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Introduction

The use of carbon fibers has widely increased in a number of applications such as aerospace, wind energy, automotive, sporting goods, and other industrial fields, due to their excellent characteristics like high mechanical properties, low weight, high corrosion resistance, temperature tolerance, and low thermal expansion [START_REF] Wang | Carbon fibers modified with silicone peroxide containing vinyl groups for silicone rubber reinforcement[END_REF][START_REF] Ma | Effects of surface methods treating methods of high-strength carbon fibers on interfacial properties of epoxy resin matrix composite[END_REF]Industry Experts 2013). Despite the high price of carbon fiber, Responsible editor: Shabbir Gheewala the global demand is expected to grow from 46,000 t in 2011 to 140,000 t in 2020 [START_REF] Roberts | The Carbon Fibre Industry Worldwide 2011-2020: an evaluation of current markets and future supply and demand[END_REF].

More than 97% of carbon fiber produced is processed into composite materials, such as carbon fiber-reinforced polymers (CFRPs) [START_REF] Jahn | Composites Market Report[END_REF]). These composites have acquired great importance in major industrial sectors, mainly in the aerospace and automotive industry. For example, in the aircraft industry, the new Boeing 787 and Airbus A350 have up to 50% of their weight in CFRP. Consequently, an increasing amount of CFRP waste is also generated. The sources of waste include out-of-date pre-pregs, manufacturing cutoffs, testing materials, production tools, and end-of-life (EoL) components [START_REF] Pimenta | Recycling carbon fibre reinforced polymers for structural applications: technology review and market outlook[END_REF]. As composite materials are very difficult to fractionate into elemental components, the waste has been mainly disposed in landfills or incinerated [START_REF] Morin | Near and supercritical solvolysis of carbon fibre reinforced polymers (CFRPs) for recycling carbon fibers as a valuable resource: state of the art[END_REF]). However, these techniques have became strictly regulated by the environmental legislations. In Europe, waste directives have limited landfill disposal and imposed that 95% of average weight of end-of-life vehicles manufactured after January 2015 must be recycled (EU 2000/53/EC).

The economic and environmental factors have motivated the development of recycling technologies, including mechanical recycling (shredding, crushing, milling), chemical process (solvent, catalyst, or supercritical fluids), and thermal process (pyrolysis, oxidation, steam thermolysis) [START_REF] Morin | Near and supercritical solvolysis of carbon fibre reinforced polymers (CFRPs) for recycling carbon fibers as a valuable resource: state of the art[END_REF][START_REF] Oliveux | Current status of recycling of fibre reinforced polymers: review of technologies, reuse and resulting properties[END_REF][START_REF] Sun | Recycling of carbon fibers from fiber reinforced polymer using electrochemical method[END_REF]. The aim is to recover the carbon fibers, as close as possible to their initial state, in order to envisage a reuse in other applications.

Mechanical recycling involves comminution techniques to reduce the size of the composite waste into granulated fractions [START_REF] Pickering | Recycling technologies for thermoset composite materials-current status[END_REF]). This process does not recover individual fibers, and the mechanical properties of the recycled fibers are significantly affected. On the other hand, the chemical process (solvolysis) provides very high retention of fiber length and mechanical properties, as well as a high potential for material recovery from polymer matrix (resin) [START_REF] Pimenta | Recycling carbon fibre reinforced polymers for structural applications: technology review and market outlook[END_REF][START_REF] Morin | Near and supercritical solvolysis of carbon fibre reinforced polymers (CFRPs) for recycling carbon fibers as a valuable resource: state of the art[END_REF]. However, hazardous solvents for the environment are generally used, and under supercritical conditions, high pressures are required [START_REF] Liu | Recycling of carbon/epoxy composites[END_REF][START_REF] Pinero-Hernanz | Chemical recycling of carbon fibre composites in nearcritical and supercritical water[END_REF].

The thermal recycling by pyrolysis is already used industrially. Pyrolysis consists of a thermal degradation of the resin in the absence of oxygen, at atmospheric pressure and temperatures between 450 and 750 °C. The matrix (resin) degradation produces an oil, gas, and a carbonaceous residue (char). The char formation on the carbon fiber surface is a situation that should be avoided, since the fibers must be free of residues to be reused in the formulation of new composites. Thus, the pyrolysis is generally combined with a post-oxidizing treatment in the presence of air (oxygen) to obtain clean fibers (without residual char). Nonetheless, high temperature and highly oxidizing atmosphere lead to a higher degradation of the carbon fibers [START_REF] Yang | Recycling of composites materials[END_REF][START_REF] Oliveux | Current status of recycling of fibre reinforced polymers: review of technologies, reuse and resulting properties[END_REF].

