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Introduction

"There are four chief obstacles in grasping truth...namely, submission to faulty and unworthy authority, influence of custom, popular prejudice, and the concealment of our own knowledge." 

--Roger Bacon, English philosopher and scientist, 1220-1292

Surplus and useful energy, over and above that available from the sun's warmth, an open fire, or human or animal labor, was once not an option.  During and following the Industrial Revolution, it became an available though expensive luxury.  Today, it is a necessity.  Without it we would all still be toiling on the land, hewers of wood and drawers of water.  We would also still be living in a feudal and poor society, devoid of medical care, education and public services.  The quality of our lives would be that of the Middle Ages, where life expectancy was little better than 30 years.  Many third world countries experience these same conditions.

The growth and development of industrial society, from the time of the Industrial Revolution, depended directly upon its expanding and more effective use of energy.  Initially, this was produced by whatever means was amenable to development, be it mechanical energy from flowing or falling water, or thermal energy from burning wood or, increasingly, from coal to boil water to steam.

With the development and use of railways, automobiles and the introduction and use of electricity, greater versatility and some choice of location of industry became possible.  Oil, as a source of combustion energy, became important.  These primary energy resources: water, wood, coal, oil, natural gas, and secondary energy - electricity - began to shape how society developed and the nature of the industrialization process.  Added to these, at the middle of the last century, was nuclear power - ideally suited to the generation of electricity and now producing about 17% of the world's electricity supply.  Increasingly, the most versatile and useful form of energy is electricity.

	Potential Sources of Energy in Society

	Transportable
	Intermittent & Unreliable
	Local

	Coal

Petroleum

Natural Gas

Uranium

(Tar Sands)

(Oil Shale)

Hydrogen
	Solar

Ocean Waves

Wind

Tides (reliable)
	Wood

Water (hydro)

Geothermal

Biomass

Ocean thermal

Peat

Hydrogen


Electricity is used to power communications; to heat and light our homes, offices, hospitals and factories; to light our streets; to power industrial processes; and eventually it will provide hydrogen fuel (a tertiary energy, by hydrolysis of water) or battery power for many forms of transportation.  

There are certain inescapable issues concerning energy:

1. The demand for energy worldwide will continue to increase for the foreseeable future of humanity.

2. The electrical energy requirements of society will be a continually increasing fraction of total energy demand, and by the middle of this century will be about 2 to 4 times higher than today.  They are unlikely to decline.  

3. The largest energy growth will take place in some third world countries and will be mostly from the expanded use of fossil fuels - especially coal - with all of the pollution burden that that will represent to the earth's atmosphere.

4. Without restrictions on their use and emissions, fossil fuels are likely to be exploited until they become too expensive or are depleted as a resource, which may be towards the end of this century for conventional oil and gas.

5. Energy must never be in short supply or unaffordable.  The elderly or the poor should not have to decide between buying food or staying warm.

6. Nuclear power is the least polluting source of sustainable and affordable energy.  It can supply base-loaded electrical energy for many thousands of years through the broader adoption of advanced nuclear cycles.  At the present time it displaces almost 2 billion tons of atmospheric pollution and about 100 million tons of solid wastes a year from the coal that would otherwise have been used.  In a future hydrogen economy it would displace the more expensive and politically sensitive petroleum fuels from most of their relatively inefficient uses in transportation and heating, and further cut back on pollution.

To be of value in society, any source of energy must be affordable, assured, and reliable.  For the last two reasons, the so-called renewables, with the exception of most hydro-power generation, cannot be base-loaded and, short of political ideology and manipulation, are unlikely to make more than a minor contribution to society's need for assured and reliable energy.

All of the various ways of providing energy, produce wastes at some point in their cycle. These wastes - when thrown into the atmosphere - as they are from the combustion of fossil fuels, are implicated in Global Climate Change and its assumed negative effects upon the environment and humanity. 

	ATMOSPHERIC POLLUTION AND SOLID WASTE FROM WORLD ENERGY USE

(Millions of tons produced in 2000)

	Pollutant
Sulphur
Nitrogen
 
Partic-

Carbon

Carbon

Solid

& Source
Dioxide
Oxides

ulates

Monoxide
Diox​ide

Waste

Coal
100

20

500

3

9000

200

Gas
<0.5

2

<0.5

5

4000

minor

Oil
40

10

2

200

9000

15

Wood
0.2

3

100

200

5000

50

Nuclear
0

0

0

0

0

0.04

Hydro
0

0

0

0

0

0

	These are approximate estimates.  The use of gasoline in automobiles produces about 200 million tons of carbon monoxide each year, worldwide.  In total contrast to the highly controversial atmospheric pollution from fossil fuels, the entire waste product from nuclear power operations is managed and con​trolled.


The wastes from the various nuclear cycles of operation - the only significant wastes produced and the only wastes that are controlled and managed - constitute the basis of this document.
   

