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Waste processing

Lanldfill }—{ Incinelration } Recycling Fiber reclamation
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: g Recyclable matrix
: materials
Products i o
| |
Energy Composite Short carbon Discontinuous Matrix
recovered fragments fibers carbon fibers monomers
| | |
Fiber manufacturing *
Direct molding Nonwoven technology Spinning Highly aligned tape
technology technology
Injection || Additive || SMC/BMC | | Dry-laid || Wet-laid || Carding | | Warp / Flyer / Friction | |Hydrodynamic| |HiPerDiF | | TuFF
moulding || manuf / Other
Short fiber applications Quasi-isotropic nonwovens Hybrid yarns Oriented tapes
L+ 2
*)H@ )#H+, 0 P
, (2 (2, * . 6+3; 1 2
#
*5 , 6:6;C - 2 , 6:6; C) +, , 6::B
, % % , * , @3B A #
G 1 1
*$ + * 2 , 6:6; C 2 6::AC 9 +, , 6:6:
, F::F7: #
1 #' F7A: 1
, #'1 777 # B 7BB:
0 , M7 # 1
%, )b@2 * , 6:8BF
s 7.8 El #, 0
& *
0 , # # o, * , 637 ? 6:33 ! E7 3:78
1 AA #'1 <J B88:8
, % * 3' 6, ! /
2 oy
$ * , BH3A 1
* 2 , 6:6; | 6:;C $, 6:3;C ) /I
0 , , 6:34C) , 6::BC +, 6:36
& & * ? 6+33
e E# :
) ) * . 63#37)
'
# L O , 6466
5 5, * 6 +6 6 /1l ,
¥ 5 . q 2 6:6:C ( 1 7 6£34 )
6:33C 9 +,, 6:6: 1 B8
1 Wi 1
G / - 2% , / '



, 6

* %=+ * g+

:6;C # , 6:6FC # , 6:63C =

, 6:3B 6:3EC $ , 6::FC) , 6:67C
6:33C M / , 6:63C ! , 6:66C

, 6:

) ,
, 6:37C

3BC -

6:3E C )

