
HAL Id: hal-02393898
https://hal.science/hal-02393898

Submitted on 31 Jul 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Positioning supercritical solvolysis among innovative
recycling and current waste management scenarios for
carbon fiber reinforced plastics thanks to comparative

life cycle assessment
Baptiste Pillain, Philippe Loubet, Fadri Pestalozzi, Joerg Woidasky, Arnaud

Erriguible, Cyril Aymonier, Guido Sonnemann

To cite this version:
Baptiste Pillain, Philippe Loubet, Fadri Pestalozzi, Joerg Woidasky, Arnaud Erriguible, et al.. Posi-
tioning supercritical solvolysis among innovative recycling and current waste management scenarios for
carbon fiber reinforced plastics thanks to comparative life cycle assessment. Journal of Supercritical
Fluids, 2019, 154, pp.104607. �10.1016/j.supflu.2019.104607�. �hal-02393898�

https://hal.science/hal-02393898
https://hal.archives-ouvertes.fr


1 
 

Positioning supercritical solvolysis among innovative recycling 1 

and current waste management scenarios for carbon fiber 2 

reinforced plastics thanks to comparative life cycle assessment 3 

Baptiste Pillain1,4, Philippe Loubet1, Fadri Pestalozzi5, Joerg Woidasky3, Arnaud Erriguible2, Cyril Aymonier2, 4 

Guido Sonnemann1 5 

1 Univ. Bordeaux, CNRS, Bordeaux INP, ISM,UMR 5255, F-33400, Talence, France 6 

2CNRS, Univ. Bordeaux, Bordeaux INP, ICMCB, UMR 5026, F-33600 Pessac, France 7 

3Pforzheim University of Applied Sciences, School of Engineering, 75175 Pforzheim, Baden-Württemberg, 8 

Germany 9 

4Altran Research, 4 avenue Didier Daurat, Parc Centreda – Bâtiment Synapse, F-31700 Blagnac, France 10 

 11 

Abstract   12 

Global consumption of carbon fibers reinforced plastic (CFRP) is rising and the management of waste is 13 

an issue of high concern. In order to implement a sustainable carbon fiber recycling sector, there is a 14 

need to evaluate the potential environmental impacts of recycling processes. 15 

In this context, we compared current end-of-life scenarios (landfilling and incineration) with recycling 16 

technologies: pyrolysis, supercritical solvolysis and electrodynamic fragmentation using life cycle 17 

assessment. We conducted two analyses: a comparison between the CFRP end-of-life processes and a 18 

comparison including the substituted products from the recycled carbon fibers. 19 

When only considering the end-of-life processes, recycling processes have a higher environmental 20 

impact as they require higher energy demand than incineration or landfilling. When considering product 21 

substitution, recycling is environmentally beneficial since they replace the production of virgin products. 22 

Results are variable depending on the technology readiness level and the quality of fibers recovered 23 

from the recycling processes.  24 
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1. Introduction  31 

The increasing demand of carbon fiber reinforced plastics (CFRP) from automotive, aeronautic, wind 32 

energy and sport and leisure [1], combined with the growing interest of new sectors, e.g. pressure vessels 33 

[2] increase the production needs in the future, that will theoretically reach 116 000 tons by 2021 [3].  34 

The development of CFRP recycling technologies answers to both the growing availability of CFRP based 35 

products at their end of life and the increased demand [4]. It is also driven by the creation of new 36 

regulations on waste management such as the end of life vehicles directive [5]. Considering the energy 37 

and material consumed during the production of virgin carbon fiber, it is necessary to develop a 38 

sustainable recycling sector [6]. Moreover, as of today municipal solid waste (MSW) incineration has 39 

proven not to be a technical solution for carbon fiber composites destruction as the residual times in the 40 

process are insufficient to both oxidize the resin and the fibers, although oxidation of carbon fiber with 41 

oxygen present starts beyond 585°C. Consequently, carbon fibers are found both in the fly ash and the 42 

bottom ash of MSW incineration plants [7].  43 

Techniques applied for CFRP recycling can be grouped into three main types: mechanical, thermal and 44 

chemical [8]. Only the thermal and chemical treatments allow the entire separation of the fibers from the 45 

resin. Pyrolysis is the most developed thermal technology and is already industrialized [9]. Chemical 46 

treatment processes are currently under development such as the supercritical solvolysis [10]. A new 47 

alternative has been recently developed to recycle CFRP using their electrical properties: the 48 

electrodynamic fragmentation technology [11].  49 

The principal aim of recycling technologies is to reduce the financial and environmental cost of CFRP raw 50 

material. Also, supply of raw CFRP can be disrupted which is considered as a risk [12]. The evaluation of 51 

environmental impacts of CFRP recycling processes have been studied by many authors using the life cycle 52 

assessment (LCA) methodology : thermal processes such as fluidized bed [13,14] steam-thermolysis 53 