1.0  Radioactivity and Radiation Uses - Historical Overview

Everything in society is naturally radioactive to some degree.  There are approximately 100 naturally occurring radionuclides surrounding us in our food, air, water, soil, rocks and building materials.  These occur in Naturally Occurring Nuclear Materials or NORMS.  The top 10 centimetres of soil on a typical one-hectare property anywhere in the world contains approximately 4 and 12 kilograms of naturally occurring uranium and thorium respectively, and all of their radioactive progeny. 

	Some Naturally-Occurring Radionuclides

	Uranium-238 Decay Chain. *  Each radio-element in the table is a daughter of the nuclide above it.
	Natural Radionuclides from Cosmic Particle Bombardment of the Atmosphere
	Some Natural Radionuclides of Terrestrial Origin

	Isotope

Half-life
	Production rate                   Half-life

           (Atoms/cm2/ s)
	Radionuclides (Abundance (%) Half-life

          Relative to stable element)



	Uranium-238
4.5 billion y

Thorium-234
24 days

Protactinium-234m
1.2 min

Uranium-234
2.5E5 y

Thorium-230
8E4 y

Radium-226
1622 y

Radon-222
3.8 days

Polonium-218
3 minutes

Lead-214

27 minutes

Astatine-218
2 seconds

Bismuth-214
20 minutes

Polonium-214
1.6E-4 seconds

Thallium-210
1.3 minutes

Lead-210

22 years

Bismuth-210
5 days

Polonium-210
138 days

Thallium-206
4.2 minutes

Lead-206

Stable
	H-3
0.25                      12.3 y

Be-7
8.1E-3
           53.6 d

Be-10
3.6E-2                  2.5E6 y

C-14
2.2
          5730 y

Na-22
5.6E-5     
          2.6 y

Na-24

          15 h

Si-32
1.6E-4
          650 y

P-32
8.1E-4
          14.3 d

P-33
6.8E-4
          24.4 d

S-35
1.4E-3
          88 d

Cl-36
1.1E-3
          3.1E5 y

S-38

          2.87 h

Cl-38

          37 m

Cl-39
1.6E-3
          55 m

	K-40
      0.012
                  1.26E9y

V-50
      0.25

6E15 y

Rb-87
      27.9

4.8E10y 

In-115
      95.8

6E14 y

Te-123
      0.87

1.2E13y 

La-138
      0.089

1.1E11y

Ce-142
      11.07

>5E16 y

Nd-144
      23.9

2.4E15y 

Sm-147
      15.1

1.0E11y

Sm-148
      11.27

>2E14 y

Sm-146
      13.82

>1E15 y

Gd-152
      0.20

1.1E14y 

Dy-156
      0.052

>1E18 y

Hf-174
      0.163

2E15 y

Lu-176
      2.6

2.2E10y

Ta-180
      0.012

>1E12 y

Re-187
      62.9

4.3E10y

Pt-190
      0.013

6.9E11y

	*  Similar decay chains exist for naturally occurring uranium-235 and thorium-232. 


Human activities in the past have occasionally concentrated some of these radionuclides and created materials that had elevated levels of radiation. These are known as Technologically Enhanced NORMS (TE-NORMS).  Most of these were regarded as wastes simply because no value or purpose for them was evident.  This changed about the mid 1800s, when uranium - a byproduct of mining for other metals - began to be used as an additive to crockery glazes, producing various bright colors; to glass, producing a pale green color; or used for tinting in early photography.  

Some of the properties of radiation - as X-rays - were first recognized by Wilhelm Roentgen in 1895.  X-rays were widely adopted in medical use within weeks of their discovery, provided there was a source of electricity to produce them.  Other properties and sources of different radiations, requiring no external power source to generate them, were outlined by Becquerel and the Curies in 1896.  Following Marie Curie's separation of radium-226 in1897, from uranium-rich ore discarded from the Joachimstal silver mine, the demand for radium in medical use far exceeded the supply.  Previously discarded mine tailings containing uranium, and uranium deposits from which the minute quantities of radium could be extracted (high grade uranium ore (1%) contains about 3 milligrams for each tonne), began to be exploited throughout the world as the price of radium climbed to more than US$180/milligram by 1914, before declining in value.  Total world production of radium by the 1930s seems to have been no more than about 750 grams.  As a result of this exploitation, Low Level Radioactive Wastes began to accumulate in rapidly increasing quantities.

The development of particle accelerators in the 1930s produced a new stream of man-made radionuclides (neutron deficient) which were also in great demand in medical procedures.  Again, supply could never keep up with demand.  Unlike the process for production of radium (which could reject tons of radioactive materials for every milligram of radium produced), radioactive byproducts and wastes were both very small, and usually of very short half-life.   

With the development of nuclear fission in 1942, the demand for uranium increased dramatically, along with the production of uranium mine tailings wastes containing residual uranium and radium.  

