
Thorium energy can help 

 
o reduce CO2 emissions and 

global warming 

 

o cut deadly air pollution 

 

o provide inexhaustible energy 

 

o increase global prosperity 
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Coal emissions cause 13,000 deaths 

per year in the US alone. 



Melted glaciers cut summer water. 



Melted glaciers cut summer water. 



Dennis Meadows’ Limits to Growth 

modeled effects of finite resources. 

http://www.aspoitalia.net/images/stories/aspo5presentations/Meadows_ASPO5.pdf 
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Resource competition depletes food. 



Resource competition can lead to war. 



Prosperity stabilizes population. 

https://www.cia.gov/library/publications/the-world-factbook/docs/rankorderguide.html 
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82 nations with populations 

over 10 million. 
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Prosperity  

Prosperity depends on energy. 

https://www.cia.gov/library/publications/the-world-factbook/rankorder/2042rank.html 

GDP 

per 

capita 

Annual kWh per capita 

Nations with populations 

over 10 million. 



Energy use is growing rapidly in 

developing  nations. 

http://www.eia.doe.gov/oiaf/ieo/world.html 



Coal burning is increasing sharply in 

developing nations. 

http://www.eia.doe.gov/oiaf/ieo/world.html 



Technology policy is more 

important than carbon taxes. 

http://www.sciam.com/article.cfm?id=technological-keys-to-climate-

protection-extended 

"If we try to restrain emissions 

without a fundamentally new set 

of technologies, we will end up 

stifling economic growth, 

including the development 

prospects for billions of people. 

 

"We will need much more than a 

price on carbon. 

 

“…technologies developed in the 

rich world will need to be adopted 

rapidly in poorer countries. 

Prof. Jeffrey Sachs 

Economist, Columbia University 

Director of The Earth Institute 



China Daily looks to new technology. 



http://pub1.chinadaily.com.cn/cdpdf/us/download.shtml?c=32073 

China argues its cumulative greenhouse 

gas emissions are low. 

1,125.6 

tons per person 76.0 tons per person 



We need energy cheaper than coal. 

Copenhagen failed. 

 

Durban failed. 

 

Nations resist carbon taxes. 



Coal electricity costs 5.6 cents/kWh. 

Advanced, efficient 

coal plant capital cost: 

$2.8/watt 

 

Capital cost recovery 

@ 8% over 40 years, 

run at 90% capacity: 

2.8 cents/kWh 

 

Integrated gasification 

combined cycle (IGCC) 

capital cost, even 

without carbon 

capture: 

$4.76/watt 



Natural gas electricity: 4.8 cents/kWh. 

Comb Cycle Gas Turbine 

60% efficient 

$1.00/watt 

 

Fuel Cost  

$ 5 / million BTU 

3.7 cents/kWh 

 if NG @ $ 3 / million BTU 

 

7.3 cents/kWh 

 if NG Combustion Turbine 

    30% efficient 



Low natural gas prices will rise. 

Substitution 

 

Oil:                $17 / million BTU 

Natural gas   $  3 / million BTU 

Location arbitrage 

 

 

 

 

 

 

 

Louisiana:    $  3 / million BTU 

Japan:          $16 / million BTU 

EIA projections 



Wind electricity costs 18.4 cents/kWh. 

Capital cost examples 

 

$2.44/watt EIA 

$7.00/watt Deepwater Wind 

$5.80/watt Cape Wind 

 

Capacity factor: 30% 

 

 

Cape Wind cost to utility 

 

16 to 24 cents/kWh 

 



Wind turbines increase CO2 emissions. 

1,000 MW power plant alternatives 

Power source Use  Efficiency Gas burned 

Wind turbine with 

NGCT 

30% - - 

70% 29% 2410 MW(t) 

Turbine type Efficiency Start time 

NGCT natural gas combustion turbine 29% 10 min 

CCGT combined cycle gas turbine 60% 40 min 

CCGT only 100% 60% 1670 MW(t) 



Solar electricity costs 23.5 cents/kWh. 

Capital cost examples 

 

Brightsource, Calif,    $5.60/watt 

 

Abengoa, Arizona,       $5.71/watt 

 

Capacity factor: 20% 

 

Electricity cost examples 

 

Albiasa, 35 cents/kWh 

 

AllEarth, 30 cents/kWh 

 

 



Biomass electricity costs 9.7 cents/kWh. 