[15,16], microwave pyrolysis [17] ; chemical processes [18,19]; or mechanical processes [20,21]. These 54 

studies show that production of recycled carbon fibers generates less environmental impact than 55 

production of virgin carbon fibers [22]. 56 
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However, innovative processes such as supercritical solvolysis and electrodynamic fragmentation have 57 

never been benchmarked against conventional recycling processes (such as pyrolysis) or end-of-life waste 58 

treatment scenarios (i.e., incineration and landfilling). 59 

In this context, the aim of this paper is to assess the environmental impacts of these recycling scenarios 60 

and to compare them with end-of-life waste treatment scenarios. This is done through a comparative LCA. 61 

The novelty of this paper relies in (i) analyzing and comparing innovative processes (supercritical solvolysis 62 

and electrodynamic fragmentation) at both lab scale and modeled industrial scale with current end of life 63 

practices and (ii) including sensitivity analysis depending on the product these recycling processes can 64 

substitute. 65 

2. Material and methods 66 

LCA is a multicriteria tool to assess the burdens on the environment of a product or a service over its 67 

lifetime, i.e., from the production of the raw materials to the end of life management. LCA is suitable to 68 

assess the potential benefits of sustainable chemistry [23].  69 

The LCA methodology is defined by ISO standards (ISO 14040) and is divided in four steps: 70 

- Goal and scope definition phase. The objectives of the study are stated. Then, the functional unit 71 

(FU) which is the quantification of the functions of the product, services or processes under study 72 

is defined. This aims to compare different products, services or processes on a common basis. 73 

Finally, the boundaries of the system are clearly presented. 74 

- Life cycle inventory (LCI) analysis phase. The elementary flows (inputs and outputs) of the product 75 

system are collected. The inventory entails the quantification of energy, resources, and emissions 76 

to air, soil and water. LCI includes foreground data which are directly related to the studied system 77 

and background data which are related to the indirect flows occurring during the supporting 78 

activities (production of energy, chemicals, etc.)  79 

- Life cycle impact assessment (LCIA) phase. Based on the LCI, the different flows are converted into 80 

environmental impacts (such as climate change impacts in kg CO2 eq). 81 

- Interpretation phase. The results are interpreted and lead to the identification of the 82 

environmental hotspots and to recommendations to improve the environmental performance of 83 

the product. 84 

2.1. Goal and scope definition 85 

The goal of this study is to evaluate the environmental impacts of three recycling scenarios (pyrolysis, 86 

supercritical solvolysis (named supercritical hydrolysis in the following because water is used as solvent in 87 

this study), electrodynamic fragmentation) and to compare them with existing end-of-life scenarios, i.e., 88 

landfilling and incineration. The functional unit of this study is defined as "Managing the end of life of 1 89 

kilogram of CFRP composed of 60 wt% carbon fibers and 40 wt% resin.”. The matrix is considered to be 90 

epoxy resin and is named resin hereafter. Two different analyses will be conducted accordingly to the goal 91 

of this study, each one having different system boundaries: 92 

(i) “Process oriented” analysis aims to compare the impacts of the end-of-life scenarios listed 93 

above (incineration, landfilling, pyrolysis, supercritical hydrolysis and electrodynamic 94 

fragmentation) at a process level (Figure 1 (i)). 95 
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(ii)  “Product oriented“ analysis aims to compare the impacts of the 5 end-of-life scenarios 96 

considering the recovered products from the recycling processes that substitute virgin 97 

materials (Figure 1 (ii)). 98 

 99 

Figure 1. Boundaries for (i)  the “process oriented” analysis aiming to compare the impacts of the different process and (ii) the 100 
“product oriented” analysis aiming to compare the impacts considering the virgin materials that substitute recycled carbon fibers 101 

2.2. Life cycle inventory related to end-of-life processes 102 

This section describes the different processes for CFRP end-of-life management as well as the foreground 103 

data for each scenario (i.e., energy, chemicals, transportation, waste, etc.) and the sources of these data. 104 

All background data are taken from the life cycle inventory database ecoinvent 3.3.  105 

2.2.1. Pyrolysis 106 

Pyrolysis (Figure 2) is currently the most developed CFRP recycling process and is already commercialized 107 

[24]. In this thermal process, the resin of the CFRP waste decomposes at high temperature. 108 

More precisely, CFRP are shredded through mechanical grinder. The resulting scrap is fed into the pyrolysis 109 

reactor to be processed at a temperature between 450°C to 700°C, and in controlled atmosphere in order 110 

to avoid oxygen reaction with carbon fibers. During the reaction, resulting gases from resin degradation 111 

are recovered using a condenser. This step allows recovering and separating solid, liquid and gas phases. 112 

Ash residuals from the process are subsequently discarded to landfilling and liquid and gas phases are 113 

recovered and used as fuel for the reactor. The recovered carbon fibers have a small to medium size [24]. 114 

LCI foreground data were taken from Witik et al. [9] and are presented in Figure 2. The energy requirement  115 

for shredding for pyrolysis and for all following processes has been updated with more realistic data from 116 