Numerous medical and research isotopes are produced in quantity by neutron activation and transmutation of pure materials introduced temporarily into the core of those reactors which are usually operated solely for commercial medical-isotope production.  Medical isotope shortages disappeared, and every major hospital of any standing, soon established a department of Nuclear Medicine.  Some few large commercial electrical production reactors (CANDU) are also used to produce large quantities of industrial grade cobalt-60 by activation of rods of cobalt-59 introduced into the reactor core for a period of about one year.  

The rapid growth of civilian nuclear energy uses, following their first military demonstration in weapons of mass destruction, began to produce large quantities of radioactive wastes, especially from mining.  Reactors used in research, submarines, ships, and then for civilian nuclear power, began to produce relatively large, but still small volumes of very highly radioactive fission product wastes and larger volumes of lower radioactivity maintenance wastes.

These fission wastes contain about 700 radionuclides (mostly of very short half-life), which are almost entirely of little value, as they are not easily extracted from the fuel matrix.  However, these radionuclides and their emissions in the reactor contribute up to about 7% of the entire energy production within the core.  Once discharged, these radionuclides become an unwanted byproduct (waste) of the neutron and energy production process.  

Today, radioactive wastes include large tonnages of low radioactivity wastes from; base metal and uranium mining; oil drilling piping and oil and gas processing pipelines; phosphate processing; some low grade coals and coal ash with up to 1,000 ppm uranium (the Dakotas and Montana in the U.S.); accelerator wastes; some hospital medical wastes; spent sealed radiation sources, including therapy devices; some hospital biological wastes; and most wastes from various stages in the Nuclear Reactor Cycle, ranging from uranium tailings wastes to spent fuel and associated wastes. 

With regard to coal ash, containing uranium and thorium and their radioactive progeny, the total worldwide release of uranium and thorium in coal ash each year into the environment at the present time in fly-ash and bottom-ash, is roughly estimated to be about 8,000 tonnes and 20,000 tonnes respectively, and is likely to increase over the next 50 years as coal consumption increases.  None of this is controlled as radioactive waste. 

In addition, the calculated population radiation dose from such releases in fly ash produced by coal burning is about 100 times that from all nuclear power plants and any of their wastes, in the world.  Similarly, the releases of radio-iodines into the atmosphere and into wastewater streams from hospital treatments and hospital waste incineration in major cities, contribute to minor, but elevated population radiation doses in those areas.

	Estimated Annual Production (Tonnes) of TE-NORM and Nuclear Wastes in the U.S.  (Most Data from the IAEA).

	

	TE-NORMS (LILW)
	Tonnes

	Metal Mining
	1,000,000,000

	Coal Ash
	85,000,000

	Oil/Gas
	640,000

	Water Treatment
	300,000

	Phosphate Processing
	40,000,000

	Geothermal
	50,000

	
	

	NUCLEAR
	

	Spent Fuel (HLW)
	2,000

	Nuclear Utilities LLW
	10,000

	Other Commercial LLW
	5,000


A table comparing TE-NORMS and Commercial Low Level (LILW) and High Level Waste (HLW) tonnages in the U.S. is shown below.

	Some Modern Uses of Radiation - Most Of Which Contribute to Sources of Radioactive Wastes in Society

	
	
	
	

	Medical Processes
	Industry
	Consumer Products
	Scientific Research

	Medical isotope production.

Radiation Therapy devices.

RIA.

Sterilizing medical equipment and hospital supplies.
	Irradiation Facilities for sterilizing packaged products. Sterilizing sewage & water.

Weld inspection.

Process tracers.
	Exit Signs.

Smoke detectors.

Antistatic devices.

Sterilizing   cosmetics, tampons & other consumer products.
	DNA matching.

Biomedical research.

Detecting art forgery.

Biological and Industrial process tracing & tracking.

	Agriculture
	Pest Control
	Energy
	Others

	Irradiation of meats & poultry to kill salmonella & other pathogens.

Of fruits to avoid spoilage & prolong shelf-life.  

Tracing Irrigation and other Water Resources
	Eradicating insect pests - SIT (screw-fly, fruit fly, tsetse fly, blow-fly). Protecting stored foods from insects. Irradiating forestry products to kill insects and larvae.
	Commercial Electrical energy. Industrial Co-60 production. Thermo-electric generation (SNAP).

Satellite energy systems.
	Security devices at border crossings.

Oil well logging. Level gauges. Polymerization.

Engine wear measurements.  Wood laminate hardening.  