     Capital cost examples 

 

     Nacogdoches TX 

     $5.00/watt 

 

     Berlin NH 

     $3.67/watt 

 

 

Wood fuel cost examples 

 

Burlington VT,     $15-30/ton 

 

Worchester MA, $22-34/ton 

 

Springfield NH,   $28/ton 

 



Energy from thorium must undersell this 

competition. 



Waste 
separator 

Uranium 
separator 

Fertile 
Th-232 blanket 

Fissile 
U-233 core 

New U-233 fuel 

New Th-232 

Heat 
exchanger 

Turbine and generator 

Salt 

Xe+Kr+Nobles  

Soluble FPs  

Weinberg had envisioned LFTR ever 

since the 1943 Wigner design. 

"humankind's whole future 
depended upon this"  

n 

Th-232 

U-233   



Waste 
separator 

Th-232 

U-235   

New Th-232 

n 

n Heat 
exchanger 

Salt 

Denatured thorium molten salt reactor, 

DMSR needs Th-232 and U-235 feeds. 

Fissile U diluted with U-238 is highly 

proliferation resistant. 

U-233   

New U-235 
U-233   

U-238   U-238   

U-238   

Xe+Kr+Nobles  Salt changed after 

U-238 and soluble 

FPs build up. 

Turbine and generator 



Why can thorium energy be 

cheaper than from coal? 



The median of seven cost estimates 

for molten salt reactors is ~ $2/watt. 

Estimate Year $/watt 2012 $/watt 

Sargent & Lundy 1962 0.65 4.95 

Sargent & .. ORNL TM-1060 1965 0.15 1.09 

Kasten, MOSEL reactor 1965 0.21 1.53 

ORNL-3996 1966 0.24 1.62 

McNeese et al, ORNL-5018 1974 0.72 3.36 

Engel et al, ORNL TM7207 1978 0.66 2.33 

Moir 2000 1.58 2.11 



Liquid thorium fuel contributes to 

low cost. 
Molten fluoride salt 

mix: LiF and BeF2 

 

Excellent heat 

transfer 

 

Continuous chemical 

processing 

 

Atmospheric 

pressure liquid 

 

Room temp solid 

Key technology --  

liquid fuel form! 



Walk-away safe LFTR reduces 

defense-in-depth systems costs. 
Stable reactivity. 

 

Can’t melt down. 

 

No propulsive 

pressure. 

 

Melting freeze plug 

dumps salt to tank. 

 

Salt from rupture or 

leak will solidify. 

Freeze plug 



LFTR needs no costly 160-atmosphere 

pressure vessel and containment dome. 



nucleons Th 90 Pa 91 U 92 Np 93 Pu 94 

241 

240 

239 

238 

237 

236 

235 

234 

233 

232 

neutron 

absorption 

beta decay 

fissile 

LFTR makes few long-lived actinides, 

by multiple neutron absorptions. 



Actinides fission or absorb neutrons to form 

new actinides, which .... 

LFTR consumes its own actinides. 



So long-lived actinide waste disposal 

costs are relatively small. 



High-temp closed-cycle Brayton turbine 

raises power conversion efficiency. 



https://www.ornl.gov/fhr/presentations/Forsberg.pdf 

Open-air Brayton-cycle needs no 

costly water cooling. 

 

 

 

 

 

                                           (Charles Forsberg at ORNL, 2010) 



http://web.mit.edu/jessiek/MacData/afs.course.lockers/22/22.33/www/dostal.pdf 

Compact supercritical CO2 turbines 

may be even less costly. 



Thorium fuel is plentiful and 

inexpensive. 

http://minerals.usgs.gov/minerals/pubs/commodity/thorium/690798.pdf 

500 tons, entire US, 1 year 

Millions of tons worldwide 

Energy security for all 

$300,000 per ton 

 

1 ton, 1 city, 1 GW-year 

 dense, silvery, ½ m, 

1 ton thorium sphere 



Boeing factories can produce a $200 

million aircraft every day. 



The learning curve reduces costs. 

10% learning ratio 



LFTR can be a small modular reactor. 

Modules can be 

transported by truck. 

100 megawatt,  $200 million 

  -- $2/watt 

 

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 



LFTR electricity can cost 3 cents/kWh. 