Howart et al. [21]. 117 
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 118 

Figure 2: Representation of the pyrolysis process 119 

2.2.2. Supercritical hydrolysis 120 

2.2.2.1. Lab-scale LCI 121 

This recycling process (Figure 3) is under development at the laboratory scale. We assessed the 122 

experimental process from a collaboration with the Institute of Condensed Matter Chemistry of Bordeaux 123 

(ICMCB, France).   We developed a semi-continuous solvolysis process, especially with supercritical water. 124 

This is a chemical treatment that uses water as solvent and reagent for the depolymerization of the 125 

polymers into monomers in a selective way. 126 

First, either CFRP scrap or full CFRP parts are directly put into the solvolysis reactor without a shredding 127 

pre-treatment. This is because the solvolysis reactor is scaled as a function of the length of the recycled 128 

fibers to be recovered. Water is pressurized (at about 25 MPa), preheated and injected in the reactor to 129 

obtain a temperature above 374°C (i.e., the critical temperature of water). At this point water hydrolyzes 130 

the polymer and breaks down the resin into compounds that are released in the water stream at the 131 

output [25]. This process leads to the recovery of carbon fibers that are similar to virgin fibers (Figure 6 S-132 

1, S-2 and Figure 7 S-3). Their size only depends on the dimension of the reactor.  133 

The water use data (10L/kg of CFRP) was obtained from direct measurements from the experiment. The 134 

energy use was assessed theoretically from the heat capacity of water that is heated, which is dependent 135 

of the temperature (see Supplementary Information). The inventory of the treatment of the resulting 136 

wastewater was modeled with the EPI Suite v4.11 software and “LCA 2.0 waste water treatment” [26]. 137 

Such a modeling was possible from the identification of molecules produced from the resin degradation 138 

[25].  139 
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 140 

Figure 3: Process flow chart of the supercritical hydrolysis modeled at the lab-scale 141 

2.2.2.2. Industrial scale modeled LCI 142 

Since this process is at the laboratory scale, it is not optimized. We assumed two additional operations in 143 

order to model this process at the industrial scale for a fair comparison with pyrolysis: 1) heat recovery 144 

from the output water stream via a heat exchanger, and 2) wastewater treatment with combustion of 145 

emitted methane for energy recovery into the system (Figure 4). 146 

Energy recovery by heat exchanger 147 

We assume that the installation of a heat exchanger at the industrial scale aiming to recover heat of the 148 

water at the output of the hydrolysis process in order to preheat the input water. Our calculation described 149 

in Supplementary Information show that 22.2 MJ/kg of CFRP could be recovered. 150 

Methane valorization for energy recovery 151 

The waste water treatment inventory modelling derived from the waste-water LCA 2.0 tool [26] has shown 152 

that an amount of methane (0.04 kg CH4 / 1 kg CFRP) was emitted during the treatment of waste water 153 

resulting from the degradation of the resin by hydrolysis in supercritical water. Direct recovery of methane 154 

from wastewater is possible and has already been studied [27,28].  155 

Based on the calorific value of 50MJ/kg of methane, we assumed a theoretical energy recovery of 2MJ/kg 156 

of CFRP. However, this energetic conversion requires an amount of specific transformation energy of 0.05 157 

KWh/m3 of methane [28]. This represents a demand of 0.011 MJ/kg of CFRP (from the density of methane, 158 

which is 0.656 kg/m3). Also, the combustion of one mole of CH4 generates one mole of CO2, thus 0.11g of 159 

CO2/kg of CFRP is emitted during the combustion of methane. 160 
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 161 

Figure 4: Process flow chart of the optimized supercritical hydrolysis (assumed at the industrial scale) with both heat exchanger 162 
and methane valorization 163 

2.2.3. Electrodynamic fragmentation: 164 

2.2.3.1. Lab-scale LCI 165 

Initially this process (Figure 5) was developed to extract rare mineral from rocks. Due to the interfaces’ 166 

dielectrical properties between resin and fibers, experiments have shown the potential of this method 167 

applied to the recycling of composites fibers/polymeric matrices. The studied system Selfrag Lab S2.1 is 168 

available in Pforzheim University, Germany, using the SELFRAG® process, that is currently at an 169 

applicability validation stage.  170 

First, the CFRP sample is put in a reactor containing two electrodes and filled with deionized water. Then 171 

high electric pulses of <0,5 µs each are applied . These pulses induce a strong electric arc and pressure, up 172 

to 104 MPa and 10000°C and generate a shock wave that breaks up the composite[29] . Matrix and fibers 173 

are separated and can be recovered. The resulting product is a mix of fibers, from original length to carbon 174 

powder. Also depending on the experimental conditions, the presence of residual resin was observed 175 

(Figure 6 EF-1 and EF-2). 176 

 177 
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 178 
Figure 5: Representation of the electrodynamic fragmentation process 179 