2.0  Radiation, Radiation Doses, Radiation Injuries.

About Radiation.  Over the last 100 years, radiation has been widely adopted and used in society for many beneficial purposes.  However, nothing is risk free, and individual injuries were noted in patients from its very earliest external medical uses (about 1896) at relatively high acute doses (treating breast cancer, Tinea capitis (ringworm), and in depilation).  Other injuries were noted from the repetitive sales demonstrations of the operation of the first commercial medical radiation devices, and in some aspects of radiation research.  After a few years, the relatively large population of radiologists - who manipulated the radiation sources while attending to the patient - also began to show the adverse effects of relatively large uncontrolled, and unmonitored radiation exposures. 

Once radiation doses could be accurately measured and understood, it became clear that an acute dose of about 10 sieverts of whole-body dose to an individual, without medical treatment, usually represented a fatal dose over the next few weeks from radiation injuries.  It was also determined that below about 3 sieverts of acute dose, such short-term fatalities were not obvious and did not occur.  However, any acute exposure - even down to zero dose - was assumed to present a probabilistic risk (of about 5% per sievert) to the exposed individual of developing a future fatal cancer from the exposure, but some 10 to 30 years in the future.  Unfortunately, the same assumption of a linear risk was assumed for all chronic and low dose rate exposures, even though decades of empirical data do not support such an assumption.

Even to the present time acute radiation injuries have been relatively few.  Radiation protection practices and radiation dose limits were formulated in the 1920s and earlier, to protect hospital radiologists and others who work with radiation.  Wherever radiation is encountered, these protection practices are strongly enforced and govern how radiation is both used and handled, and how the radioactive wastes from all of its various uses are controlled.  The prevailing paradigm is to regard all radiation as being potentially harmful, and to avoid it where possible.  Although the public can be readily persuaded that all radiation in society is harmful and must be eliminated, controlled or avoided, there is no rational way to avoid natural radiation, and the use of radiation in medicine confers much greater benefit on the public than harm.  Industrial uses of radiation are rarely encountered by any member of the General Public.  Medical uses of radiation, as they affect a patient, are not subjected to restrictive dose limits but frequently exceed them; sometimes by several orders of magnitude.

The medically important radiation energies and particles are tabulated below.  They are derived from X-ray and neutron generators, radionuclide decay, and accelerators.  Generally, the most useful radioactive substances from a medical point of view, are high-energy gamma emitters such as cobalt-60.  When used in internal medical procedures those of most value are usually those of short half-life (iodine-131, molybdenum-99), emitting their penetrating radiation energy in a short space of time.  Their dual character - useful or hazardous - depends upon where they are located, what they are used for, and their interaction with people.  In medical procedures, they are beneficial for a patient when used outside or inside the body, in allowing the doctor to diagnose injury or malfunction, or to kill a cancerous growth.  The same radiation is regarded as harmful to the doctor, nursing staff or other patients in the vicinity, and must be strenuously controlled and avoided.  

	Radiation, Radioactive Emissions and Energetic Particles

	
	

	Particle or Radiation
	Common Origins and Uses

	
	

	Alpha - helium nucleus, relatively massive particle, double positive charge
	Emitted from unstable heavy elements.  Thermo-electric energy source.

	Beta (negatron) - single negative electron, light particle.
	From decay of a neutron to a proton - the usual radioactive decay process.

	Beta (positron) - single positive electron
	From decay of a proton to a neutron (rare).

	Gamma - photon - uncharged particle or wavelength (it displays both properties) 
	Energy quantum ejected to achieve stability after beta decay.  Radiation therapy.

	X-ray* - photon - uncharged particle or wavelength as above.
	Energy emitted from electron shell re-arrangement, and rarely from a nucleus.  Medical X-rays.

	Neutron - nuclear particle - neutral
	Released during fission and from special neutron generators (e.g., Ra-Be).  Medical uses.

	Proton - nuclear particle - positive charge
	Cosmic and Accelerator particle.  Medical uses.


* X-rays are most commonly produced by the bombardment of a specific metal target by electrons emitted from an electrically resistance-heated filament in a vacuum.

Alpha, or beta particle emitters outside of the body, pose little external hazard as their radiation often cannot penetrate clothing or skin and does not travel far in air.  Because of their highly ionizing trail, they are of concern if they are accidentally or unintentionally ingested into living tissue.

In discussing hazards of radiation, it is important to distinguish between acute and chronic exposures, and external and internal radiation hazards.

Acute, very large and perhaps fatal exposures are indicated by the rapid development of increasingly serious radiation syndromes with increasing dose - Hematopoietic, Gastro-intestinal, and Central Nervous System syndromes.  If those who are highly exposed survive beyond a few weeks, they incur a future calculated probabilistic risk of developing a radiation related cancer, though the risk may be much lower than protectively assumed.   

Chronic radiation exposures, even to a very large cumulative dose, do not produce radiation sickness syndromes, and are usually not associated with significant injury. 

The table below shows the different observed effects of acute and chronic radiation doses.  However, in terms of assessing radiation risks and controlling radiation exposures, there is assumed (wrongly) to be no significant difference between the effects of acute and chronic dose effects at the same exposure, or between the same doses delivered at a low dose rate or at a high dose rate.  These assumptions lead to a significant over-estimate of harm from chronic, low-dose, and low-dose-rate radiation.