The steam thermolysis process has been developed in the RAPSODEE Laboratory, Albi, France. This process uses superheated steam, as an oxidant medium, under pyrolysis conditions to decompose the polymer matrix of the composite and reclaim the carbon fibers. The matrix degradation produces oil and gases, as well as in the pyrolysis process. The presence of steam as a soft oxidant produces a less oxidizing atmosphere than the thermal processes in the presence of air, leading to greater degradation of the resin and the removal of residual char on the fiber surface without an extensive reduction of mechanical properties of the remaining carbon fibers. The carbon fibers recovered from the optimized steam thermolysis process present a resin-free and uniform surface and retain over 80% of their original tensile strength [START_REF] Ye | Parameter optimization of the steam thermolysis: a process to recover carbon fibers from polymer-matrix composites[END_REF][START_REF] Nunes | Carbon fiber reinforced composites: recovery of carbon fiber by steam-thermolysis, optimization of the process[END_REF].

Another reason for the increase in research and development of recycling technologies is the price of carbon fiber, a high-value-added material (cost over US$30 per kg), which reflects the high energy consumption in their manufacturing [START_REF] Baker | Recent advances in low-cost carbon fiber manufacture from lignin[END_REF]. The recycling of carbon fibers from CFRP waste contributes to the sustainability and sustainable development of industrial processes, as well as leads to resource and energy savings for their production [START_REF] Yang | Recycling of composites materials[END_REF]. However, while the recycling processes allow such benefits, an assessment of their environmental performance is still needed. Recycling is considered environmentally appropriate when the environmental impacts of the process are smaller than the impacts generated by alternative disposal practices (landfills, incineration) and virgin material production [START_REF] Witik | Carbon fibre reinforced composite waste: an environmental assessment of recycling, energy recovery and landfilling[END_REF].

Life cycle assessment (LCA) is an environmental management tool used to assess the environmental impacts associated with a product, process, or service throughout its entire life cycle, from raw material extraction to the final disposal (SETAC 1993;Georgakellos 2002). Several studies have been developed in order to evaluate the environmental impacts from recycling of different types of waste, like e-waste, plastics, wood waste, and composites [START_REF] Menikpura | Assessing the climate cobenefits from waste electrical and electronic equipment (WEEE) recycling in Japan[END_REF][START_REF] Arena | Life cycle assessment of a plastic packaging recycling system[END_REF][START_REF] Kim | Analysis of the global warming potential for wood waste recycling systems[END_REF][START_REF] Witik | Carbon fibre reinforced composite waste: an environmental assessment of recycling, energy recovery and landfilling[END_REF]).

In the case of composite waste, specifically the recycling of CFRP, some studies employing LCA methodology were performed. For the mechanical recycling of carbon fiber composite, [START_REF] Howarth | Energy intensity and environmental analysis of mechanical recycling of carbon fibre composite[END_REF] propose a model to estimate the energy demand in mechanical recycling by a milling process and therefore provide new data set for a further LCA. [START_REF] Li | Environmental and financial performance of mechanical recycling of carbon fibre reinforced polymers and comparison with conventional disposal routes[END_REF] conducted a life cycle cost (LCC) and a LCA research in order to evaluate financial and environmental performance of mechanical recycling of carbon fiber-reinforced polymers, comparing with landfill and incineration in a UK context. In that work, the treatment by mechanical recycling produced the lowest global warming impact compared with the other disposal methods. However, mechanical recycling presented high costs and low rate of carbon fiber recovering. [START_REF] Pinçaud | Environmental feasibility of the recycling of carbon fibers from CFRPs by solvolysis using supercritical water[END_REF] evaluated the environmental impacts of the chemical recycling of carbon fiber/epoxy composite by solvolysis under supercritical water. In that case, the recycling process provides an average reduction of approximately 80% for all impact categories compared to disposal via landfill. [START_REF] Witik | Carbon fibre reinforced composite waste: an environmental assessment of recycling, energy recovery and landfilling[END_REF] carried out a study to compare the environmental viability of recycling by pyrolysis against incineration and landfill disposal, including an assessment of how reused materials may change the environmental impacts. The data of the pyrolysis recycling process were based on commercially technical specifications and literature.

In the present work, a LCA was performed to assess the environmental impacts of the recycling of carbon fiber from CFRP waste by steam thermolysis process, identifying the sources of impacts of this process conducted in France. This recycling process was compared with the French classic disposal scenario, 50% landfill and 50% incineration, in order to position the steam thermolysis process from an environmental point of view against a classic disposal scenario.