2.2.3.2. Industrial scale LCI 180 

Similar to the solvolysis process, also electrodynamic fragmentation is not optimized since it is at the 181 

laboratory scale. We assumed an industrial scale process to enable a fair comparison with the pyrolysis 182 

process. 183 

Two process improvement scenarios can be considered for electrodynamic fragmentation. The first 184 

scenario corresponds to an evolution of the mechanisms currently observed in the process. These are 185 

electrodynamic fragmentation (EF) and electrohydraulic fragmentation (EHF), used for the separation of 186 

the resin and the reinforcement. Electrohydraulic fragmentation requires a lower voltage than 187 

electrodynamic fragmentation and therefore enables energy use reduction [30].  188 

The second improvement scenario is to operate the flow of waste CFRP continuously rather than a batch 189 

process. This principle is currently tested for the building recycling sector on a pilot scale [31].  190 

However, these two options are currently in research and development phase for an application oriented 191 

towards the recycling of concrete. This will require additional efforts for a CFRP-oriented use and makes it 192 

difficult to translate these improvements possibilities with data derived from physical measurements for 193 

calculations. Therefore, we assume that the application of both scenarios would enable to process twice 194 

the quantity of material than for the current lab-scale experiments with the same energy (and material 195 

such as nitrogen) needs, based on expert judgments. Therefore, for one kg of CFRP processed, the energy 196 

use for electrodynamic fragmentation would be divided by 2. 197 

2.2.4. Incineration 198 

Incineration is one of the current end of life scenario of CFRP waste management [32]. Incineration with 199 

energy recovery can be considered as an attractive end of life scenario in comparison to landfilling with 200 

clear obligations that waste should meet the required heating value to overcome the energy necessary to 201 

trigger its combustion. It is also a relevant option when the waste cannot be recycled, or if the organic 202 

content of the waste exceeds legal limits for landfilling. Life cycle inventory was obtained through the use 203 

of ecoinvent waste disposal modeling tools and is graphically shown in SI (Figure S1) [33]. It is to be noted 204 

that energy needed for incineration process (ie., heat to trigger the combustion and electricity for generic 205 

devices) is met through the recovered energy of CFRP combustion. There is a surplus of recovered energy 206 

that is considered as an environmental credit in the analysis as computed in ecoinvent waste disposal 207 

modeling tool (Figure S1). 208 
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2.2.5. Landfilling 209 

Disposal on landfills is along with incineration the current process of CFRP waste management. In 210 

landfilling, all cumulated substances, processes, and services that have been used to manufacture CFRP 211 

are lost. Other relevant effects are not only potential emissions of substances from material degradation 212 

leading to potential water pollution, but also land occupation and soil contamination. Life cycle inventory 213 

was taken from ecoinvent waste disposal modeling tools and is graphically shown in SI (Figure S2) [33]. 214 

The modeling tool considers that the CFRP waste material (composed of of 84.2% of carbon, 6% of oxygen, 215 

4% of hydrogen, 5.8% of nitrogen) is ultimately decomposed in substances emitted to water (carbon 216 

substances as chemical oxygen demand, COD, biological oxygen demand, BOD, total organic carbon, TOC, 217 

ammonium, nitrogen, nitrates and nitrites). 218 

2.3. Life cycle inventory related to substituted products 219 

2.3.1. Characterization of recycled fibers 220 

In this section, we describe the fibers recovered by the different recycling processes in order to determine 221 

which product they can substitute. The LCI related to the substituted products are included in the second 222 

analysis of the paper (“product oriented”). 223 

We characterize the recycled fibers with their mechanical properties’ conservation and their surface 224 

aspect. Theoretical information on properties conservation was taken from Pimenta and Pinho (2011) and 225 

is described in the processes description [24].  226 

Surface aspect is assessed in a qualitative way from microscopic observations of the carbon fiber samples. 227 

Such analysis shows the resin removal and potential damage induced to the fibers. Figure 5 shows 228 

recovered fibers from the pyrolysis process using scanning electron microscope as found in the literature, 229 

as well as observations of recovered fibers from solvolysis and electrodynamic fragmentation directly 230 

undertaken using a scanning electron microscope (ZEISS EVO 50). 231 

  232 
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 233 

Figure 6: Observation of fibers surface and resin removal after recycling from scanning microscope (P: pyrolysis, images from 234 
Pimenta and Pinho (2001) and microscope ZEISS EVO 50 (S: Supercritical hydrolysis, EF: Electrodynamic fragmentation from own 235 
observation) 236 

The level of resin removal is different for the three processes. The resin is still observable in pictures P-1, 237 

P-2 and EF-2 under the form of unremoved resin that has taken the cylindrical shape of fibers. Pictures S-238 