	Human Health Response To Acute And Chronic Whole-Body Radiation Doses *

	Total Dose

(Grays) **
	Delivered Acutely (seconds to hours).  Cellular repair is only partially effective.
	Delivered Chronically (usually over the course of one year).  Cellular repair is effective.

	
	Risk of long-term injury is assumed for all survivable exposures.
	Risk of injury is assumed for all exposures, even though it is not readily definable.

	50 to 100
	Nausea, vomiting, diarrhea. Rapid onset of unconsciousness.  Death in hours or days.
	Few data.  No obvious deaths.  Injuries difficult to define.

	10 to 50
	Nausea, vomiting, diarrhea. Death in weeks
	Few data.  Injuries difficult to define, if they occur.  Confounding effects from smoking and other hazards in the Uranium mine worker data.

	  3 to 10
	Nausea, vomiting, diarrhea in most individuals.  About 50% survival rate without hospital treatment.
	No definable health effects attributable solely to radiation.  Many confounding effects.  

	  1 to 3
	Nausea and fatigue in some individuals.  Eventual recovery.
	No definable health effects.



	  0.1 to 1
	Somatic injury unlikely.  Delayed effects possible but improbable.
	No definable adverse health effects

	  0 to 0.1
	No detectable adverse health effects.
	No definable adverse health effects.  Significant benefits possible and likely, through Adaptive Response.

	
	
	

	* Cellular responses and changes can be detected at all doses, as with any toxicity insult.

** The gray and the sievert are comparable.  At very high doses, above occupational dose limits, the gray is used rather than the sievert.


Cellular biology studies note that each cell in the human body undergoes a very high background of intrinsic potential mutations (DNA strand breaks) of about 240,000/cell/day, produced by reactive oxygen metabolites, enzymes, bacteria, and thermal instability.  By comparison, about 20 potential mutations are produced in each cell by the free radicals generated by each 10 mSv of low LET radiation over whatever time frame.  In addition, by fundamental limitations on the accuracy of DNA replication and repair, every single gene is likely to undergo 400,000 unrepaired mutations per day in each person.  (After Myron Pollycove).  Clearly, radiation is not a significant carcinogen, considering the burden of general insults faced by any cell.

The magnitude and some uses of radiation throughout society are shown in the table below.  They span a range that could not be readily covered by a linear scale representation.

ABBREVIATED LOG-SCALE OF TYPICAL RADIATION DOSES 


  



Grays/Sieverts

   100,000
|




|
Commercial sterilization of meat, poultry, special hospital




|
foods and foods for cosmonauts and some military.

   10,000

|




|
Region of food irradiation.  U.S. FDA now approves meat




|
for irradiation (1997).  Poultry was approved in 1990.

   1,000

|





|




|


     100

|
Typical acute dose to destroy the thyroid in radiation therapy.




|
Area of chronic lifetime doses from high natural background.


|
Region of radiation-therapy treatments.

       10

|
Hospital Leukemia treatment (10 Sv acute) - >50+% successful.



|




|

         1

|
900 mSv - Annual chronic dose in high natural background areas

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -


Milli-

|


sieverts

|
200 mSv: Annual occupational dose to many health spa workers.
       100

|
100 mSv: Occupational Dose Limit over 5 years.


|
50 mSv:  Occupational Annual Dose Limit.


|
Two weeks dose on a beach in Brazil (about 15 mSv).

         10

|



|



|
Typical natural background annual dose (3 - 5 mSv).

           1

|
1 mSv/a: Recommended Public Dose limit from Industrial Radiation.


|



|
Most medical diagnostic doses fall in the range from

        0.1

|
0.01 to 5 mSv. 



|



|
Local dose from natural radiation from burning coal.
      0.01

|
Annual dose from luminous signs, TV, smoke detectors.




|



|

    0.001

|
Dose to local residents from radioactive emissions


|
 from nuclear power plants.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

    0.000,000,1
|
Maximum annual ingestion dose from a failed geological repository for



|
radioactive nuclear waste.

 ACUTE doses are shown in normal font.    CHRONIC doses are shown in italics.

Occupational or General Public Dose Limits do not apply to medical patients undergoing medical radiation treatments.
External to the body, any source of radiation can be shielded, controlled and usually avoided.  Radiation dose limits - regulations concerning the licensing, possession, and defined work practices with radioactive materials - ensure that significant external sources of radiation do not constitute a significant hazard to the general public; do not become airborne; and are neither inhaled nor ingested.  

The rare, extremely high dose, fatal accidents (about 1 or 2 fatalities a year world-wide) usually involve illegally discarded or stolen medical devices being broken up in scrap yards; improperly used radiography sources; and worker accidents at irradiation facilities, when the numerous and otherwise adequate safeguards and safety interlocks are deliberately bypassed without the operator recognizing that the radiation source is not secured, powered-down, or shielded.  

