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FOUR 
GOOD  

BOOKS  
TO READ



THIS IS FISSION OF A FISSILE/FERTILE ATOM





FROM WHERE DID OUR ELEMENTS COME?



THORIUM IS PLENTIFUL



FISSION PRODUCT POSSIBILITIES



WORLD’S 
NUCLEAR 

REACTORS  
IN 2014

• Abbreviations Defined: 
• PWR = Pressurized Water Reactor 
• BWR = Boiling Water Reactor 
• GCR = Gas-Cooled Reactor 
• PHWR = Pressurized Heavy WR 
• LWGR = Light Water-cooled, 

Graphite-moderated Reactor 
• FBR = Fast Breeder Reactor



URANIUM LIGHT WATER REACTORS 
PRESSURIZED VS BOILING TYPES 



LIGHT WATER REACTORS (LWRS)
• Pressurized Water Reactor (PWR) Boiling Water Reactor (BWR) 

• PROs:     PROs:                                              
• Inherently safe: coolant=moderator. Simpler plumbing reduces costs
• Easier maintenance; ”clean” turbine. Load-following is easier.
• Extensive operating experience. Extensive operating experience.

• CONS:      CONS:     
• Can’t breed new fuel. Can’t breed new fuel.
• Requires refueling every 2 years. Requires refueling every 2 years.
• Leaves 95% of fuel un-fissioned. Leaves 95% of fuel un-fissioned.



HOW THE FUEL RODS ARE 
ARRANGED



REVIEW OF PELLET TO REACTOR VESSEL



BEFORE/AFTER ENERGY 
HARVESTED



ENRICHMENT  
OF URANIUM

• There are 3 ways (including differential 
centrifugation) to enrich the tiny amount of 
235U that exists in natural uranium. (top!) 
• The 238U remaining after enrichment is known 

as depleted uranium (DU), and is considerably 
less radioactive than natural uranium, though 
still very dense. 
•  At present, 95% of the world's stocks of 

depleted uranium remain in secure storage. 



GAS-COOLED REACTORS

• These types use graphite (instead of water) as a neutron moderator. 
• Cooled by non-reactive gases, mostly CO2, but can be He or N2. 
• Chief advantage is they can use natural (non-enriched) Uranium. 
• Countries using them include UK, Italy & Japan (Magnox) as well as 

France and Spain (UNGG). 
• There are also high and very high-temp helium-cooled reactors, such as 

prismatic and pebble-bed types.



     CANDU (PHWR) REACTORS
•         Canada Deuterium-Uranium Reactors (CANDUs) 
• Designed in Chalk River, Ontario, they contain heavy water, in which the 

H in H2O (light water) is replaced by Deuterium, a heavier isotope of H. 
• Deuterium absorbs many fewer neutrons than Hydrogen, allowing 

CANDUs to operate on non-enriched Uranium. 
• PROs: CANDUs can be refueled while operating, since the cauldron is 

horizontal, and it can use many different types of fuel.  

• CONs: Neutron absorption by Deuterium leads to Tritium production, 
which can leak in small quantities. Some variants have safety concerns or 
could be modified to produce weapons-grade plutonium more easily 
than LWRs.



CONVERSION RATIO

• A measure of a reactor's performance is the "conversion ratio," 
ie., the ratio of: newly produced fissile atoms/consumed fissile 
atoms. Most reactors experience some degree of conversion.  
When the conversion ratio > 1, it’s called the Breeding Ratio. 
• Eg., commonly used LWRs have a conversion ratio of ~ 0.6. 
• Pressurized heavy water reactors have a conversion ratio of 0.8.  
• Breeder reactors have a conversion ratio of > 1. 
• Break-even is achieved when the conversion ratio =1, and the 

reactor makes as much fissile material as it uses.



LIGHT WATER, GRAPHITE-MODERATED REACTORS          S 

• All 15 of these early 
Gen-II reactors were 
built in Russia. 
• Graphite moderation 

allows non-enriched 
uranium to be used as 
fuel.



FBR = FAST BREEDER REACTOR

• FBR=one type among 6 families of Generation IV reactors. 
• China has one in Beijing. 
• Experimental Breeder Reactor–1 (EBR-1) was built by O.R. in 

Idaho. 
• The leading contender among Gen-IV reactors is the Molten 

Salt Reactor (MSR). 
• MSR fuels are Uranium and/or Thorium, as liquid fluoride salts.



WORLD’S 
NUCLEAR 

REACTORS  
IN 2014

• Abbreviations Defined: 
• PWR = Pressurized Water Reactor 
• BWR = Boiling Water Reactor 
• GCR = Gas-Cooled Reactor 
• PHWR = Pressurized Heavy WR 
• LWGR = Light Water-cooled, 

Graphite-moderated Reactor 
• FBR = Fast Breeder Reactor



SHORTCOMINGS OF URANIUM FUEL
• As an energy source, U has issues, long overshadowed by its 

advantages over coal. 
•  A tiny fraction (0.7%)of mined U is its fissile isotope, 235U.  
• Enrichment of 235U from 238U is difficult (isotopes are very similar). 
• 235U can be used to make nuclear weapons.  
• Only ~4% of its energy is used for making electricity. 

• In contrast: 238U is fissionable but not fissile; it will split apart only 
when struck by a neutron traveling very, very fast. But breeder 
reactors have their own problems: big changes can happen very 
quickly, and liquid sodium coolant explodes in air/H20.