Electricity cost, cents/kWh 

LFTR Coal Gas Wind Solar Biomass 

Capital cost 

recovery 

2.0 2.8 1.0 17.4 22.5 4.0 

Fuel 

 

  

0.004 

1.8 2.8 0 0 4.7 

Operations 

 

1.0 1.0 1.0 1.0 1.0 1.0 

Total 3.0 5.6 4.8 18.4 23.5 9.7 



One-a-day production of 100 MW 

LFTRs is a $70 billion per year industry. 

2012 2017 2022 

Develop Scale up Produce 

Commercialize 

Export 



Check global warming. 

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

Install one 100 MW LFTR each day, worldwide, to 

replace all coal power. 

2022 2060 

10 billion 

tons CO2 

Annual emissions 

from world coal 

power plants 

 1400 GWY 



Produce hydrogen with LFTR. 

Dissociate water with sulfur-iodine or copper-chlorine cycle. 



The Honda Clarity uses a hydrogen 

fuel cell to power an electric motor. 



Ford delivered buses with hydrogen-

fueled internal combustion engines. 

http://green.autoblog.com/2007/05/23/ford-begins-deliveries-of-h2-shuttle-buses/ 



Methanol Dimethyl ether Ammonia Hydrogen 

10 17 18 21 

Energy density (mega joules per liter) 

H2 NH3 
CH3OH H3COCH3 

Combining H2 with N or C makes 

energy-dense liquid vehicle fuels. 



Ammonia fertilizers feed the world. 

> 1% of world energy used to make ammonia. 



Internal combustion engines can run 
with ammonia fuel. 



Ammonia can power fuel cells for 

electric cars. 

Direct ammonia fuel cells 

No need to first crack 

ammonia into N2 and H2 

fuel. 

 

Solid Oxide Fuel Cells 

proton-conducting ceramic 

electrolytes 



Ammonia can be handled safely. 

Vehicle pressure tanks 

ammonia 14 atmospheres 

propane 12 

natural gas  200 

hydrogen     350 

Spill danger 

alerting odor 

lighter than air 

difficult to ignite; ignition temperature 650º C 

fire extinguished with plain water 

Toxicity 

safety experience: 2nd most common industrial chemical 

inhalation of 1% NH3 for 1 hour is 1% fatal 

humans and mammals process NH3 in urea cycle (not fish) 
http://www.energy.iastate.edu/Renewable/ammonia/downloads/NH3_RiskAnalysis_final.pdf 

http://www.energy.iastate.edu/Renewable/ammonia/downloads/NH3_RiskAnalysis_final.pdf


Solid state ammonia synthesis can 

make NH3 from H2O, N2, and electricity. 

Like a solid oxide 

fuel cell, in reverse 

 

Advantages 

· Never any H2 gas 

· Low pressure 

· Modular scale-up 

 

Heat from LFTR 

http://www.energy.iastate.edu/Renewable/ammonia/ammonia/2008/Sammes_2008.pdf  

~6800 kWh / ton. 

http://www.energy.iastate.edu/Renewable/ammonia/ammonia/2008/Sammes_2008.pdf 

http://www.energy.iastate.edu/Renewable/ammonia/ammonia/2008/Sammes_2008.pdf


The energy cost of nuclear ammonia is 

a third that of gasoline. 

Fuel Heat of 

combustion 

Price Energy 

cost 

Ammonia 22 MJ/kg $0.20/kg $0.01/J 

Gasoline 132 MJ/gal $4/gal $0.03/J 



68% of California gasoline cost is for 

the petroleum energy source. 

$2.70 

crude 

 

 

 

$0.90 

taxes & other 

 

$0.40 refining 

http://energyalmanac.ca.gov/gasoline/margins/index.php 

$4.00/gal 



Replacing crude oil energy with nuclear 

ammonia energy cuts fuel costs. 

$2.70 

crude 

 

 

 

$0.90 

taxes & other 

 

$0.40 refining 

$4.00 / gal 

$0.90 

ammonia 

$0.90 

taxes & other 

 

$0.40 refining 

$2.20 / gal-equiv 



Methanol 

Dimethyl ether 

CH3OH 

H3COCH3 

Gasoline 

Use climate-neutral sources to make 

hydrocarbon vehicle fuels. 



Green Freedom captures CO2 from air 

in reactor cooling towers. 

http://www.lanl.gov/news/newsbulletin/pdf/Green_Freedom_Overview.pdf http://data.tour-solaire.fr/Optimized-Carbon-Capture%20RKR%20final.pps 



http://ecen.com/eee57/eee57e/carbon_content_in_biomass_fuel.htm  

•Farming produces 3 tons of 

dry biomass per acre-yr. 