1 and S-2 show a full resin removal from the carbon fibers recycled with the supercritical hydrolysis 239 

process. Moreover, in some point, the fibers seem to be damaged (breaking observable on Figures EF-1 240 

and EF-2). Also, some small inclusion (bright dust) can be observed in P1, EF1 and EF2 that can be the result 241 

of the cutting of the CFRP sample or if the quantity is representative, these inclusions could potentially be 242 

chars that remains from the resin degradation. 243 
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Moreover macro observation of recovered fiber are shown in Figure 7. Pictures were directly taken from 244 

lab experiment for S-3 and EF-3 (supercritical hydrolysis and electrodynamic fragmentation, respectively) 245 

and taken from Pimenta and Pinho (2011) for P-3 (pyrolysis) [34].  246 

 247 

Figure 7: Recycled carbon fibers after processing (P-3: pyrolysis (Wood, 2010);  supercritical hydrolysis and EF-3: electrodynamic 248 
fragmentation, respectively) 249 

The final output of the recycled CFRP is a “ball” of fibers for the pyrolysis (P-3, Figure 7). Supercritical 250 

hydrolysis process results in folds of weaved carbon fibers (S-3). Electrodynamic fragmentation results in 251 

carbon powder and dispersed fibers (EF-3) of different lengths from 2µm to 2.8mm (60% of the recovered 252 

fibers were between 125-28000 µm and 40% have been measured to be between 2-125 µm). 253 

Literature also gives quantitative information on the mechanical characterization of recycled carbon fibers 254 

from the assessed processes:  255 

- Pyrolysis: Many studies have characterized the mechanical properties of recycled carbon fiber 256 

from pyrolysis and the results show high diversity in strength and stiffness of the fibers. A review 257 

from Oliveux et al. (2015) shows that decrease in tensile strength of recycled CFs compared to 258 

virgin ones vary from -4% to -82% depending on the studies [8]. The average loss of tensile strength 259 

from all the studied review was -42%. 260 

- Supercritical hydrolysis : A review on carbon fibers recycling processes show that supercritical 261 

hydrolysis does not alter the mechanical properties of the fiber [10].  262 

- Electrodynamic fragmentation: few studies have reported mechanical properties of recycled 263 

carbon fibers from this process. In their study on the recycling of door hinger with EF, Roux et al. 264 

(2017) show that the recycled carbon fiber has a loss in mechanical properties of -17% compared 265 

to the virgin material (3.464 kN and 4.164 kN, respectively). 266 

These complementary observations and characterizations from the literature enabled to define as 267 

substituted product: 268 

- Glass fibers for pyrolysis due to the medium property conservation of resulting carbon fibers and 269 

residual resin remaining after recycling. This is because the loss of mechanical properties is 270 

comparable with the difference in properties between carbon and glass fibers.  271 

- Carbon fibers for the supercritical hydrolysis due to high quality of resulting carbon fibers aspect 272 

conservation and properties listed previously, 273 

- A mix of clay and short glass fibers due to low quality of resulting carbon fibers and size diversity 274 

for the electrodynamic fragmentation. The share of each material is determined depending on the 275 

length of the recovered output (40% and 60%, respectively). This is because: (i) 40% of the 276 

P-3 S-3 EF-3 
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recovered fibers could be reused as fibres (with mechanical properties comparable with the ones 277 

of glass fibers) and (ii) 60% is not usable as fibers due to their limited length and rather could be 278 

used as road backfilling (as a substitute of clay). 279 

The resulting quality of recovered fibers could be improved with the development of the technologies. 280 

Therefore we also provide a sensitivity analysis considering that the recovered fibers substitute carbon 281 

fibers for all scenario. 282 

LCI related to the primary production of the substitution products is detailed in the following section. 283 

2.3.2. Substituted products LCI 284 

The database ecoinvent does not provide life cycle inventory for the production of carbon fibers. We 285 

collected inventory data of carbon fiber production based on the report from Griffing and Overcash (2010) 286 

[35], as shown in Supplementary Information (section S2). LCI of glass fibers and clay production are 287 

directly taken from the ecoinvent 3 database. 288 

2.4. Life cycle impact assessment 289 

LCA software Simapro 8 is used to assess the environmental impacts of the different scenarios. Even 290 

though standard methodologies can be used to conduct life cycle impact assessment, their multitude of 291 

indicators can lead to a misunderstanding of the results in the context of life cycle assessment, even more 292 

when these indicators are brought together with other indicators used for assessing the complementary 293 

sustainability pillars. It is then necessary to assess the most relevant indicators, depending on the 294 

importance, the degree of robustness and the correlation with the aim of the studied product. Pillain et 295 

al. (2017) identified the most relevant impact indicators to for the sustainability assessment of the 296 

potential creation of the CFRP recycling sector [6]:  297 

- acidification using accumulated exceedance (AE) in mol H+ eq. 298 

- global warming potential (GWP100) using IPCC method that assess impacts on climate change in 299 

kg CO2 eq with a 100-year time horizon. 300 

- human toxicity indicators (using USEtox method) that assess cancer and non-cancer effects in 301 

CTUh. 302 

- resources depletion using CML-IA method in kg Sb eq. 303 

They also identified other indicators assessing the different sustainability pillars, such as the “GeoPolRisk 304 

resource indicator” assessing the geopolitical and strategic point of view along the supply chain [12]. They 305 

are not computed in the present publication as we only focus on the environmental point of view.  306 

