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environmental problems mount.




Population is Growing In Developing
Nations
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Prosperity stabilizes population.
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Prosperity stabilizes population.
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Prosperity depends on energy.
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Energy and coal use is growing
rapidly in developing nations.
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We need energy cheaper than from
coal.
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Aim High!
Set aggressive goals.

Develop a new energy source that

1. produces electricity cheaper than from coal,
2. synthesizes vehicle fuel,

3. Is inexhaustible,

4. reduces waste, and

5. Is affordable to developing nations.









We have 3 possible nuclear fuels
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Thorium-233 neutron absorption
makes fissionable uranium-233.
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LFTR = Th breeder reactor +
liquid Fuel

Molten fluoride salt
mix: LiIF and BeF,

Excellent heat
transfer

S

Continuous chemical
processing

Atmospheric

liquid fuel form!
Room temp solid



Radiation, fission products, and
heat damage solid fuel.

Pellet

Zirconium
cladding
must
contain
fuel and
fission
products
for
centuries.

Cladding

A cross section of fuel rod



Solid fuel reactors use only 3% of
the potential energy.

3% fission products}

1% plutonium

)
Enriched 0.50% Pu-239
uranium fuel 0.25% Pu-240
>  Pressurized —>| 0.15% Pu-241
water reactor .
06.5% U-238 96% uranium S
3.5% U-235

0.83% U-235
0.40% U-236
94.77% U-238

trace % minor actini)des
Np, Am, Cm, ...




LFTR produces < 1% of the long-lived
radiotoxic waste of today’s reactors.
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LFTR is walk-away safe.

Stable reactivity.
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Thorium fuel is plentiful, compact,
and Inexpensive.

440,000 tons in US (usGs)
$300,000 per ton

500 tons, entire US, 1 year

1 ton, 1 city, 1 year

< dense, silvery, 2 m,
1 ton thorium sphere




One Lemhi Pass claim has
enough thorium for 1,000 years.

Thorium Energy, Inc. claims 1,800,000
tons of thorium ore.

500 tons of thorium can supply all US
annual electricity.

The US has 3,200 tons stored in the
Nevada desert.

http://www.thoriumenergy.com/index.php?option=com_content&task=view&id=17&Itemid=33 http://mwww.energyfromthorium.com/ppt/ThoriumBriefSep2008.ppt



Oak Ridge developed and tested LFTR
technology

Physicists
Eugene Wigner
Alvin Weinberg
Develop Chemists
Ray Briant
Ed Bettis
Vince Calkins

Fluoride salts at temperatures to 1000°C.

Fission products: krypton, rubidium, strontium, yttrium,
zirconium, molybdenum, technetium, ruthenium,
rhodium, palladium, cadmium, indium, tin, antimony,
tellurium, iodine, xenon, caesium, barium, lanthanum,
cerium, neodymium, promethium, samarium.

Neutron irradiation.



The agueous homogeneous reactor at
Oak Ridge generated 140 kW in 1953.

R

Richard Engel adds
300 g of uranium in
500 ml of heavy
water to generate
electric power for
two months.



Weinberg and Oak Ridge developed the
first molten salt nuclear reactor in 1954.
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The Fireball reactor made heat to power
jet engines.
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Rickover's drive, Nautilus submarine, and
Shlppllngport power plant -)100 US PWRs.
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The Molten Salt
Reactor
Experiment ran
from 1965 to
19609.

Salt flowed through
channels in this
graphite core.










The Molten
Salt Reactor
Experiment
succeeded.

Hastelloy
Xe off-gas
Graphite
Pumps
Fluorination
Dump tanks
U-233
17,655 hours
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Off-gas
System
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http://www.ornl.gov/~webworks/cppr/y2006/pres/124659.pdf

Development Is nascent.
$1B

Develop

2011

LFTR technology is disruptive to the nuclear industry.
US makes small grants to UCB, MIT..

R&D papers published in France, Japan, Canada, ...
Ventures seeking money in US, Japan, South Africa.
China announces LFTR project! (Jan 2011)

Energy from Thorium volunteers contribute.



