 h. After 48 h, the outer 
plies of fiberglass were able to be removed and rinsed (about 10 plies on either side), while most of the 50 
inner plies were still adhered and were unable to be pulled apart by hand. Therefore, the polymer-laden 
chloroform was removed from the pan and fresh chloroform was added to increase the chemical potential 
for dissolution of the polymer matrix from the composite to the solvent. After 24 h of further dissolution, 
the rest of the plies of the composite part were able to be separated. Prior to drying, the plies were further 
rinsed in fresh chloroform to remove any residual polymer. As such, the chloroform used for rinsing had 
only a dilute concentration of polymer. 

After dissolution, the polymer was precipitated from the chloroform into methanol. The polymer was 
dried on a foil sheet for 24 h and then under vacuum (78 kPa below atmospheric pressure) at 60 °C for an 
additional 12 h. Fig. 5 shows the polymer and glass fiber plies that were separated from the original 
composite part. The mass recovery of the fibers and polymer totaled 91% of the initial mass of the 
composite part. The mass loss is attributed to incomplete precipitation and manual removal of the 
polymer from the beaker. As such, it is assumed that the mass loss was completely polymer. In total, 4 L 
(5.96 kg) of chloroform was used to dissolve and rinse the polymer from the material. Of this, 2.44 kg (41 
wt%) was used in primary dissolution while 3.52 kg (59 wt%) was used for rinsing. Additionally, 8 L of 
methanol was needed for precipitation of the polymer out of solution. 
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2.6.1 Tensile testing of recovered glass fiber rovings 
Tensile properties of the recycled fibers from the dissolution experiment were determined by preparing 
rovings from the plies of recovered glass fiber with tabs using Loctite 401 and G10 epoxy tabbing 
material. Tabs were applied to virgin fibers from a roll of Johns Manville StarRov 086 in the same 
manner. Fig. 6 shows the seven specimens of each sample type prior to testing. All of the rovings were 
cut to the same length of 107 ± 1 mm and weighed. The gauge length on all samples was 31.5 ± 0.5 mm. 
The mass of the roving was used for normalization of the mechanical properties because the cross-
sectional area of the rovings could not be accurately measured. This is unusual for tensile testing because 
properties are typically normalized by the cross-sectional area. The force at break was normalized by the 
mass of the fibers as 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚/𝑚𝑚 where 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 (N/g) is the mass-normalized force, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 (N) is the 
maximum load borne by the specimen during the test, and 𝑚𝑚 (g) is the mass of the roving in the gauge 
region. The stiffness of the specimens was compared by calculating the mass-normalized load-
displacement curve as 𝛿𝛿 = 𝑑𝑑/𝑚𝑚 where 𝛿𝛿 (N/(mm g)) is the mass-normalized slope of the load-
displacement curve, 𝑑𝑑 (N/mm) is the slope of the load-displacement curve, and 𝑚𝑚 is again the mass of the 
specimen in the gauge region. Tensile testing was conducted on an MTS 370.10 uniaxial servohydraulic 
load frame at a crosshead rate of 0.5 mm/min. 

2.6.2 Thermogravimetric analysis of recovered fibers 
Thermogravimetric analysis (TGA) was conducted on fibers recovered from the dissolution experiment to 
quantify the amount of polymer remaining on the fibers after dissolution. Specimens of about 20 mg were 
heated under nitrogen from ambient temperature to 850 °C at a heating rate of 10 °C/min. At 800 °C, air 
was introduced as the flow gas to combust any residual material in the cell. 

3. Results and Discussion 
3.1 Simultaneous thermal analysis 
Typical plots of the heat flow as a function of temperature for both the Elium and epoxy systems are 
presented in Fig. 7 with their corresponding mass loss profiles and derivatives. Elium shows a clear 
endothermic peak where heat is flowing into the sample as the material pyrolyzes around 350 °C to 400 
°C. The epoxy sample shows a peak that yields a slight exotherm over the mass loss region; therefore, 
less heat is needed from the instrument to pyrolyze the material. Of particular interest is the heat required 
to decompose the material. To determine this, the heating due to the heat capacity of the material is not 
subtracted as it would be to obtain the heat of pyrolysis. In the case of the Elium system, this coincided 
with zero mass, but in the case of the epoxy system, around 10 wt% mass remained, which is a typical 
char content for epoxy resins (Liu et al., 1997; Rwei et al., 2003). The total heat of decomposition is 
calculated by integrating the heat flow from ambient temperature to the point that the mass loss profile 
derivative became zero (Hirschler, 1986; Beyler and Hirschler, 2016). This gives the total heat needed to 
decompose the material, which can then be normalized by the mass of the specimen. The total heat 
required to decompose the Elium sample is 1,080 J/g, while for the Hexion epoxy it is 243 J/g. That is, 
the epoxy requires 78% less energy for thermal decomposition.  