Methodology

The methodology of LCA is structured by ISO series 14040 standards and consists of four steps: goal and scope definition, inventory analysis, impact assessment, and interpretation (ISO 2006).

Goal and scope definition

The goal of this study is to compare the steam thermolysis recycling process with the French classic disposal scenario by using two life cycles of a CFRP composite in two different scenarios: one of them without recycling with an end of life of 50% disposing in landfill and 50% in incineration and the other one with recycling carbon fibers by steam thermolysis process.

Functional unit

The functional unit set for this study is 2 kg of composite (1 kg of long fiber composite and 1 kg of short fiber composite) to compare the scenario with the steam thermolysis recycling process with the other scenario without recycling. To attend the objective of this LCA (comparison of two different waste management scenarios), a mass-based functional unit is chosen rather than selecting a specific composite product. For this reason, in the two scenarios, it is assumed that the composites have the same application.

It is estimated that the two facilities associated with the recycling process (the steam thermolysis reactor and the cutting machine used to cut the composite waste) has a lifespan of 10 years. It is also considered that the steam thermolysis reactor has a treatment capacity of about 3000 kg of composites over 10 years.

System boundaries

Figure 1 shows the life cycle stages and the system boundaries of CFRP composite for the two scenarios covered in this study. The scenario without recycling is composed of two life cycles in parallel, one in long fiber composite and the other in short fiber composite. Thus, it can be compared with that of recycling. In fact, in the steam thermolysis recycling process, the recovered carbon fibers are necessarily reduced in length. Their use in a new composite formulation requires the implementation of an adapted process to the size of these short fibers (Fig. 1). It is also imperative that both scenarios follow the same functional unit, i.e., 2 kg of composite (1 kg of long fiber composite and 1 kg of short fiber composite).

In the scenario without recycling, both identified parallel cycles take place in the same way (Fig. 1a: cycle 1 and cycle 2). The new carbon fibers (long and short) are combined with the resin polyamide 6 (PA6) to produce 1 kg of composite in each cycle, i.e., 2 kg in total. The only difference between these two parallel cycles is the composite manufacturing process, which is appropriate to each type of starting fiber. The pultrusion manufacturing process is used to produce long fiber composites, and the injection manufacturing process is well adapted for the production of short fiber composites (Fig. 1). Then, once the composite material is produced, it goes on to the distribution and use phase, and after that, it is sent to end of life (50% landfill and 50% incineration).

In the case with recycling by steam thermolysis (Fig. 1b), after the first use phase, the composite waste (1 kg) is transported to the treatment site, where it is cut using a water jet machine, in order to fit in the steam thermolysis reactor. At the end of recycling process, short carbon fibers are recovered to reproduce again 1 kg of composite material. Finally, after the second use phase, the short fiber composite is disposed in landfill and incineration. It is assumed that the recycling of the carbon fibers takes place only once.

It is also considered that the two composites have, respectively, the same use in both scenarios: 1 kg long fiber composite (use 1) and 1 kg short fiber composite (use 2), as shown in Fig. 1.

This methodology of comparing two parallel cycles in the scenario without recycling with the other of the recycling process enables avoiding the allocation issue of the recycling stage.

As mentioned above, the steam thermolysis process has been developed in France. Thus, this LCA study aims to evaluate waste treatment within the geographical boundaries of France.

Inventory analysis

The life cycle inventory (LCI) is the collection and calculation data of material, energy, and emission flows of a product system (ISO 1998). The inventory input and output flow analysis is established on the elementary processes for the different phases of the two systems considered in the study. In this work, it can be identified the manufacturing phase, the distribution and use phase, the recycling phase, and the end-of-life phase. In our case, the distribution and use phase is not included in the inventory analysis. In fact, as previously mentioned, it is assumed that the two composites have, respectively, the same use, and therefore, the impacts of this phase are the same in both scenarios.

The life cycle assessment was performed considering as product a thermoplastic composite of carbon fiber and polyamide 6 resin (carbon fiber/PA6). All inventory data related to the steam thermolysis process were experimentally determined by tests conducted at the pilot scale.