2

2

':DVWBQDJHPHQW

, 6:66C

, 6:6; C -
, 6:34C ( 1 ,
, 6:6FC %,

, 6:6;C 9

6:37C

Retained strength | Retained modulus :’r:':fg;y Technological e
Conditions of single CF |of single CF (mean readiness level TRL Comments
demand - - range
(mean value %) value %) PED (Miykg) | (median value) (€/ke)
PAN and pitch
CF production - 100 100 120-250 1]12)3 18-60 based continuous
CF production
Waste processing
Candil Many countries ban landfiling of untreated/combustible fractions, so even if the per-kg price looks low somewhere, i i “ ANE 010,015 ] Gt fee + landiil
access to landfill may be restricted in practice (forcing incineration or recycling) tax
— Incineration taxes: A growing number of countries apply Incineration taxes (often €5—€80/1) to push waste Up the Gate fee +
Incineration - - 17 112|3 0.09-0.13
hierarchy incineration levy
Size reduction of CFRP waste into smaller particles through shredding, crushing, milling, or grinding, followed by
fiber-resin separation and reclassification
Pre-treatment CFRP scrap is often cleaned and cut into manageable sizes (10-50 mm pieces) Industrially
Mechanical Metallic inserts o contaminants are removed magnetically or manually. i . 1oso |ilsls of 1050 | maturelow
Hammer or cutting mills: rotor speeds of 1000-3000 rpm, producing coarse flakes (~1-5 mm) energy, short fiber
Ball or impact milling: used for finer powders and short-fiber recovery (fiber lengths 0.1-2 mm). yield
Cryogenic milling (liquid nitrogen) is occasionally employed to reduce resin embrittlement and minimize fiber length
degradation
Temperature range 450-600 °C, with an optimal window 500-550 °C for epoxy- and polyester-based CFRPs.
Below 450 °C - incomplete resin decomposition and residual char.
Above 600-650 °C - oxidative degradation of fibers, diameter reduction, and strength losses.
Dwell time typically 30-120 min depending on reactor design, laminate thickness, and oxygen control. Commercially
Pyrolysis Shorter times (<60 min) are preferred to limit fiber damage. 76.93 92.78 37.4-1159 |1)2|3 8|9| 5.0-12.0 | deployed rCF cost
Extended dwell times (>90 min) can accelerate surface pitting and tensile strength reduction.
range
Conducted in an inert or low-oxygen atmosphere (N, Ar, or vacuum).
Some semi-oxidative setups intentionally introduce small O; concentrations (<1-3%) to assist resin bumout post-
pyrolysis.
Heating rate commonly 5-20 °C/min, slower rates favor niform resin decomposition and minimize thermal gradients
Temperature range 450-550 °C, with 500 °C as the most commonly cited.
Below 450 °C incomplete matrix removal and fiber contamination.
Above 550-600 °C onset of carbon fiber oxidation and strength loss.
Air or controlled oxidative gas stream (partial oxidation) fluidizing a silica sand bed
. Silica sand (particle size 200-600 pm) fluidized by air or N, at 0.4-0.6 m/s superficial velocity. Pilot/semi-
Fluidized bed 76.59 98.47 6.0-10.3 112]3 89| 6.0-10.0 industrial scale,
The bed provides efficient heat transfer and abrasion of resin residues. e oo ot
Processing time generally 2-10 minutes for chopped composites or 10-20 minutes for larger pieces.
Post treatment: acid washing or mild oxidation to remove inorganic residues and restore surface functionality.
Tensile strength retention depends on oxygen concentration and dwell time,
Some reports note surface roughening due to particle collisions in the bed, improving IFSS in new composites
Temperature range 700 - 900 °C, with 800 °C being the most common compromise.
Below 700 °C, incomplete resin burnout occurs; above 900 °C, oxidation severely degrades the fibers.
Controlled partial oxidation or steam/air mixture to sustain endothermic gasification and produce CO + Hyich syngas. Early scale,
Gassification | OPeration is under sub-stoichiometric oxygen conditions (A = 0.2-0.4) to prevent complete combustion 56 10042 60200 |1 ol71sls]| 5000 efficiency
Process time 5-20 min depending on particle size and gas velocity. potential, fiber
Shorter residence times can leave residual matrix; longer times risk fiber thinning due to oxidation. damage trade-off
Post-treatment acid washing (e.g., HCI, HNO) or mild oxidation (450-500 °C) is applied to remove ash and restore
- surface chemistry.
g
'TE_ Temperature range between 450-600 °C, with 500-550 °C identified as optimal for epoxy-based CFRPs
3 Microwave irradiation provides volumetric heating via interaction of the electromagnetic field with conductive CFRP and
o« susceptor materials (e.g., SiC, graphite)
Heating rates typically 50-100 °C min", far exceeding conventional furnace rates 1030 Pilot/early stage,
Microwave Reaction times are 10-30 min, often followed by post-oxidation at 450-550 °C for 10-30 min in air to remove residual energy savings
assisted char 69.72 108.46 ég’;’z‘!j:ﬂ sl6|7|8|e| 40100 | comparedto
pyrolysis Conducted under inert N, or Ar atmosphere during microwave heating to prevent oxidation, with optional secondary conventional
oxidation step for surface cleaning pyrolysis) pyrolysis
Lower total energy input and shorter processing time compared with conventional pyrolysis.
Reduced fiber damage and enhanced surface quality.
Particularly effective for thick or complex CFRP components where uniform heating i critical
Temperature commonly in the range 200-300 °C, sometimes up to 350-400 °C, depending on solvent and pressure.
Lower temperatures favor milder chemical attack and limit fiber degradation
High pressure (often 5-20 MPa or higher) to keep the solvent in liquid or supercriical state (e.g. water, alcohols) for
efficient polymer dissolution
alkaline, acidic, or catalytic additives are used to enhance resin cleavage. High-pressure /
Solvolysis Process time typically 1-4 hours, depending on resin type, temperature, and solvent. 2099 95.09 21250 |1f2 89| 10.0-25.0 | solvent costs, but
Common solvents: sups water b alcohols (e.g. ethanol, methanol), glycol high-quality fiber
mixtures, or ionic liquids
Solvent-to-CFRP mass ratios often range from 5:1 to 20:1 to ensure sufficient penetration and resin dissolution.
After solvolysis, the dissolved resin or monomers are separated, and recovered fibers are washed, dried, and sometimes
mildly oxidized or plasma cleaned to remove residual organics.
Typically uses a mild oxidative environment (3-7% O] rather than a fully inert atmosphere; the low oxygen helps
decompose resin while minimizing CF oxidation
Resin decomposition begins around 230 °C; major matrix degradation occurs in 350-550 °C; CFs start oxidizing above
Thermolysis  [550°C. 8177 9262 0879 |1 6|7[8|e| 4080 | Mostylabscale
Dwell time of 30 min is sed at 450 °C as optimal for epoxy removal without over-oxidation
In thermolysis under oxygen, 11% mass loss begins at 230 °C, 38% between 350-550 °C (resin degradation), and carbon
fiber oxidation starts above 550 °C (1.1% residual mass) in experiments.
Submerging CFRP waste in a water bath between electrodes and applying pulsed high voltage (on the order of 50-200
kV) with fast rise times (<5 microseconds) to generate electrical discharges (plasma channels) within the material
The discharge deposits high energy density (~10-100 J/cm?) locally, creating shock waves, rapid heating (up to ~10,000
o — :nct):r:i::reme\y high pressures (10* MPa) that exceed the matrix strength, thus fracturing the composite along Very carly stage,
£ 2 6287 - 0780 |1 sle|7[s]e| >0 | highelectricity
3 |fragmentation |Because the matrix and fiber dielectric breakdown differ, EDF preferentially fragments along resin-fiber interfaces, -
delaminating the composite structure with limited dust or fine particle generation.
In a demonstration by Roux et al. (cited in the draft), helicopter door hinge components (CF-PEEK) were fragmented via
EDF over six cycles with 60% of the original mass converted into usable fragments, and the recovered parts retained
~83% of original mechanical properties.
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