The mass loss profile for epoxy displays char left in the epoxy system after the primary decomposition. 
About 10% of the mass remains, even to 800 °C. The char is then combusted when air is introduced into 
the system. From a practical standpoint, this char may hinder recovery of fiberglass from epoxy matrix 
composites; the thermoplastic resin system may be advantageous for large-scale parts that are meant to be 
pyrolyzed. 
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Thermal decomposition of Elium resin is found to require 1.1 MJ/kgpolymer in this study. However, the heat 
capacity of the glass must be taken into account if the polymer matrix in the composite part is going to 
decompose, leaving only the glass. To heat the glass from 25 °C to 800 °C requires 0.81 MJ/kgglass (NIST 
Webbook, 2018a). Therefore, on a mass basis for decomposition of a composite with 30 wt% resin and 70 
wt% glass, the energy required is 1.0 MJ/kgcomposite. This is similar to the values for various types of 
biomass, which range from 0.8 to 1.6 MJ/kg (Daugaard and Brown, 2003).  

3.2 Injection molded samples: tensile properties 
The results of the tensile tests are presented in Fig. 8 with comparisons to virgin Altuglas V920 PMMA 
and also Altuglas V920 PMMA blended with StarStran glass fiber (Type 718) from Johns Manville 
fabricated in a previous study (Cousins et al., 2017). The values presented in Fig. 8 for the composite 
parts are normalized to a fiber volume fraction (FVF) of 0.22 as  

𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
0.22𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒

𝜙𝜙
  (1) 

where 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the normalized property (modulus or ultimate tensile strength), 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 is the experimentally 
determined property, and 𝜙𝜙 is the FVF in the part (U.S. Department of Defense, 2000). The FVF from the 
recycled dog bones was determined by dissolution of the polymer matrix, whereas the value for the virgin 
material was determined by TGA in the previous study to be 0.22. The recycled dog bones have an 
average mass fraction of 0.221 ± 0.007 that corresponds to an average volume fraction of 0.112 ± 0.005. 

When compared to the other fiber-reinforced plastic, the FVF normalized modulus of the recycled 
material is 12.1 GPa, which is 21% higher than that of the virgin Altuglas V920 reinforced with short 
glass fiber (StarStran 718 from Johns Manville). The FVF normalized ultimate tensile strength of the 
recycled material is 150 MPa, which is 79% higher than that of the virgin Altuglas V920 reinforced with 
short glass fiber. The higher FVF values of the recycled dog bones compared to those of the short fiber 
virgin material dog bones is most likely due to the fact that the fibers in the recycled specimens were 
longer (200 to 2,500 μm) compared to the fibers of the compounded specimens from the previous study 
(50 to 500 μm) as determined by optical microscopy. A melt compounded system has more homogeneous 
morphology, and stress is more evenly carried throughout the part; however, the shorter fiber length 
yields lower tensile properties. 

3.3 Thermoforming thermoplastic spar cap and test panels 
Fig. 9 shows a curved section of the thermoplastic spar cap that has been straightened by thermoforming. 
This component is now easier to plane into thinner sheets that can be used for construction. If these thick 
parts are planed into thinner sheets, discontinuous fibers will be made because it is impossible to cut 
precisely between fiber bundles. Therefore, non-critical applications for which these recycled materials 
could be employed include flooring, building siding, or recreational goods. Fig. 10 shows a prototypical 
skateboard deck constructed using thermoplastic test panels, which demonstrates the plausibility of using 
thin thermoplastic composite sheets for construction. 