The optimized steam thermolysis process leads to a degradation rate of the resin higher than 99%. The recovered carbon fibers present a resin-free uniform surface and retain over 80% of their original tensile strength. The mechanical tensile properties of the composite made with recycled fibers from the steam thermolysis (breaking strength 136 MPa, elastic modulus 8.4 GPa) are close to those of the composite made with virgin fibers (breaking strength 141 MPa, elastic modulus 8.9 GPa) [START_REF] Boulanghien | Using steam thermolysis to recycle carbon fibres from composite waste[END_REF][START_REF] Nunes | Carbon fiber reinforced composites: recovery of carbon fiber by steam-thermolysis, optimization of the process[END_REF]. In addition, the microstructure of both recovered carbon fibers and virgin ones was subject to analysis in environmental scanning electron microscopy (ESEM). Elemental analysis (CHNS) was also conducted to determine the exact composition of carbon fibers. The ESEN images show that carbon fiber surface recovered by steam thermolysis appeared to be resin-free and virtually undamaged (Fig. 2). The elemental analysis indicates that the composition of the recycled carbon fibers (N 3.23%, C 93.19%, H 0.09%, S 0.01%) is also close to the virgin carbon fibers (N 2.57%, C 95.69%, H 0%, S 0%). As the consequence of an oxidation under superheated steam condition, a minor reduction in the carbon weight fraction of the recycled carbon fibers is observed [START_REF] Ye | Characterisation of carbon fibres reclaimed from steam-thermal treatment[END_REF][START_REF] Ye | Parameter optimization of the steam thermolysis: a process to recover carbon fibers from polymer-matrix composites[END_REF][START_REF] Nunes | Carbon fiber reinforced composites: recovery of carbon fiber by steam-thermolysis, optimization of the process[END_REF].

The carbon fibers recovered by steam thermolysis have a reduced length (50 mm), limited primarily by the reactor size. However, many applications require the use of short cut fibers, i.e., finite length fibers. The stiffness of staple fiber composites is lower than that of the unidirectional composites. Nevertheless, the staple fiber composites can be shaped more easily, mainly using injection molding process, especially where rapid production of complex geometry parts is required, such as in the automobile sector for primary structures and internal parts of vehicle [START_REF] Ogi | Temperature dependence of electrical resistance in carbon fiber and carbon fiber composites[END_REF][START_REF] Boulanghien | Formulations de composites thermoplastiques à partir de fibres de carbone recyclées par vapo-thermolyse[END_REF].

Manufacturing phase

The manufacturing phase takes into account the different manufacturing processes of raw materials (polyacrylonitrile, It is worth to remind that the functional unit is 2 kg of composite divided in 1 kg of long fiber composite and 1 kg of short fiber composite. The chosen composite consists of 55% by weight of carbon fiber and 45% by weight of resin (PA6). It is assumed that the carbon fibers and composites are manufactured on the industry partner site located in Pau, France. The fibers of polyacrylonitrile (PAN) are used as raw material for the manufacture of carbon fibers. According to [START_REF] Griffing | Carbon fibre HS from PAN. Chemical Life Cycle Database[END_REF], 1.82 kg of PAN is required to produce 1 kg of carbon fiber. As reported in literature by [START_REF] Song | Life cycle energy analysis of fiber-reinforced composites[END_REF] and by the industrial partner, the energy employed in the production of carbon fibers is about 286 MJ kg -1 .

Once the manufacture of the carbon fiber is completed, the resin is added to shape the composite. The PA6 resin is furnished by an industry located in Indiana, USA. It is therefore also necessary to consider the transport (ship and lorry) to the site of Pau, France, where the composite is manufactured. Two different composite manufacturing processes are used depending on the size of the fibers. As previously mentioned, the pultrusion is appropriated for long fiber (> 50 mm) composites, and the injection process is well known to be more suited for short and mid-long fiber composites [START_REF] Boulanghien | Formulations de composites thermoplastiques à partir de fibres de carbone recyclées par vapo-thermolyse[END_REF]. Table 1 shows the inventory of fiber production, composite manufacturing, and the assumptions related to the transport stage of this phase.

Recycling phase

The recycling phase is divided into two parts: cutting of composites and the steam thermolysis process. The cutting is necessary to reduce the size of composite waste in order to facilitate the feeding process and the efficacy of the steam thermolysis treatment. In this study, this task is performed by a water jet cutting machine, the Byjet Pro 3015.

The Byjet Pro 3015 is a robust machine (9850 kg), used mainly for machining materials in large scale. However, this work is based on a pilot scale, where the steam thermolysis reactor has a treatment capacity of only 1 kg per day. Therefore, it is assumed that only part of the machine working time is dedicated to cutting the composite wastes under investigation in this study.

It was assumed that the machine, which has a dimension of 300 × 150 × 23 cm and a maximum cutting capacity of 50 m min -1 , operates 300 days per year and 8 h per day, i.e., a total working time of 24,000 h for the whole lifespan. It should be remembered that the cutting machine and the steam thermolysis reactor have a lifespan of 10 years, and it is envisaged to treat 3000 kg of composite waste by steam thermolysis over 10 years. The use percentage of the machine is calculated based on the desired size of composite parts (5 × 5 × 0.028 cm). Thus, a cutting rate of 20 m min -1 was estimated and considered to be suitable for cutting 1 kg of c o m p o s i t e w a s t e , i . e . , a b o u t 6 6 6 . 6 7 c m 3 (ρ composite = 1.5 g cm -3 ). The machine working time dedicated only to cutting the composite wastes is calculated about 231 h. Therefore, the use percentage of the cutting machine is about 0.96%.

