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Multi-Lab Assessment of Wind Recycling2
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End of Life Wind Turbine Blades3

Bloomberg, 2020

Over two million metric tons of end of life material in U.S. by 2050
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Life Cycle Inventory

Blade on
turbine

110: Cut

120: Separate

210: Truck

220: Train

230: Boat

420: Landfill

320: Mechanical

330: Pyrolysis

350: High 
Voltage 

Fragmentation

360: Fluidized 
Bed

370: Solvolysis
Recycled 
materials

310: Cement 
Co-processing

410: Incinerate010: Disassemble

020: Controlled 
demolition

130: Shred

100: On-site 
size reduction

200: Transportation

300: Recycling

400: Disposal000: Decommissioning
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340: Microwave 
Pyrolysis



Process Modeling7

314: Cement kiln

Fiberglass
- CaO (32-38%)
- SiO2 (52-58%)
- Al2O3 (5-10%)
- Fe2O2 (0.4-0.8%)

Resin
- ~30 MJ/kg

Typical U.S. Kiln Fuel Mix
Coal (25-50%)
Pet Coke (25-50%)
Natural Gas (0-25%)
Alternative Fuels (0-15%)

312: Calcination

Limestone
- CaCO3 (98%)
- SiO2 (0.25%)
- Al2O3 (0.08%)
- Fe2O2 (0.06%)

Sand
- CaCO3 (1%)
- SiO2 (81%)
- Al2O3 (8%)
- Fe2O2 (3%)

Clay
- CaCO3 (13%)
- SiO2 (61%)
- Al2O3 (14%)
- Fe2O2 (5%)

Ore
- CaCO3 (14%)
- SiO2 (3%)
- Al2O3 (52%)
- Fe2O2 (23%)

Clinker
- CaO (65-70%)
- SiO2 (19-23%)
- Al2O3 (4-7%)
- Fe2O2 (2-4%)

311: Grinding and 
mixing

Electrical grid mix

313: Grinding

310: Cement Co-processing

CaCO3 → CaO + CO2

CO2 (fuel combustion)
CO2 (calcination)

CO2 (fuel combustion)

3.84 MJ/kg1.77 MJ/kg

0.17–0.52 MJ/kg

0.17–0.52 MJ/kg

1. Detailed mass balance

2. Direct emissions

3. Energy sources



Mass Yield Results8
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Glass fiber, thermoset epoxy blade, 1.7 MW, 48.7 m, decommissioned in Texas



Greenhouse Gas Emissions Results9

How do we assign credit for recovered materials?
Recovered material Virgin material credit Property of interest Portion of credit

Cement Clinker Cement Clinker All properties 100%

Fiberglass Fiberglass Tensile strength 50-80%

Powder Mortar All properties 100%

Oil Light Fuel Oil Heating value 82%

Gas Natural Gas Heating value 72%

Glass fiber, thermoset epoxy blade, 1.7 MW, 48.7 m, decommissioned in Texas



Greenhouse Gas Emissions Results10

Glass fiber, thermoset epoxy blade, 1.7 MW, 48.7 m, decommissioned in Texas



Greenhouse Gas Emissions Results11

Glass fiber, thermoset epoxy blade, 1.7 MW, 48.7 m, decommissioned in Texas



Multi-Metric Results12
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Cement coprocessing:
• Higher TRL
• Low GHG
• Large market

Mechanical recycling:
• Higher TRL
• Low GHG
• Uncertain market

Pyrolysis:
• High TRL
• Moderate GHGs
• Higher quality fibers



Multi-Metric Results13
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Cement coprocessing and 
mechanical recycling have 
low operational costs

Pyrolysis and microwave pyrolysis 
show trade-offs between natural 
gas and electricity



Alternative Materials14

Materials
Glass fiber with

Thermoset Epoxy (kg)
Blades with Alternative Materials

Carbon-Fiber Spar (kg) Recyclable Resin (kg)
Glass fiber 5,283
Carbon fiber 0
Thermoset epoxy resin 2,401
Separable thermoset resin 0
Balsa 416
Gelcoat 180
Adhesive 450
Steel 270
Total mass 9,000



Alternative Materials15

Materials
Glass fiber with

Thermoset Epoxy (kg)
Blades with Alternative Materials

Carbon-Fiber Spar (kg) Recyclable Resin (kg)
Glass fiber 5,283 6,224
Carbon fiber 0 1,198
Thermoset epoxy resin 2,401 3,685
Separable thermoset resin 0 0
Balsa 416 839
Gelcoat 180 265
Adhesive 450 664
Steel 270 398
Total mass 9,000 13,273

Carbon 
fiber

Larger blade



Results with Carbon Fiber Spar Cap16

Carbon fiber spar blade, 2.82 MW, 62.2 m, decommissioned in Texas



Alternative Materials17

Materials
Glass fiber with

Thermoset Epoxy (kg)

Blades with Alternative Materials

Carbon-Fiber Spar (kg) Recyclable Resin (kg)
Glass fiber 5,283 6,224 5,283
Carbon fiber 0 1,198 0
Thermoset epoxy resin 2,401 3,685 0
Separable thermoset resin 0 0 2,401
Balsa 416 839 416
Gelcoat 180 265 180
Adhesive 450 664 450
Steel 270 398 270
Total mass 9,000 13,273 9,000

Recyclable 
resin



Recyclable Thermoset Resin Systems18

Recyclable thermoset findings:

• Lower input energy

• Higher recycling credit 

• Solvent recovery uncertain

• Likely to result in lower net GHGs



Key Takeaways

1. Cement coprocessing and mechanical recycling are promising near-term solutions

▪ Decommissioning, downsizing, and transportation bottlenecks exist

▪ Market for mechanically recycled products unknown

2. Alternative materials (carbon fiber, recyclable resins) change the landscape

▪ Recycled products have higher value

▪ Separation and recovery of high quality recycled materials should be prioritized

▪ Advanced chemical and thermal methods become necessary

Bonus insight: Decarbonization of energy and industry has mixed impacts on results

19



Dissemination of Findings20

DRAFT

Published conference proceedings Journal article (in review) Technical report (in review)

DRAFT
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