3. Results 307 

The relative LCIA results for the different scenarios are presented hereafter. The absolute LCIA results are 308 

shown in Supplementary Information (Table S1). 309 

3.1. Process oriented LCA of CFRP end of life scenario 310 

We first show the comparison of environmental impacts from lab scale experiments and optimized 311 

industrial scale for the supercritical hydrolysis and electrodynamic fragmentation processes. In the 312 

following sections we only kept results modeled at the industrial scale for these two processes in order to 313 

(i) be comparable with the three other processes that are modeled at the industrial scale, and (ii) improve 314 

the clarity of the results. 315 
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3.1.1. Comparison of lab-scale and industrial scale scenarios 316 

Figure 8 compares the environmental impacts of the supercritical hydrolysis process at the lab scale with 317 

different process improvement scenarios at the industrial scale (heat exchanger, methane recovery and 318 

both). Heat exchanger allows recovering more energy than methane recovery for 1 kg of CFRP recycled 319 

(22.2 and 2 MJ, respectively). Therefore, the heat exchanger scenario generates lower impacts for most 320 

impact categories, except for the climate change category. This is because the methane recovery scenario 321 

enables to avoid emissions of methane that have a higher global warming potential than carbon dioxide. 322 

Eventually, the industrial optimized scenario leads to a reduction of impacts from 30% to 80% depending 323 

on the impact categories. This scenario will be used for the future comparison. 324 

Figure 8 also shows the environmental impacts of processing 1 kg of CFRP waste with the electrodynamic 325 

fragmentation process at the laboratory scale and considering an improvement ratio (quantity of energy 326 

and materials used for the process divided by 2). Logically, 3 out of 5 impacts are reduced by 50% because 327 

they are mostly driven by energy consumption. As for climate change and acidification, impacts are 328 

decreased to a smaller extent because the quantity of waste resin to be treated is the same for both 329 

scenarios, and related pollutants released in air and water are therefore the same. 330 

 331 
Figure 8: Environmental impact comparison between lab-scale and industrial scale results for the supercritical hydrolysis and 332 
electrodynamic fragmentation processes.. FU = managing the end of life of 1 kilogram of CFRP 333 
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 334 

3.1.2. Comparison of the end-of-life processes 335 

Figure 9 shows the environmental impacts from the five different end of life scenario processes described 336 

previously. 337 

 338 

Figure 9. Environmental impacts comparison between Pyrolysis, Supercritical hydrolysis, Electrodynamic fragmentation, 339 
Incineration and Landfilling. FU = managing the end of life of 1 kilogram of CFRP 340 

Incineration has the highest impact on climate change due to the amount of carbon dioxide release during 341 

the fibers and resin combustion. However, recycling processes generate the highest share of impacts in 342 

the other categories. 343 

Pyrolysis generates higher impacts on human toxicity (cancer effects) compared to the other processes 344 

due to the release of metals during supporting activities in the background (production of liquid nitrogen 345 

and energy, landfilling of residual ashes). It is to be noted that the characterization of metals on human 346 

toxicity with the Usetox model has not reached a consensus and it may result in a possible overestimation 347 

of the impact in all processes. 348 

As for non cancer effects, supercritical hydrolysis generate the highest share of impacts, mostly due to the 349 

direct emissions of organic compounds in water (e.g., aniline generated by the decomposition).  350 

For the acidification potential the only processes with direct release of ammonia is the supercritical 351 

hydrolysis process through the wastewater treatment leading to an overall higher impact. In this category 352 

the second most contributing substances is sulfur dioxide directly linked to the electricity production in all 353 

the processes. 354 

For the resources indicator, electrodynamic fragmentation shows a higher impact, because of the quantity 355 

of energy required for the process, and therefore more resources. On the other hand, incineration 356 
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generates negative impacts since energy demand is met with energy recovery from the combustion of 357 

CFRP and there is also a surplus of energy production that lead to environmental credits for this process. 358 

An important fraction of the impact from the supercritical hydrolysis is induced by the waste water 359 

treatment and the release of organic compounds (e.g., aniline) which were modeled through a LCI 360 

modeling tool. It has to be underlined that the waste water treatment was not specifically modelled for 361 

electrodynamic fragmentation because released compounds from this process are not known. Generic 362 

process from ecoinvent database (i.e. “Wastewater treatment, average”) was considered which might 363 

underestimate the impacts compared to the supercritical hydrolysis process. The assumption considered 364 

was that after the filtration step, the water was cleaned of the potential residual compounds and the 365 

“Wastewater, average” treatment from ecoinvent 3 was considered. This is also the case for pyrolysis 366 

where it was necessary to rely on the LCI data obtained in the literature, but the specific point of waste 367 

water is of relatively less importance for this process since water is not in direct contact with the reaction 368 

medium. 369 

As the impacts associated with the management of organic compounds from the resin are high in all the 370 

recycling processes (either when releasing to the water or to the air), an eco-design solution could be to 371 

recover resulting compounds from resin degradation in order to produce new chemicals.  372 