The raw materials needed for the construction of the cutting machine (steel, aluminum, copper), as well as the water and energy used to cut the composites, are amortized over a period of 10 years, also considering the percentage of use. The inventory of this step is shown in Table 2. In collaboration with the industrial partner, the transport distance between the composite waste disposal site and the recycling facility, where the cutting machine and the steam thermolysis reactor are placed, is estimated at about 600 km. It is planned to collect the composite waste in a collection center in the city of Marseille and to transport them to the recycling site located in Brevans, France.

Thereafter, the steam thermolysis process takes place. The sized composite wastes are introduced into the reactor under an inert atmosphere (nitrogen) and in the presence of steam, where they are kept at the ideal temperature needed to achieve the resin degradation. The amounts of nitrogen and water are determined on the optimal conditions established by pilotscale tests. During the steam thermolysis, the following outputs are produced: a solid phase, which consists of the recovered carbon fibers, and a gas phase, consisting of a condensable fraction (oil) and a non-condensable fraction. The amount of each output flow is calculated based on the material balance performed for the process from experiments conducted in the steam thermolysis pilot reactor. Table 3 shows the inventory of steam thermolysis process. The materials used for the construction of the steam thermolysis reactor, such as steel, aluminum, and rock wool, are also considered in this inventory.

According to the characterization of the gases by gas chromatography, the non-condensable gases, produced by the resin degradation, consist primarily of hydrocarbons, carbon dioxide (CO 2 ), and carbon monoxide (CO). It is considered that these gases then pass through a combustion gas boiler and are released into the atmosphere as carbon dioxide. The energy released by the combustion of these gases can be used to produce heat energy [START_REF] Gustafsson | Pyrolysis for heat production-biochar the primary byproduct[END_REF][START_REF] Honus | Replacing conventional fuels in USA, Europe, and UK with plastic pyrolysis gasespart I: experiments and graphical interchangeability methods[END_REF]). The amount of CO 2 produced from the combustion reaction and the heat of reaction generated for each gas are shown in Table 4. The treatment of 1 kg of composite by steam thermolysis generates about 0.76 kWh of energy (Table 4). In addition, for the condensable fraction, the oil obtained can be used as fuel [START_REF] Devaraj | Experimental investigation of performance, emission and combustion characteristics of waste plastic pyrolysis oil blended with diethyl ether used as fuel for diesel engine[END_REF][START_REF] Krutof | Blends of pyrolysis oil, petroleum, and other bio-based fuels: a review[END_REF]. Therefore, in this LCA, this oil is considered as avoided impacts.

End-of-life phase

It should be recalled that the scenario without recycling consists of two parallel cycles: one in long fiber composite (1 kg) and another (1 kg) in short fiber composite. The composite wastes (2 kg) are directly sent to end of life after used, as shown in Fig. 1a. On the other hand, in the recycling scenario, the first step of end of life is avoided by the introduction of the recycling stage. Finally, only the composite made with the recovered carbon fibers are sent to end of life, that means, 1 kg (Fig. 1b).

As mentioned above, the geographical boundaries of this LCA study were defined within France, since the steam thermolysis process has been developed in this country.

According to ORDIMIP (The Regional Observatory of Industrial Waste of Midi-Pyrénées, France), until now, there are no specific regulations for waste composites in France and general waste regulations have been applied. Recycling of composite materials is not yet an industrial reality. Nevertheless, the recovery routes are known and have been researched and developed (ORDIMIP 2017).

In addition, the overall composition of household waste has not changed fundamentally in 15 years. In 2007, the distribution among the different materials is quite close to that of 1993. The main categories are putrescible waste (32.2%), paper/cardboard (21.5%), glass (12.7%), plastics (11.2%), textiles (10.6%, including sanitary textiles), metals (3%), and different composite materials or unclassified (8.9%) (ADEME 2014).

Therefore, the end-of-life scenario assumed is representative of the current average end-of-life household waste in France, which is about 50% landfill and 50% incineration (ADEME 2012). It is also assumed an average distance of 100 km to final disposal site [START_REF] Witik | Carbon fibre reinforced composite waste: an environmental assessment of recycling, energy recovery and landfilling[END_REF]).