3.4 Dissolution of spar cap component 
The separation of the composite into its constituent parts is one of the primary features that makes 
thermoplastic matrices for composites attractive. Chloroform and methanol are not inexpensive solvents, 
and need to be recycled for this process to be cost-effective. For this reason it is of interest to estimate the 
energy requirements needed to distill these two solvents. The chloroform-methanol system has a 
minimum boiling azeotrope at a composition of 67 mol% chloroform. This means that the composition 
cannot be distilled to a higher purity at this pressure. Because the azeotrope exists at different 
compositions at different pressures, however, pressure swing distillation may be used to effectively 
separate these two solvents. 
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Aspen Plus was used to simulate this distillation to estimate the energy requirements needed for 
separation. The process flow diagram is shown in Fig. 11. In the pressure swing distillation simulation, 
the mixture was distilled in two different columns: one at 1 atm and the other at 10 atm. The simulation 
used an input feed stream of 50 wt% chloroform/50 wt% methanol, which is close to the ratio used in the 
dissolution experiment. The UNIQUAC activity coefficient model was chosen as the phase equilibria 
equation of state because it accurately predicts thermophysical properties of polar/nonpolar mixtures 
(Wankat, 2012). The boiler duty for the columns and the electricity for the pump total 1.43 MJ/kgsolvent. 
This value is consistent with the heat-integrated pressure swing distillation energy requirments found by 
another study of 1.62 MJ/kgsolvent, although the feed composition of that study was 3.7:1 
chloroform:methanol by mass (Hosgor et al., 2014). Based on the ratio of the solvent to the estimated 
amount of polymer in the initial composite part from the dissolution experiment, the energy requirement 
for distillation is 87 MJ/kgpolymer. 

Another method for separation of the polymer matrix from chloroform is to evaporate and then 
recondense the solvent. The recovered chloroform can then be reused for dissolution. An additional 
simulation was conducted in Aspen Plus to determine the primary energy requirements for this process. 
For this simulation, PMMA was chosen as a surrogate for the acrylic-based Elium since these materials 
are in the same chemical family. While chloroform is the solvent used in this study, acetone is also a good 
solvent for PMMA; it is cheaper, more environmentally benign, and less hazardous to human health 
(Alder et al., 2016). Therefore, two sub-studies were carried out: (1) separate a stream of 19:1 
chloroform:PMMA by mass and (2) separate a stream 19:1 acetone:PMMA by mass. The 19:1 ratio is 
roughly the proportion of chloroform used to dissolve the Elium in this study. The temperature of the 
evaporator (Flash2 separator in Aspen Plus) was set to 200 °C. At this temperature, the equilibrium 
amount of PMMA left in the chloroform was 5 wt% and in the acetone, 2.3%. The evaporation simulation 
calculated that the energy required to conduct this separation was 6.6 MJ/kgpolymer for the chloroform 
solution and 15.3 MJ/kgpolymer for the acetone solution. Calculating the energy requirement from the 
enthalpy of vaporization yields 5.0 MJ/kgpolymer for chloroform and 10.2 MJ/kgpolymer for acetone; so the 
results seem plausible based on thermophysical material properties (NIST Webbook 2018b, 2018c). 

After sufficient evaporation, diffusional limitations will prevent transport of the solvent out of the 
polymer. Past this point, devolatilization extrusion is needed to further dry the polymer. Therefore, the 
energy required for this process must also be accounted for in the economic analysis. Specific energy 
consumption to run the motor of an extruder varies between 0.3 and 2.6 MJ/kg and depends on screw 
speed and design (Abeykoon et al., 2014). For the purpose of the analysis here, it is assumed that the 
extruder would require 2.6 MJ/kg. 

3.4.1 Tensile properties of recovered fiberglass rovings 
The physical properties determined from tensile testing rely on normalizing the force applied to the 
specimen by the linear density of the fibers rather than the cross-sectional area. The slope of the load-
displacement curve is determined between displacement values of 0.1 and 0.3 mm by least-squares linear 
regression. Fig. 12 depicts the tensile properties of the recovered fiber rovings compared to those of the 
virgin StarRov 086 rovings that are described by the equations given in 2.6.1 for mass-normalized force 
and mass-normalized load-displacement slope. The mass-normalized force at break is within the 
combined inter-quartile range of both sample types. The recycled fibers showed a 12% reduction in mass-
normalized load-displacement slope. The slight loss of stiffness may be due to several factors. Foremost 
is that during the dissolution and recovery process, the fibers were pulled apart from the composite by 
hand, during which misalignment or slight degradation may have occurred. The misalignment will 
manifest itself in lower stiffness, but once the fibers are pulled into alignment during the test, the final 
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force at break will be governed by the strength of the glass itself. Since the glass fibers were not heated 
during recovery, their properties remain uncompromised. It should be noted that the properties of fibers 
recovered from in-service composite parts will be diminished, but the recovery process itself does not 
incur any additional damage that compromises mechanical properties. 