In light to these first results, pyrolysis has an overall higher impact when focusing on the processes, 373 

followed by the supercritical hydrolysis and electrodynamic fragmentation. Incineration and landfilling 374 

generally generate less impact than the recycling processes. 375 

3.2. LCA of CFRP recycling options considering product substitution 376 

Figure 10 shows the net environmental impacts resulting from the recycling processes (positive values) 377 

and the avoided impacts generated by the production of primary materials substituted by recycled 378 

materials (negative values). Therefore, environmental impacts of recycling processes create negative 379 

values in calculation.  380 

Supercritical hydrolysis substitutes 0.6 kg of carbon fibers manufacturing for 1 kg of processed CFRP waste. 381 

It results in a net environmental impact benefit for all impact categories. This is because the environmental 382 

impact from manufacturing carbon fibers is remarkably higher than the other products considered for 383 

substitution (such as glass fibers). Particularly, virgin carbon fiber production requires more than 10 times 384 

energy needs than the solvoysis process.  385 

Pyrolysis presents a net environmental benefit for 4 over 5 impact categories when considering the 386 

substitution of glass fibers. The emissions of the pyrolysis affecting climate change are not overcome by 387 

the avoided impacts from the glass fibers. Electrodynamic fragmentation has also a net environmental 388 

benefit in 4 over 5 impact categories. 389 

 390 

 391 
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 392 
Figure 10. Environmental impacts comparison between Pyrolysis, Supercritical hydrolysis, Electrodynamic fragmentation, 393 
Incineration and Landfilling, considering different products of substitution. FU = managing the end of life of 1 kilogram of CFRP 394 

Figure 11 shows the environmental impacts if all processes substitute the same quality of recovered 395 

products, i.e., carbon fibers. It shows the potential improvement in environmental benefits for the 396 

pyrolysis and electrodynamic fragmentation if these processes reach a high quality of the recovered fibers. 397 

Environmental benefits are similar for all recycling scenario if they substitute virgin carbon fibers. This is 398 

because the impacts related to manufacture virgin carbon fibers is way higher than the impacts of all 399 

recycling scenario.  400 
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 401 

Figure 11. Environmental impacts comparison between Pyrolysis, Supercritical hydrolysis, Electrodynamic fragmentation, 402 
Incineration and Landfilling, considering the same product of substitution : carbon fiber. FU = managing the end of life of 1 kilogram 403 
of CFRP 404 

A supplementary analysis can be done by comparing the environmental impacts from the production of 405 

1kg of virgin carbon fiber and 1kg of recycled carbon fiber (from supercritical hydrolysis) (Figure 12). It 406 

shows that producing carbon fibers from supercritical hydrolysis recycling process generates 70% to 95% 407 

less impacts than the virgin production depending on the impact categories. 408 
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 409 

Figure 12. Comparative LCA between primary production of carbon fibers and secondary production of carbon fibers from 410 
supercritical hydrolysis. FU = Production of 1kg of carbon fiber 411 

4. Discussion 412 

The three recycling processes presented in this study are currently at different development scales. 413 

Indeed, pyrolysis is at a stage of industrialization whereas supercritical hydrolysis is currently in feasibility 414 

study stage and electrodynamic fragmentation is at a stage of adaptation of a technology (application from 415 

mineral extraction to composites recycling). The processes could be further optimized and potentially 416 

evolve from a technological point of view. As shown by the study on improvement of supercritical 417 

hydrolysis and electrodynamic fragmentation processes, the environmental impacts are still dependent 418 

on the various conditions of implementation and optimization. The industrial scale modelling proposed in 419 

this paper is based on simplistic assumptions. However, it enables to show the potential improvement for 420 

both processes from lab scale to optimized industrial scale. The LCA results can guide the technical choices 421 

for implementing these technologies at the industrial scale in order to decrease environmental impacts. 422 

For example, it was shown that the impacts of supercritical hydrolysis is strongly dependent on the energy 423 

requirements of the process, and the design of an efficient heat exchanger will be a key point for the 424 

environmental performance of this process. 425 

Also, the three recycling technologies currently do not allow to obtain the same output quality of 426 

recovered fibers as shown with our experiments and correlated with current literature [24], the 427 

conservation of properties trend to get closer to those of the virgin ones with the supercritical hydrolysis 428 

[25]. We also provide a sensitivity analysis to assess the environmental benefits in the case where all 429 

processes substitute virgin carbon fiber. It shows that the benefits are much higher in this case than in the 430 

original scenario of substitution. Therefore, the environmental performance of the recycling processes is 431 

related to their capacity to substitute virgin carbon fiber. It would be interesting to carry out the same 432 

comparative study of these processes when they will reach the same stage of development.  433 
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It is therefore advisable to consider these results as an assessment of the potential environmental impact 434 

of these recycling processes characterizing the current state of technology rather than absolute values. 435 