Impact assessment

The LCIA is carried out using the SimaPro software and the Ecoinvent 3 database with the implementation, in a first moment, of the CML-IA baseline method. This LCIA method is a result of the work undertaken by different scientists in the Center of Environmental Science of Leiden University [START_REF] Guinee | Handbook on life cycle assessment operational guide to the ISO standards[END_REF]. The CML-IA baseline LCIA method is a midpoint approach, linking all stages of life cycle inventory via 11 impact categories: depletion of abiotic resources (mineralskg Sb eq and fossil fuels-MJ), global warming (kg CO 2 eq), ozone layer depletion (kg CFC-11 eq), human toxicity (kg 1,4-DB eq), freshwater aquatic ecotoxicity (kg 1,4-DB eq), marine ecotoxicity (kg 1,4-DB eq), terrestrial ecotoxicity (kg 1,4-DB eq), photochemical oxidation (kg C 2 H 4 eq), acidification (kg SO 2 eq), and eutrophication (kg PO 4 eq).

In order to verify the robustness of results obtained using the baseline CML-IA method, another life cycle impact assessment method, the ILCD 2011 midpoint, was used. The ILCD 2011 midpoint LCIA method, which proposes 16 midpoint impact categories, was developed by the European Commission (EC-JRC-IES 2011). After analyzing different impact assessment methods and from a first pre-selection of existing methods and criteria definition, the European Commission established a new list of recommended methods for each impact category [START_REF] Pré | PRé Consultants. SimaPro Database Manual -Methods Library[END_REF]. The impact categories of this method are climate change (kg CO 2 eq), ozone depletion (kg CFC-11 eq), human toxicity cancer and non-cancer effects (CTUh), particulate matter (kg PM 2.5 eq), ionizing radiation HH (kBq U235 eq), ionizing radiation E (CTUe), photochemical ozone formation (kg NMVOC eq), acidification (molc H + eq), terrestrial eutrophication (molc N eq), freshwater b Glass jacketed reactor used to condense the outgoing gas eutrophication (kg P eq), marine eutrophication (kg N eq), freshwater ecotoxicity (CTUe), land use (kg C deficit), water resource depletion (m 3 water eq), and mineral, fossil, and renewable resource depletion (kg SB eq).

3 Results and discussion

3.1 Environmental impact assessment using CML-IA baseline LCIA method

The life cycle assessment for 2 kg of composite is evaluated for both scenarios. Figure 3 shows the comparison between the scenario without recycling and with recycling, considering all life cycle phases, using the CML-IA baseline LCIA method.

The impact assessment shows that the scenario with recycling is less impactful on the environment in eight impact categories (Fig. 3). In fact, for the other three categories (depletion of abiotic resources, human toxicity, and marine ecotoxicity), the difference of impacts between the scenarios with and without recycling is not significant enough to conclude (less than 20%). In a LCA, the differences below 20% are not sufficient to conclude with certainty because it is always necessary to consider the uncertainties of the input data and impact assessment methods. However, overall, the scenario with recycling is less harmful to the environment, decreasing on average about 25% of impacts (Fig. 3). It reduces the inputs and outputs of virgin carbon fiber manufacturing process.

In order to explore the impact sources for each scenario, a series of analyses are performed on the manufacturing and recycling life cycle phases. Figure 4 shows that during the manufacture of the new composite, it is the production of carbon fibers that most contributes to all environmental impact categories, except to abiotic depletion. The impacts of carbon fiber manufacturing are primarily related to energy consumption, followed by the impacts of the raw materials (Fig. 4). The carbon fiber manufacturing takes place twice for the scenario without recycling, which can explain the higher impacts in 8 out of 11 categories (Fig. 3) compared to the scenario with recycling where carbon fiber manufacturing takes place just one time.

Considering now the scenario with recycling, as described previously, there is also the recycling phase (Fig. 1b), which includes the transport of the composite waste to the recycling site, the cutting of these composites, and the steam thermolysis process with the outgoing gas and oil produced during the treatment. As it is observed in Fig. 5, the cutting of composite and the steam thermolysis are the steps responsible for the majority of environmental impacts in all categories. These two elementary processes were then analyzed separately (Figs. 6 and7) to better understand the origin of these impacts.

According to Figs. 6 and 7, the impact assessment shows that the energy required to the recycle phase is a major source of potential impacts on the environment. However, this energy represents only 45% of that used in the manufacturing of virgin carbon fibers, as shown in Fig. 11 by an energy balance for electricity throughout the life cycle phases for both scenarios under study. It also observed in Figs. 6 and 7 that for all categories, water has no significant potential impacts compared with the nitrogen and energy used. In the steam thermolysis process, the outgoing gas, which is converted into CO 2 by combustion, causes little impacts to global warming, only about 10% of the total of kg CO 2 eq, as seen in Fig. 7.