3.4.2 Thermogravimetric analysis of recovered fibers from dissolution 
TGA was conducted to elucidate the efficacy of dissolution of the polymer matrix from the glass fibers. 
This technique allows determination of the amount of polymer left on the glass fibers. TGA showed a 1.9 
wt% mass loss from the total initial weight of the recovered fibers. Virgin StarRov 086-1200 has a sizing 
content of 0.6 wt%. Here, it is assumed that none of the sizing was dissolved because it is covalently 
bonded to the glass fibers. However, the sizing mass was lost during the TGA heating because the 
covalent bonds were broken during pyrolysis. Accordingly, the mass fraction of polymer left on the fibers 
is estimated to be 1.3 wt% of the total recovered fiber weight. Of the original 924 g composite part, it is 
estimated that 9 g of polymer is left on the recovered fibers. This represents 4 wt% of the original 204 g 
of polymer matrix. 

3.4.3 Economic analysis and recycling facility model 
To investigate the feasibility of thermoplastic Elium resin for large-scale composite production, it is 
important to consider the economic impact of recycling the composite materials. Therefore, an economic 
analysis was conducted that models the cost of operating a recycling facility. Table 1 shows the primary 
energy requirements from the various recycling processes investigated in this work. The primary energy 
consumption for grinding is determined from previous studies (Shuaib and Mativenga, 2016a, 2016b). 
The primary energy consumption values for all other processes are determined in this work. Note that the 
figures for dissolution have been corrected to a mass-of-composite basis. Although grinding and thermal 
decomposition have lower energy requirements, the investigation here focuses on dissolution coupled 
with evaporation of the solvent, which has not been significantly analyzed to date. It is assumed that the 
evaporative technique is used to separate the polymer and solvent after dissolution because it is much less 
energy-intensive than the solvent distillation process. 

Table 1 
Primary energy costs for various recycling methods for acrylic-based composites. 

Recycling process Primary Energy Consumption 
(MJ/kgcomposite) 

Grinding 0.29 
Thermal decomposition 1.0 

Dissolution/distillation/extrusion 20.0 
Dissolution/evaporation/extrusion 4.0 

 
Elium is an acrylic-based polymer, so for approximation, it is important to consider the energy required to 
manufacture PMMA—the most common thermoplastic acrylic polymer. PMMA is very energy-intensive 
to produce, with a primary production energy cost of 207.3 MJ/kg (Keoleian et al., 2000). In the same 
study, only aluminum was found to require more production energy (207.8 MJ/kg). Another study reports 
a primary energy required for manufacturing PMMA of 116 MJ/kg (Boustead, 2005). The energy 
intensity of its production causes PMMA to be a costly commodity polymer with a price of about 
$2.50/kg. The energy costs associated with PMMA production represent a valuable market opportunity 
for recycled materials. In this way, not only could turbine owners recuperate some of the capital costs of 
blade production, but the embedded energy of other acrylic products could be reduced by using recycled 
material. 
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Table 2 shows the parameters of an economic analysis conducted using the proposed model. This analysis 
assumes a 61.5 m blade length with a mass of 21,106 kg/blade. The primary equipment for the recycling 
facility are a vessel for dissolution and evaporation, condensers for solvent recapture, and a 
devolatilization extruder for removing residual solvent from the polymer after evaporation. This 
equipment capital cost is estimated at $3,000,000. This figure accounts for an extruder and post-
processing equipment, which are estimated at $1,000,000, and the dissolution vessel with associated 
condensers, which is estimated at $500,000. A contingency factor of 2 is then applied to cover tubing, 
pumps, and other minor equipment. Landfill, labor, electricity, and building costs were assumed to be the 
same as those for a wind turbine blade manufacturing facility estimated in a recent study (Murray et al., 
2018). It is assumed that the recycling facility can charge 60% of the landfill cost of the blade to the 
decommissioning service. 

A recovery rate of 90 wt% of the resin was chosen based on only 4 wt% of the polymer left adhered to the 
fibers from the dissolution experiment; most of the resin lost during the dissolution experiment was due to 
incomplete precipitation into methanol. Since this separation technique can be replaced by evaporation, it 
is assumed that polymer loss can be reduced to a value of no more than 10% loss (90% recovery). 
Recovery of glass fiber will be more complicated due to structural considerations of sandwich-type layup 
structures and large-scale cutting. Therefore, the recovery of fiberglass is estimated to be 50 wt%. The 
landfill cost is applied to unrecovered material. The maximum resale price for the recovered polymer is 
set to the market price of PMMA at $2.50/kg. The maximum resale price of the recovered fiberglass is set 
to the upper range of chopped E-glass fiber at $4.00/kg.  