Moreover, life cycle inventories are coming from different sources (either literature, laboratory 436 

experiments or modeling). For the processes where it was possible to collect data from direct 437 

measurements (supercritical hydrolysis and electrodynamic fragmentation), it should be noted that they 438 

are only representative for the recycling of CFRP epoxy resin / carbon fibers and for the chosen fiber-to-439 

resin ratio (60 wt%-40%wt). The use of a resin of different nature will induce, for example, emissions of 440 

different organic molecules directly influencing the emissions to the environment and therefore, the 441 

resulting impacts. Experimental variation of the fiber-to-resin ratio will have to be part of future works, as 442 

the focus of the current experiment was on feasibility questions of the processes only. Nonetheless 443 

variation of the fiber share will both affect the electrodynamic fracture process due to increase of the 444 

fiber-resin interfacial area, and the overall environmental impact of the recycling processes due to 1) the 445 

total recoverable fiber mass potential, 2) the mass of degraded resin that generate emissions to air (for 446 

the pyrolysis) or wastewater (for the supercritical hydrolysis and the electrodynamic fragmentation). The 447 

fiber-resin-ratio chosen (60 wt%- 40 wt%) lies in the typical fiber share range of CFRP of 20wt%-80wt% 448 

[14] to 70wt%-30wt% [36]. The high fiber fraction of 60% was chosen to maximize the recoverable fiber 449 

mass potential in the experiment.  Additional tradeoff experiments between fiber recovery and recycling 450 

effort will have to be conducted in future. 451 

Other ongoing technological researches are currently undertaken on the recycling processes, which have 452 

not been considered in this publication: steam-thermolysis [15,16], microwave pyrolysis [17], fluidized bed 453 

[13], and chemical recycling using acetic acid [18].  LCA were conducted on some of these processes and 454 

they all show environmental benefits of recycling [13,18]. For example, La Rosa shows that acetic chemical 455 

recycling of a CFs material of 0.556kg requires 23.5 MJ of primary energy whereas it enables to avoid 523 456 

MJ of primary energy required for virgin CFs manufacturing. Further research should include and compare 457 

environmental impacts of all innovative recycling technologies for CFRP using harmonized inventory data 458 

and impact assessment methods. 459 

Currently no technically feasibly carbon fiber disposal scenario besides landfilling and incineration exists 460 

at a large scale. CF recycling can be regarded as an intermediate solution in a circular economy, but even 461 

the most advanced processes (pyrolysis, available in technical/commercial scale) still suffer from low fiber 462 

qualities (short fibers, lower strength compared to virgin fibers).  Two separate directions of development 463 

might be expected in the future: (1) Specific recycling steps for CFRP production waste of known 464 

composition and origin, which will apply tailored pyrolysis or supercritical hydrolysis processed and yield 465 

near-to-new fiber qualities feasible for high-quality applications such as automotive parts; (2) separation 466 

of carbon-fiber containing materials from the general (municipal solid) waste stream in order to control 467 

fiber disposal. To this end, either robust recycling processes which at best will produce short carbon fibers 468 

or fillers will be applied, or processes for final disposal (oxidation) which still will have to be developed. 469 

With regard to the development path (1), this paper aims to present and to assess different routes from 470 

the current technical portfolio. It shows that current developments should be environmentally beneficial 471 

than current end-of-life scenarios at the industrial scale. However, further work on the implementation of 472 

complete end-of-life chain should be assessed, including the collecting and sorting processes. 473 
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5. Conclusion 474 

This research provides an initial estimation of the environmental impacts induced by innovative recycling 475 

processes applied to epoxy resin / carbon fiber composites (supercritical hydrolysis and electrodynamic 476 

fragmentation), and their comparison with typical recycling process (pyrolysis) and typical waste 477 

management scenario (incineration and landfilling). 478 

LCA applied to the processes shows that the environmental impacts of supercritical hydrolysis, pyrolysis 479 

and electrodynamic fragmentation are higher compared to landfill and incineration. However, when 480 

considering recycled products, recycling processes become environmentally beneficial by avoiding the 481 

impacts associated with the production of a new product from virgin material. This is not the case for 482 

landfill and incineration scenarios, which are “end-of-pipe” waste management scenarios and thus 483 

become unfavorable as they do not provide environmental benefits. It is, however, important to consider 484 

that the processes studied are at different technological development scales. The quality of the output 485 

products is therefore likely to evolve over potential developments.  486 

In addition, studying the supercritical hydrolysis and electrodynamic fragmentation processes 487 

improvement capabilities has made possible the evaluation of environmental impacts reduction in the 488 

case of upscaling and maturation. It would also be interesting to be able to carry out this study at the same 489 

technological readiness level for the three recycling processes in order to determine which process is more 490 

advantageous from the environmental preservation point of view, depending on the mechanical 491 

properties conservations. 492 
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