However, the cutting machine and the steam thermolysis reactor are an important source of impacts, mainly for the and7). These impacts are due to the materials used in their construction (cooper, steel, aluminum, etc.). Copper and steel are the most impactful materials for the abiotic depletion, human toxicity, and eutrophication, whereas aluminum is the main responsible for the impacts in marine ecotoxicity. In fact, these impacts occur during the production of these materials.

On the other hand, all data collected in the inventory for the virgin carbon fibers and composites do not consider any materials for the construction of the machines used in their manufacturing process. Therefore, a new comparison between the scenarios with and without recycling was performed, as shown in Fig. 8. This time, the materials for the construction of the cutting machine and the steam thermolysis reactor are not considered. Subtracting the materials used for the construction of cutting machine and the steam thermolysis reactor (cooper, steel, aluminum), the environmental impacts of the recycling scenario decrease, mainly those related to human toxicity and marine ecotoxicity. Human toxicity category, for example, shows a significant reduction of 30%. The scenario with recycling is now less impactful to environment than the scenario without recycling, in 10 out of 11 categories (Fig. 8). It is also observed in Fig. 8 that the reduction of the impacts increases, on average, from 25 to 30% when the materials of construction are not taking into account in the LCA.

Although the impacts related to the abiotic depletion have decreased, and now for the scenario with recycling is lower than in that without recycling, they are still very close in both scenarios (Fig. 8). The difference is still not sufficient (less than 20%) to conclude for this impact category. In fact, looking at the stages of composite manufacturing, shown in 

Environmental impact assessment using ILCD 2011 midpoint LCIA method

In order to verify the reliability of the impact assessment results with the CML-IA baseline LCIA method, the ILCD 2011 midpoint LCIA method was also used to make a comparison between these two methods. The impact assessment results with the ILCD 2011 midpoint method for the comparison between the scenario without and with recycling are shown in Figs. 9 and 10.

The ILCD 2011 midpoint LCIA method presents more impact categories than the CML-IA baseline. For example, human toxicity is divided into two subcategories (cancer effects and non-cancer effects) and eutrophication is divided into three subcategories (terrestrial, freshwater, and marine).

However, the results obtained with this method are equivalent and very close to those found with the CML-IA baseline LCIA method (see Figs. 3 and9). The results for some impact categories (climate change, ozone depletion, acidification, freshwater ecotoxicity, photochemical ozone formation) are similar with the two LCIA methods. The results with the ILCD 2011 midpoint LCIA method show that the scenario with recycling causes less environmental impacts than the scenario without recycling in 12 out of 16 impact categories (Fig. 9).

Regarding the other four categories, only for the human toxicity cancer effect category, the scenario without recycling has less impacts (Fig. 9); for the other three categories (human toxicity non-cancer effects, freshwater eutrophication, and mineral, fossil, and renewable resource depletion), the differences between the two scenarios are not significant enough to conclude (less than 20%), as shown in Fig. 9.

Nevertheless, similar to the precedent LCIA method, the ILCD 2011 midpoint shows that, overall, the scenario with recycling is less impactful to the environment, also decreasing on average about 25% of impacts (Figs. 3 and9).

Moreover, as previously demonstrated with the CML-IA baseline LCIA method, the materials used for the construction of the cutting machine and the steam thermolysis reactor, present in the scenario with recycling, are an important source of impacts, mainly for the categories human toxicity, marine ecotoxicity, eutrophication, and abiotic depletion. Thus, in a similar way as was done with the precedent LCIA method, if these materials are not considered in the study perimeter, the impact assessment with the ILCD 2011 midpoint method shows that the environmental impacts of the recycling scenario also decrease, mainly those related to human toxicity (cancer and non-cancer effects), freshwater eutrophication, and mineral, fossil, and renewable resource depletion (Fig. 10). Therefore, the scenario with recycling becomes less impactful to environment than the scenario without recycling, in all 16 categories (Fig. 10). The reduction of the impacts increases, on average, from 25 to 30% when the materials of construction are excluded (Figs. 9 and 10). This same increase of the reduction of impacts was also observed when the CML-IA baseline LCIA method was used (Figs. 3 and8).

The two LCIA methods used, CML-IA baseline and ILCD 2011 midpoint, lead to similar results even though these two LCIA methods have different factors. The application of these two different LCIA methods made possible to test the robustness of the results and to verify their reliability, validating the LCA study conducted. 