Given this set of assumptions, the price knockdown (a fractional reduction from the maximum resale 
price) is varied from 0% to 100% for each material to generate the plot shown in Fig. 13. The bold 
contour represents the breakeven point for recycling a wind turbine blade. What this line suggests is that 
in the best-case scenario of full resale value of the polymer, the recovered fiberglass in the wind turbine 
blade needs to be sold at 7% of the price for chopped E-glass fiber, corresponding to $0.28/kg. The labor 
requirement is also shown to greatly affect the viability of recycling and, in fact, represents the most 
sensitive variable to the ultimate cost of running the facility at a value of $960/FTE/blade. 

The feasibility of recycling wind turbine blades based on a dissolution technique is also contingent on the 
quality of the materials recovered. If the materials have a large knockdown for resale, then the facility 
will not be feasible. It is plausible that the polymer recovered from the dissolution process could be sold 
with minimal knockdown because the polymer would not have been significantly degraded from a single 
extrusion process. However, retaining or creating value in the recovered glass fiber would be significantly 
more challenging. A potential application for these fibers is feedstock into polymer compounding 
machines. The state of the art for fiber compounding is to pull continuous fiber off of spools into the 
compounder in order to maintain maximum fiber length in the final product (Hawley and Jones, 2005). 
Rovings recovered from the recycled blades could be used in this manner, though they would likely need 
to be manually fed into a compounder.  

It is important to consider the implications that this recycling technique could have on carbon fiber 
composites. Carbon fiber is a few times more expensive than glass fiber with prices ranging from 11 to 25 
$/kg (Baker and Rials, 2013). Carbon fiber reinforced thermoplastics can incur significant economic 
benefit to the supply chain since carbon fiber is 3 to 6 times more expensive. The review of Oliveux et al. 
documents 46 studies conducted examining solvolysis and most of these are directed toward carbon fiber 
recovery (Oliveux et al., 2015). However, none of these studies exploit room-temperature dissolution of 
thermoplastic composites, as is presented here. Dissolution is simpler and can be carried out at much 
lower temperatures than solvolysis, thereby facilitating economical material recovery. 
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Table 2   

Thermoplastic blade recycling facility inputs and cost summary. 

Recycling costs 
Process or input value Quantity Units 

Dissolution energy requirements  15.3 MJ/kg of resin 
Devolatilization energy requirement 2.6 MJ/kg of resin 
Resin mass in blade 5,322 kg/blade 
Cost of energy  0.079 $/kWh 
Total cost for dissolution & processing 2,123 $/blade 

 

Cost of operating facility 
Process or input value Quantity Units 

Equipment capital cost 3,000,000 $ 
Equipment installation cost 10 % of capital cost 

Equipment maintenance costs 10 % of capital cost over lifetime of 
equipment 

Equipment life (number of cycles) 2,000 cycles (or blades) 
Average downtime 10 % 
Building floor space 1,500 m2 
Building cost 1,200,000 $ 
Non-process electricity 228,690 kWh 
General laborers 10 FTE 
Unskilled direct wages 20 $/h 
Runtime for one blade (cycle time) 48 h 
Total cost to operate facility  11,767 $/blade 

 
Material resale value 

Process or input value Quantity Units 
Market price of PMMA 2.5 $/kg 
Percent resin recovered  90 % 
Market price of fiberglass  4 $/kg 
Fiberglass per blade 12,077 kg/blade 
Percent recovered fiberglass 50 % 
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4. Conclusions 
Table 3 lists the advantages and disadvantages of the recycling techniques investigated in this study. 
Pyrolysis experiments show that relatively little energy is required to decompose the polymer matrix from 
composites when compared to other recovery techniques; however, the loss of the high-embedded-energy 
polymer is a disadvantage of this recovery option. This work tabulates the properties of short-fiber-
reinforced dog bone specimens fabricated from regrind material obtained from a prototypical 
thermoplastic wind turbine blade spar cap. While mechanical grinding and pyrolysis are mature recycling 
methods, the thermoplastic resin has the potential advantage over its common thermoset counterparts 
because the resin can be recovered from a dissolution process. Glass fiber rovings recovered from a 
composite part separated by dissolution are shown to have equal tensile strength and only 12% reduced 
stiffness compared to rovings from virgin samples of the same material. This retention of mechanical 
properties demonstrates advantage over the pyrolysis process where the mechanical properties of glass 
fiber are diminished. A section of the prototypical thermoplastic spar cap was straightened by 
thermoforming. This unique property of thermoplastic composites would allow wind turbine blades to be 
down-cycled into other products such as skateboards, as is presented here. 