Serious accidents have also occurred in medical facilities when medical therapy devices have been improperly programmed and used - as at Zaragoza, Spain, in which up to about 20 patients may have been fatally injured during radiation treatment.  Fatal radiation injuries occurred in the nuclear accident at Chernobyl (1986), in which about 28 firefighters were inadequately supervised, controlled and protected (work planning, time, distance, shielding, clothing changes, showers) from extremely large and needless doses of radiation while responding to fires.  

All of these radiation injuries and deaths were avoidable with simple precautions involving the required - but carelessly neglected - use of survey meters, dosimeters, proper control and disposal of retired devices, and simple health physics controls and precautions in the work environment. 

The most significant danger from radiation but the least likely, outside of numerous deliberate medical application, arises if large quantities of radiation are inhaled or ingested; with the generally more hazardous pathway of the two being that of inhalation.  

Radioactive wastes are managed in such a way that they pose little if any external radiation threat to anyone, nor internally, as they cannot be either inhaled or ingested.  However, we inhale and ingest natural radiation all of the time in our air, water and food, and some of the most beneficial medical radiation treatments involve the ingestion or injection of radionuclides into the body - such as the use of iodine-131 in thyroid diagnosis and treatment.  

Clearly, whether radiation is harmful or beneficial, is a matter of degree and purpose, as by far the biggest radiation doses to anyone arise through medical uses of radiation, both external to the body and internally.  Such treatments are not rare; with tens of millions of individuals receiving significant and beneficial medical radiation treatments each year, and without obvious, epidemiologically-defined harm unless the treatment is improperly controlled or used.

3.0 Radioactive Wastes: Classification, Sources and Disposition

Radioactive wastes are generally defined as any material that contains or is contaminated by radionuclides at concentrations or radioactivity levels greater than the exempted quantities established by competent authorities - based upon protecting public and worker health - and for which no use is foreseen.  

Any material that is classified as a radioactive waste is required to be controlled in its use, management and disposal, and to be isolated from the human environment for as long as necessary.

	Major Sources of Radioactive Controlled Wastes

	High Activity/Low-Volume Wastes
	Low Activity/High-Volume Wastes

	
	

	(  Nuclear Reactor Spent Fuel. *

(  Re-Processed Spent Fuel    Wastes.

(  Retired Medical Radiotherapy, 

    And Industrial Irradiation

    Devices.

(  Military Reprocessing Wastes.
	(  Uranium Mine Tailings.

(  Thorium Mine Tailings.

(  Some Base-Metal Mine Tailings

    (Uncontrolled).

(  Maintenance Wastes From

    Nuclear Reactor Operations.

(  Depleted Uranium Stock-Piles. *

	*'Wastes', only if not recycled.


Such wastes are produced from many processes in society but there are only a few which produce significant quantities of highly radioactive wastes:

Data on sources of radiation, and radiation exposures throughout society over the last 40 years of nuclear reactor development, have shown that the various reactor cycle wastes constitute about 95% of all man- made radioactive wastes in the world, whereas medical radioactive materials constitute about 1% of all man-made radiation sources and associated wastes.  However, in terms of radiation doses to the general public, the specific and targeted uses of medical radiation have by far the bigger impact and are about 200 times larger.  About 20% of the public average radiation dose in western society, comes from medical uses of radiation, while about 0.1% and less, arises from all of the processes relating to the operation of nuclear power facilities and their nuclear wastes.

Character of Wastes.  Radioactive wastes may be liquid, solid or gaseous with various degrees of radioactivity depending upon their origins and radionuclide content.  Solid wastes are the easiest to manage and control.  Liquid wastes containing long lived nuclides, may be concentrated and solidified.  Where they contain short half-life nuclides they may be stored for a time to allow for decay, or diluted and safely dispersed into the environment.  Most radioactive gases are of short half-life and can usually be safely dispersed to atmosphere under controlled and monitored conditions and over a prolonged period of time.  Long-lived gases or volatile nuclides with properties that might allow cost-effective collection may be scrubbed from gas streams and, where possible, disposed as solids.

Some naturally occurring wastes, outside of the nuclear industry, that could and should be treated as radioactive according to the existing definitions, may not always be recognized, or are judiciously ignored.  Such wastes occur in the fertilizer, oil, gas and coal industries.   

Usually, extremely high costs are associated with waste management of any kind, but this is especially so with radioactive wastes.  The very high costs of waste disposal vary from one jurisdiction to another, and depend upon how stringently such wastes are defined and controlled.  The costs depend directly upon the classification of the waste, the half-life (lives) and the political regulatory climate.  Very short half-life materials - those typically used in many medical procedures - usually require only a relatively brief period of management before disposal as non-radioactive waste.