Start with what Oak Ridge Tested
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Add the breeding blanket

Soluble FPs
Xe+Kr+Nobles

New U-233 fuel

|

New Th-232

Turbine and generator



Separate U-233 from Th-232 by
fluoride volatility.
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Remove the various fission products

ranium
sorption-
eduction
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Distillation

Recycled

Tl iIF_-R e

UF,
Xe+Kr+Nobles

Soluble FPs

v U-233 fuel

Fluoride
Volatility

o~

Fissile
U-233 core

Fertile
Th-232 blanket

ew Th-232




Removing fission products controls
Hastelloy-N Corrosion

Soluble FPs
Xe+Kr+Nobles Waste
separator

o~

New U-233 fuel

Uranium ..
Fissile
separator
U-233 core
Fertile Salt

Th-232 blanket

New Th-232
SS 316 suitable for clean salt. /«

Turbine and generator




Use silicon carbide composites for
future 1000°C temperatures.

Soluble FPs

Xe+Kr+Nobles te
se or

New U-233 fuel

Nk

Fissile
U-233 core

Uranium
separator

Fertile

New Th-232 Th-232 blanket

William Corwin, INL, ORNL Turbine and generator



Graphite wall shrinks then swells.

Soluble FPs
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New U-233 fuel
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Scale up to commercial models and
develop applications

$1B $5B

2011 2016



Alm High! Use air cooling.

A typical 1 GW coal or
nuclear plant heats

600,000 gal/min of water, or
evaporates 20,000 gal/min.

High temperature LFTR
halves heat loss.

Alir cooling is needed where
water is in short supply.




Aim High!
Synthesize fuel from H,.

. : . L Ammonia
Dissociate water with sulfur-iodine or
copper-chlorine cycle.
CO2+3H2 >
Hydrngen Oxygen | CH30H + H20
f" Nuclear Heat ‘

400 C 900C

Rejected

Heat1ooc | . Methanol for

| (lodine) ; . S (Sulfur) gasoline
Creutaton l, BHoR so-w.o Jf Createn

~H,0
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Water \ Dlme_thyl ether
for diesel

http://wwwtest.iri.tudelft.nl/~klooster/reports/hydro_slides_2003.pdf



Why can LFTR energy be cheaper
than from coal?




The median of five cost estimates
for molten salt reactors is < $2/watt.

Estimate Year | $/watt 2009 S/watt
Sargent & Lundy 1962 | 0.650 4.64
Sargent & Lundy ORNL TM- 1965 | 0.148 1.01
1060

ORNL-3996 1966 | 0.243 1.62
Engel et al, ORNL TM7207 (1978 | 0.653 2.16
Moir 2000 | 1.580 1.98




LFTR needs no costly 160-atmosphere pressure
vessel and containment dome
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The Westinghouse AP-1000 is
massively Iarger than LFTR.
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High thermal energy efficiencies
keep LFTR compact at low cost.

‘

High thermal capacity
heat exchange fluid

Carbon composite high
temperature heat
exchanger




Compact closed cycle Brayton turbine
raises power conversion efficiency.

Halving rejected heat enables air cooling.



Aim High!

Develop a small modular reactor.

Small LFTR modules can
be transported by trucks.

100 megawatt, $200 million
-- cheaper than coal

Affordable to developing
nations

Single modules
-- suited for small cities
-- short transmission lines

Multi-module power stations
-- Incremental growth and cost
-- replace plants at existing sites



Check global warming.

Install one 100 MW LFTR each day, worldwide, to
replace all coal power.

10 billion < 1400 GWY
tons COZ

Annual emissions
from world coal
power plants

2020 2058

http://www.eia.doe.gov/pub/international/iealf/table63.xls



Boeing makes one $200 million aircraft
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The learning curve reduces
COsSts.

Cost per unit

10% learning ratio

1 2 4 8 16 32 64 128 256 512 1024 2048 4096
Units produced



LFTR can undersell coal.

Coal

Coal plant cost $2.40/watt
Cost recovery | $0.024/ kWh
Ops & maint $0.01 / kWh
Coal fuel $0.02 / kWh
Electricity cost | $0.054 / kWh




LFTR can undersell coal.

Coal

LFTR plant cost $2.00/watt
Cost recovery $0.02/ kWh
Ops & maint $0.01 / kWh
Thorium fuel $0.00004 / kWh
Electricity cost | $0.03 / kWh

Coal plant cost $2.40/watt
Cost recovery | $0.024/ kWh
Ops & maint $0.01 / kWh
Coal fuel $0.02 / kWh
Electricity cost | $0.054 / kWh

Thorium




Aim High! Stabilize world population.
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Aim High!

$18B $58B $ 70 B per year industry
2011 2016 2021

Cut 10 billion tons/year CO2 emissions to zero by 2058.
Avoid carbon taxes.

Improve world prosperity, and check overpopulation.
Reduce radiotoxic waste; consume world fissile stocks.
Use inexhaustible thorium fuel, available in all nations.

Walk-away safe.