-- half is carbon. 

•Don’t burn it! 

Hydrogenate it. 

•1.7 T biomass  1 T fuel. 

•US farm land: 1 G acres 

US annual fuel use: 1 GT 

Hydrocarbon fuels can be synthesized 

from H2 and almost any carbon source. 

•World cattle dung of 2.5 GT 

could make 1.5 GT fuel. 

http://ecen.com/eee57/eee57e/carbon_content_in_biomass_fuel.htm


2012 2017 2022 

Develop Scale up Produce 

$ 1 B $ 5 B $ 70 B per year industry 

Export 

Zero 10 billion tons/year coal CO2 emissions by 2060. 

Synthesize climate-neutral vehicle fuels. 

Avoid contentious 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. 
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o reduce CO2 emissions and 

global warming 

 

o cut deadly air pollution 
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By-product U-232’s decay chain emits 
gamma rays hazardous to bomb builders. 

nucleons Th 90 Pa 91 U 92 Np 93 

235 

234 

233 

232 

231 

230 neutron 

absorption 

beta decay 

neutron 

abs/decay 

  (n,2n) 



Uranium 
separator 

Fertile 
Th-232 blanket 

Fissile 
U-233 core 

New U-233 fuel 

New Th-232 

n 
n 

Uranium from a commercial LFTR will 

not be used for weapons. 

Breeds only as much 

U-233 as it consumes. 

 

Removing any will stop 

the LFTR. 

 

U-232 contamination 

will be 0.13%. 

 

A 5 kg sphere of it 

radiates 4,200 mrem/hr 

at 1 meter. 

 

After 72 hours of 

exposure a weapons 

worker will likely die. 

India, Pakistan, and North Korea 

demonstrated far less technically 

challenging and costly paths. 



High thermal absorption, fission cross 

sections lead to low fissile mass & cost. 

thermal 

Inter-

mediate 

fast 



Renewable energy wrecks the 

environment, says one scientist. 

http://phe.rockefeller.edu/jesse/index.html 

Jesse E. Ausubel 

• Director, Program for the Human 

Environment, Rockefeller University. 

• Program Director, Alfred P Sloan 

Foundation. 

• Former Director of Studies, Carnegie 

Commission on Science, Technology, 

and Government. 

Flooding the entire province of Ontario 

behind a 60 m dam would provide 80% 

of the power of Canada’s existing 

nuclear electric plants. 

 

Displacing a single nuclear power plant 

with biomass would require 1,000 

square miles of prime Iowa farm land. 

 

Wind farms on 300 square miles of land 

could displace a 1 GW nuclear plant. 

 

60 square miles of photovoltaic cells 

could generate 1 GW. 

 

Powering New York City would require a 

wind farm the size of Connecticut. 



Nuclear power was kindest to the 

human environment in 1969-1996. 

htpp://gabe.web.psi.ch/pdfs/PSI_Report/ENSAD98.pdf  

Energy 
Chain 

Accidents 
with > 4 

fatalities 

Fatalities Fatalities per 
GW-year 

Coal 185 8,100 0.35 

Paul Scherrer Institut, November 1998, Severe Accidents in the Energy Sector 

Natural Gas 85 1,500 0.08 

Oil 330 14,000 0.38 

LPG 75 2,500 2.9 

Hydro 10 5,100 0.9 

Nuclear 1 28 0.0085 



1.4 m diameter 

The Fireball reactor made heat to 

power jet engines. 



Rickover's drive, Nautilus submarine, and 

Shippingport power plant 100 US PWRs. 



The Molten 

Salt Reactor 

Experiment 

ran from1965 

to 1969. 
 

 

 

Salt flowed 

through channels 

in this graphite 

core. 



http://www.ornl.gov/~webworks/cppr/y2006/pres/124659.pdf 

The Molten 

Salt Reactor 

Experiment 

succeeded. 
 

Hastelloy 

Xe off-gas 

Graphite 

Pumps 

Fluorination 

Dump tanks 

U-233 

17,655 hours 

http://www.ornl.gov/~webworks/cppr/y2006/pres/124659.pdf


http://www.columbia.edu/~jeh1/2012/ColumbiaUniversity_Sep2012.ppt 

Global warming continues. 



Population is stable in developed 

nations. 

http://caliban.sourceoecd.org/vl=1260748/cl=17/nw=1/rpsv/factbook/010101.htm 
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