High Level Wastes incur the greatest costs as they require the most care in management, security and handling; greater consideration of worker radiation exposures and therefore greater shielding; and greater precautions in movement and transportation.  For very long-term management, they may also require to be encased in stable solids such as concrete, ceramics or glass, and surrounded by bitumen, clay or other impervious or buffering materials for permanent disposal, generally in deep geological formations.  

Security and long term integrity of any disposal site involves detailed research of the proposed facility; the chemical and physical character of the wastes themselves; and of the ways in which waste materials need to be packaged and emplaced, assuming that they may be accessed or retrieved in the future.  

Storage considerations must also take into account potential conditions at the facility (groundwater circulation, corrosion of containers, and solubility and dispersion of contents) that may require to be predicted out to 10,000 years or beyond.  All of these precautions and considerations add to the costs of disposal.

Whether nuclear wastes need to be managed for 500 years or 10,000 years is a function of the reactor cycles that are politically approved and in use.  If spent fuel is not reprocessed and returned to an advanced fast reactor cycle, then the wastes contain significant long-lived transuranium nuclides that need long term management and assessment out to 10,000 years or longer.  On the other hand, if the spent fuel is reprocessed, then the transuranium nuclides (including plutonium) and unburned uranium is continuously returned into the reactor cycle where they contribute to energy generation as they are destroyed.  The processed wastes from these advanced reactor cycles consist only of low volumes of relatively short half-life fission products.  Following reprocessing, the waste volumes to be managed are considerably reduced and the management time frame becomes about 500 years or less.

Such advanced reactors - researched since 1946, and in commercial use in several countries - can also be used to produce energy from the large stocks of depleted uranium (removing them from consideration as 'waste'), as well as being used to destroy the large stockpiles of weapons plutonium and uranium-235 that exist in so many unstable countries and insecure locations.

Classification of Wastes.  To accurately characterize all known radioactive wastes and to ensure that they are clearly defined for purposes of management, transportation and disposal or storage, they are generally subdivided into Exempt Wastes; Low (and Intermediate) Level Wastes (LILW) as either one or separate categories; High Level Wastes (HLW); and Transuranic or alpha wastes.  Different member states of the IAEA may adopt some minor variation of these classes and define them differently.

	Broad Classification of Radioactive Wastes

	Category
	Exempt and very Low Level Wastes
	Low Level and Intermediate Level Wastes (LILW) - heat output less than about 2kW/m3, and activity - ILW > 4,000 Bq/g
	High Level and Transuranium Wastes (HLW) (high radioactivity and >2kW/m3 heat output)

	Half-life
	Long or short half-lives
	Half-lives <30y
	Half-lives >30y
	Half-lives <30y
	Half-lives >30y

	Material
	Uranium mine and other tailings.

Some coal ash.

Some wood ash.

Phosphate wastes.
	Most nuclear maintenance wastes contaminated with fission nuclides.

Some hospital and medical wastes.
	Some nuclear maintenance wastes, and by-product wastes containing transuranium nuclides.
	Separated fission products (Cs-137 and Sr-90 are the significant nuclides).

Some retired medical, industrial and research devices.
	Spent fuel if not reprocessed.

Retired military plutonium warheads if not used as reactor Mixed Oxide (MOX) fuel.

	Management or Security Time Frame
	Not required.

Usually low radioactivity.
	Typically less than 20 years.  Half-life dependent.
	Hundreds to thousands of years, based upon nuclides and half-lives.
	Several hundred years, more or less, depending upon half-lives.
	Thousands of years.  Security of plutonium is the issue, rather than radiation.


Radionuclides with half-lives longer than 30 years are regarded as long-lived wastes; those with half-lives less than 30 years are considered short-lived.  Intermediate Level Wastes, although containing significant radioactivity relative to low-level wastes, do not give rise to notable heating effects as do High Level Wastes for the first few years.

Exempt Wastes consist of those materials - either natural, natural-enhanced, or man-made - that contain a sufficiently low concentration of radionuclides to constitute a negligible radiation health hazard to those who may handle or encounter them.  They fall below the radiation threshold at which Regulatory Control is deemed to be required.  

All wastes in society, from whatever process, fall either into this category - by actual measurement of radiation or for lack of determination - or become treated as radioactive waste.

Low (and Intermediate) Level Wastes (LILW) contain generally short-lived radioactive materials in sufficient concentrations to require some minimal protection of those workers and the public who may encounter them.  They come from various nuclear activities including medical and industrial uses of isotopes and from research activities using radiation.  Heat output is usually minimal and is typically much less than 2 kW/m3.  

They consist of contaminated materials such as disposable protective clothing, gloves, rags, glassware, packaging and cleaning materials, as well as process filters and ion exchange resins.  If possible, they are usually compacted into as low a volume as possible, as disposal costs may be based upon volume as well as mass.  