MY CANDID DISCLOSURE



THORIUM:   
LFTR= LIQUID FLUORIDE THORIUM REACTOR

• Liquid: its fuel is dissolved in molten 
salt and circulated continuously to 
allow complete fuel burnup. 

• Fluoride: such salts are very stable 
compounds, even when hot.  

• Thorium: a very abundant element 
on Earth, not requiring enrichment. 

• Reactor: operates at high temp but 
normal pressure, providing safe, 
compact, less expensive energy.



ORIGINAL MSR AT OAK RIDGE





SCHEMATIC OF 
AN MSR





LWR (BLUE) VERSUS MSR (GREEN)





 PROS  
 &  

CONS  
OF  

MSRS

• PROs: 
• No need to shut them down for refueling. 
• Ability to breed more fuel at low neutron 

energies. 
• Liquid fuel avoids cladding; more efficient. 

• CONs: 
• A containment breach might release more 

fission product gases than a single pin in water. 
• On-line reprocessing is a potential 

“proliferation” concern.



HISTORY OF THE  MSR AT OAK RIDGE
• Hyman Rickover applied for duty in submarines in 1929, but 

his only command, in 1937, lasted 3 months, after near-
mutiny.  By Dec 1941 he was chief of the Navy’s electrical 
section. He oversaw building the largest submarine fleet in 
history, spurring his men to exhaustion, driving contractors 
into rages, but making a reputation for getting things done. 
• Meanwhile at Oak Ridge, Alvin Weinberg showed that MSRs 

had proven advantages over LWRs. But by 1954, with the 
launching of the Nautilus, Rickover had gained powerful 
influence over the AEC, helping to remove the government 
from atomic research, leaving GE and Westinghouse, 
already committed to LWRS, to dominate. 



ALVIN WEINBERG (1915 – 2006)

• “During my life, I have witnessed 
extraordinary feats of human ingenuity. 
I believe that this struggling ingenuity 
will be equal to the task of creating the 
Second Nuclear Era. My only regret is 
that I will not be here to witness its 
success.”  - 1994



ADVANTAGES OF TH OVER U

• 1. Thorium is 4X more abundant than U in the earth’s 
crust, and is easily found near the earth’s surface. 
• 2. Thorium does not need to be enriched, as uranium 

often does, before using it in a fission reactor. 
• 3. Thorium is FERTILE, but not FISSILE, so it cannot be 

used by itself as a nuclear weapon. 
• 4. Thorium’s decay product, 233U, fissions more 

completely, so there is much less waste.



8 WAYS TO 
COMPARE U 

VS TH





IS “WASTE” DISPOSAL ALL THAT DIFFICULT?
• We’ve been disposing more toxic wastes than nuclear for decades. 

• Spent nuclear fuel from LWRs is allowed to cool for ~ 5 years before 
storage, where it’s not as toxic as industrial wastes (formaldehyde, 
benzene or cyanides) 9 billion gallons of which we store annually. 

• EPA’s radiation standards for Yucca Mountain storage are too rigorous, 
20X  > the current “background” radiation we all receive. 

• Spent nuclear fuel storage beside existing nuclear plants is sensible, and 
it could be used to fuel advanced reactors in future.



YUCCA MOUNTAIN IN SOUTHERN NEVADA







WHY DO WE KEEP PLAYING WITH LEGOS?  





MSRS CAN CONSUME EXISTING LWR 
WASTES 

• Typical wastes from a 1 GWe LFTR, over 30 years, is < 100 lbs (<1/2 cubic ft). 
• A 1 GWe LFTR makes 1/1000th the Plutonium made by an equivalent LWR. 
• LFTR wastes are < wastes of fissioning U oxide pellets, with less fission products. 
• OTHER MSR advantages are:  
• Higher temps give ~30% better thermal efficiency, and no pressurization. 
• MSRs automatically throttle via thermal expansion of atoms in fluid salt. 
• There is no “runaway” or “meltdown” with liquid fluoride salt reactors. 
• Expensive containment systems are avoided by using a “frozen plug” to 

release the fluid salts in the event of an electrical power failure.









GEOMELT = VITRIFICATION

• Geomelting: dangerous contaminated material is mixed with 
clean soil, industrial waste and glass “grit”, and melted to 
create a very hard, leach-resistant glass. This vitrification 
immobilizes nearly all contaminants by incorporating them 
into a glass matrix. Organic wastes are destroyed by 
pyrolysis.  
• Developed in 1980 by the US-DOE, the Geomelt process is 

conducted in situ (in place) or by In-Container Vitrification 
(ICV) in a special steel-lined container.



THE FACTS ABOUT “WASTE” 

•Nuclear “waste” is Compact, Contained & Curated. 
• Its dangers are greatly exaggerated by the oil lobby 

and by fearful, poorly informed environmentalists. 
• Yucca Mountain and other waste sites need to be 

made operational for storing fission products. 
•We need to consider Thorium as well as Uranium for 

future reactors, rather than remain limited by our 
current, uranium-based infrastructure.





AN ECONOMIC RESCUE?
• NuScale is a Small Modular Reactor (SMR) 

that might occupy the niche of III+ to save 
the beleaguered nuclear industry until Gen 
IV reactors enter the market.



TERRESTRIAL  IMSR





MORE INFORMATION 
NEEDED?

• www.thoriumenergyalliance.com 
• www.world-nuclear.org 
• www.rethinkingnuclear.org

http://www.thoriumenergyalliance.com/
http://www.world-nuclear.org/
http://www.rethinkingnuclear.org/