Table 3 
Advantages and disadvantages for potential thermoplastic composite recycling methods. 

Recycling process Advantage Disadvantage 
Grinding • Simple 

• mature technology 
• Fiber length reduction 

Pyrolysis • Fiber length maintenance 
• mature technology 

• Fiber mechanical property 
degradation 

• Lose polymer matrix 

Dissolution/ 
distillation/extrusion 

• Fiber length & mechanical 
property maintenance 

• Recover polymer matrix 

• Expensive to separate solvents 
• Volatile solvent required 

Dissolution/ 
evaporation/ extrusion 

• Fiber length & mechanical 
property maintenance 

• Recover polymer matrix 

• Volatile solvent required 

 

An economic analysis indicates that recovery of constituent materials from a thermoplastic composite part 
can be economically feasible when they can displace virgin materials in the supply chain. This feasibility 
is contingent on reducing labor costs, obtaining a minimal knockdown on the polymer, and maximizing 
the glass fiber resale. The economic feasibility of this process will increase by 3 to 6 times for carbon 
fiber composites. 
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Fig. 2. Elium spar cap component after de-molding. 

Fig. 1. Elium spar cap component fabricated at the National Wind Technology Center. 
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Fig. 3. Strips of spar cap component (left) and subsequent ground composite material passed through a 3.5 standard mesh 
screen (foil pan) and a 7 standard mesh screen (round bucket). 

Fig. 4. Dog bones fabricated for tensile testing of the regrind material. 
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Fig. 5. Thermoplastic Elium composite (top) can be separated into fibers (left) and the polymer resin (right) by 
dissolution. This separation and recovery is not possible with thermoset composites. 
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Fig. 6. Fiber roving specimens for tensile testing from the dissolution experiment (left) and 
from a roll of virgin Johns Manville StarRov 086 (right).  
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Fig. 7. Measurements from simultaneous thermal analysis (combined DSC and TGA). (a) Heat flow as a 
function of temperature for Elium (black) and epoxy (red). (b) Mass loss profiles and mass loss derivative of 
Elium (black) and epoxy (red) as a function of temperature. 

(a) 

(b) 
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Fig. 8. Tensile modulus (top) and tensile strength (bottom) of PMMA blended with recyclate (vPMMA + 
Recyclate) compared to virgin PMMA (vPMMA) and virgin PMMA plus chopped fibers (vPMMA + 
Fibers). Error bars represent standard deviations. All values have been normalized to a fiber volume 
fraction of 0.22 according to Eq. (1). The center point (○) represents the mean, the center line the median, 
the box is the inter-quartile range, the whiskers are 1.5 times the standard deviation, and outliers are 
represented by closed circles (●). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.



25 
 

 
 

 

  

 

 

 

120°C, 8 h 

Fig. 9. A section of the prototypical thermoplastic spar cap that has been 
thermoformed into a straight shape. In this way, the material can be planed into 
strips that have maximum fiber continuity. 
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Fig. 11. Process flow diagram for pressure swing distillation of a chloroform/methanol mixture. 

Fig. 10. A prototypical skateboard fabricated in part by thermoforming an Elium/ glass fiber test 
panel as reinforcement. 
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Fig. 12. Mass normalized tensile properties of glass fiber rovings recovered from dissolution of the thermoplastic part 
compared to those of virgin JM 086 StarRov fibers. (a) Mass-normalized force at break, σmax. (b) Mass-normalized 
slope of the load-displacement curve, δ. The center point (○) represents the mean, the center line the median, the box is 
the inter-quartile range, and the whiskers are 1.5 times the standard deviation. 

(a) 

(b) 
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Fig. 13. Cost per wind turbine blade for variation in the knockdown rate of fibers and resin given the 
figures in Table 2. The bold line ($0) represents the break-even point for the recycling operation. 
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