Energy balance for electricity

In addition to the environmental impact assessment, an energy balance for electricity was conducted for both scenarios considering every stage of the life cycle (Fig. 11). In the manufacturing stage, the scenario with recycling consumes less energy because it avoids the production of new carbon fibers. However, the steam thermolysis process and the cutting of the composites require a new demand of electricity. Despite this additional demand, the scenario with recycling consumes globally less energy. Overall, the total energy consumption can be reduced by 25%. The scenario with recycling also produces heat by the combustion of gaseous effluents from the steam thermolysis process (0.76 kWh per kg of composite).

Conclusions

The LCA presented in this study enabled a comparison of the environmental impacts in the life cycle of carbon fiberreinforced plastic composite, considering two different scenarios: a scenario without recycling and another with recycling of carbon fibers by steam thermolysis.

The recycling of composite materials with recovery of carbon fibers brings evident advantages from an environmental viewpoint. The scenario without recycling generates between 25 and 30% more impact and requires about 25% more energy than that with recycling. The recovery of carbon fibers saves raw materials and energy consumption in their manufacturing process. In addition, the recycling reduces the impacts associated with the terrestrial and freshwater ecotoxicity, the fossil fuel depletion, as well as the contribution to global warming and ozone layer depletion.

However, the additional recycling phase causes nonnegligible environmental effects. On the one hand, this phase requires a certain amount of energy for cutting composites and steam thermolysis process. This energy is the main source of impacts compared to other process inputs, such as water and nitrogen. On the other hand, the materials used for the construction of the cutting machine and the steam thermolysis reactor cause significant impacts. Nonetheless, the potential impacts of the scenario with recycling by steam thermolysis are globally lower than those of the scenario without recycling, where the composites are sent to landfill and incineration.

The application of two different LCIA methods (CML-IA baseline and ILCD 2011 midpoint) allows the verification of the robustness and reliability of the LCIA results. The two LCIA methods lead to similar results, validating the LCA study conducted.

The majority of inventory data collected is from experimental tests in pilot scale and technical data provided by the industrial partners. However, some data should be used with caution, because they are based on assumptions that may vary. The cutting machine inputs and the transport stages considered have been estimated based in technical data and some hypothesis. In fact, the inaccuracies of these data come from the fact that the study is currently still at the pilot scale.

Despite these limitations, this life cycle assessment study allows the evaluation of potential environmental impacts of steam thermolysis recycling process, comparing it with a scenario where the composites are directly sent to final disposal, incineration, and landfill. The proposed approach can be used in further life cycle assessments on a larger and industrial scale, and furthermore to compare the steam thermolysis to other recycling processes, such as pyrolysis, solvolysis, and/or mechanical recycling.
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Table 2

 2 

	Inventory of cutting of composite waste	Cutting machine
		Inputs

Table 4

 4 Inventory of the non-

	condensable gas	Gas	Percent	Mass (kg)	Combustion reaction	CO 2 (kg)	(kJ/mol) ΔH	Energy (kWh)
		H 2	0.6	0.0019	H 2 + 1/2O 2 ➔ H 2 O	0	285.9	0.08
		CH 4	0.1	0.0002	CH 4 + 2O 2 ➔ CO 2 + 2H 2 O	0.0005	890.4	0.003
		CO	26.8	0.0894	CO + 1/2O 2 ➔ CO 2	0.1404	283.0	0.25
		CO 2	63.3	0.2107	-	0.2107	-	-
		C 2 H 4	2.4	0.0079	C 2 H 4 + 3O 2 ➔ 2CO 2 + 2H 2 O	0.0247	141 1. 0	0.1 1
		C 2 H 6	1.5	0.0049	C 2 H 6 + 7/2O 2 ➔ 2CO 2 + 3H 2 O	0.0143	1560.0	0.07
		C 3 H 6	5.4	0.0181	C 3 H 6 + 9/2O 2 ➔ 3CO 2 + 3H 2 O	0.0568	2058.0	0.25
		Total	100	0.333		0.4474		0.76

a Percentage by weight

Table 3

 3 Inventory of steam thermolysis process

	Steam thermolysis process	
	Inputs	Mass (kg)
	Sized composites	1
	Nitrogen	1.4
	Tap water	1.6
	Stainless steel (95%) a	0.1267
	Aluminum (4%) a	0.0053
	Rock wool (1%) a	0.0013
	Glass b	0.0033
	Electricity in France	Energy (MJ)
	Energy consumed by the steam thermolysis process	54
	Outputs	Mass (kg)
	Recovered carbon fibers	0.55
	Total of gas (condensable and non-condensable)	0.45
	Condensable fraction (oil)	0.117
	Non-condensable fraction	0.333

a Estimated by the weight of the steam thermolysis reactor
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