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Keys to Maximizing LCF Value

Cost and Scale

Low-cost High-rate
feedstock spinning _
| >| Properties
Fast High yield
conversion eny
Tendencies:

« Hardwood lignin melt spins well and stabilizes slowly
« Softwood lignin stabilizes well but doesn’t melt spin
« High purity needed for melt spinning

Achieving high-rate spinning, fast conversion, and high
yield that are scalable has proven to be very elusive




Advantages of Melt Spinning

Capital, per CF annual capacity ~$13/Ib ~S4/1b
Energy per |b of CF ~180 kBtu ~10 kBtu
CO2 emitted per |b of CF ~22 b ~1 lb
Production line length ~600 ft ~400 ft
Production line speed ~ 200 m/min ~ 2,000 m/min
Precursor concentration at die ~20% ~100%
Environmental toxicity High Low

Numbers from independent analysis by Kline and Company, as well as data
from Energy Information Administration and industry consultants

Melt spinning is very advantageous
but not an absolute requirement




Lignin Specification for Melt Spinning

* >99% lignin

» <500 ppm residual carbohydrates
* <5 wt% volatiles

* <1000 ppm ash

* <500 ppm non-melting particles larger than 1 micron
diameter



Structural Lignin Carbon Fibers
* Multi-filament tows not despoolable

» We have produced single filaments that
are moderately stretchable

* Lignin carbon fiber filaments are
graphitic and isotropic; we have not yet
produced aligned crystallite morphology

* Mechanical properties -
~ 175 ksi / 12 Msi best strength & Multi-filament lignin tows
modulus to date (with softwood)

« ~ 70 ksi / 7 Msi typical strength &
modulus >< ”

Filament crystallite
orientation

Lignin does not readily

produce structural fibers



Costs and Properties of
Structural Carbon Fibers

-
$30-$40/1b _s80/lb
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Modulus: 172 GPA (25 Msi) Fiber Modulus. GPa



We Are Now Taking What
Mother Nature Gives Us

* Current focus on functional applications for
which lignin is well-suited

— Thermal management for high
temperature processes

—Reduction of inactive material in chemica. =
batteries

— Sorbents for filtration
— Sorbents for gas storage

— Super / ultra-capacitors
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Photos are pitch carbon fiber
applications with high potential Monolith for Carbon insulation
to use lignin carbon fibers gas storage in 2000C furnace



Recent Accomplishments

* Successful scale-up of pelletization and fiber spinning
— Over one ton of pellets produced in ~ 1,000 Ib batches
— ~1,300 Ib of fibers produced in four batches

» Estimated mill ct ~ $4-5/Ib in web f
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Lignin fiber web formation by melt-blowing

We believe this was the first-ever production

of lignin fibers in batch size > 100 Ib




Major Challenges

» Lignin sourcing — huge potential with limited current supply
— High-quality, lab-scale samples

— Multiple scalable sources meeting cost and quality metrics -
hardwood and softwood from pulp mills and biorefineries

* High-rate spinning and conversion
» Chemical yield e [Bdia
 Equipment fouling

* Mechanical properties

— Likely requires major
chemistry effort

Residue on an oven exhaust cover
after ~ 1,000 hours of lignin heating
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ORNL Lignin Carbon Fiber Tech Team
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