They may be subdivided, based upon the half-lives of the radionuclides of concern into 'short-lived' (less than 30 years) to 'long-lived' (greater than 30 years), and thus the length of time that shielding and longer-term management may be required.  The management interval and method of disposal depend upon the half-life of the contaminants.  Some may be discarded into normal waste streams after a short period of storage sufficient to allow 'complete' radioactive decay.  Longer-term storage, where required, is often into controlled shallow-burial sites and enclosed concrete vaults, or even into deep geological disposal locations, depending upon specific requirements imposed by national regulation. 

Uranium mine tailings wastes, though radioactive, are generally not regarded even as Low Level Wastes and thus do not require specific disposal actions, though how they are disposed in the environment at the mine site, and protected, does have to meet stringent environmental protection criteria in most jurisdictions.

Intermediate Level Wastes (ILW) are not always specifically distinguished from Low Level Wastes.  Where they are differentiated, it is because they consist of different types and activities of wastes, usually from the reactor cycle: - HEPA filters from exhaust ducts, process filters, ion exchange resins, chemical sludges, and materials with generally greater radioactive contamination and associated dose rates. They also may include used industrial and medical devices and related isotopes.  

They usually require different management conditions than lower level wastes, including protection of fluids from escaping by leakage, and greater shielding.  Some may not be readily compactable and may need to be packaged in steel drums.  Where possible such wastes are compacted and packaged for storage in surface concrete vaults.  Dispersed wastes which are not easily contained or packaged, can be stored in steel drums - perhaps filled with high density shielding and stabilizing materials such as sand, concrete or bitumen - before being placed into surface storage facilities for management and monitoring, or into shallow or deep burial sites.

High Level Wastes (HLW) consist of those materials that contain sufficient radioactivity and heat, that they require significant shielding, isolation and specific management controls to limit radiation exposures and heating effects.  They are made up mostly of spent nuclear fuel and/or separated fission wastes.  Initially, in the case of spent fuel, they may require water-cooling for up to about 10 years to remove radioactive decay heat.  Because these highly radioactive materials constitute such a low volume compared with their large energy production, the relatively few tons produced each year at each large reactor (from about 10 to 150 tonnes, depending upon the reactor type and capacity factor - burn-up rate) are managed almost entirely at the reactor sites or facilities where they are produced.

If the reactor spent-fuel is unlikely to be reprocessed, then the entire volume of spent fuel will be managed as high level waste and according to national or international regulatory requirements.  

If the spent fuel is reprocessed, then the separated uranium and plutonium (both of low radioactivity) are returned to the reactor cycle in fabricated fuel, and the approximately 3 to 5% volume of separated high level fission products is managed as high level waste.

Transuranic (TRU) Wastes consist of those wastes contaminated with minor quantities of plutonium and other alpha emitting nuclides above uranium in atomic number.  They arise mostly from nuclear weapons production programs or from spent fuel reprocessing where those wastes are not returned to the reactor cycle for destruction.  Transuranic wastes from nuclear-weapons programs are usually managed by the military at specific    controlled sites, but will eventually be disposed with other High Level Wastes when deep geological disposal facilities are brought into operation.

In the U.S., such TRU wastes and TRU contaminated soils amount to a total of about 1,000,000 cubic meters (by about 2002).

Most military radioactive wastes are similar to those from civilian operations and can be classified and dealt with accordingly.  Generally, military operations lie outside of the control of those regulatory authorities which oversee civilian operations.

Waste Management and Disposal Options.

It is commonly, and erroneously stated - usually for political or social activist purposes aimed at heightening public fear - that there is no known method of dealing with nuclear wastes.  

It would be far more accurate and much less emotionally misleading to state that nuclear wastes are of extremely low volume, and unlike almost any other waste in society are one of the few energy wastes that are entirely and consistently safely dealt with (managed), from both human and environmental considerations.  

'Waste disposal' uses technically simple engineering principles that have been used for decades, rather than being an unsolved problem.  That no significant permanent disposal of HLW has yet taken place is due to several issues: political indecision; activist opposition; lack of immediate need - because of the extremely low volumes of HLW; and uncertainty (again influenced by politics) over the possible reversal of any premature decision that might involve discarding, rather than recycling an extremely valuable material - spent fuel.  

The term 'nuclear waste' is loosely used to include spent fuel in those jurisdictions where re-processing is not practiced, or where the advanced fuel cycles are not yet considered as options.  In reality, spent fuel is not waste.  It still contains between 95 and 99% of unused energy.  When discharged from the reactor it contains about 95% of the starting uranium-238; about 1% of unfissioned uranium-235 (in the case of spent enriched fuel); about 1% of fissionable transuranium nuclides; and about 3% of fission wastes.  Only the latter is true waste at the present time.  Spent fuel should not be considered for permanent non-retrievable disposal as it represents a valuable source of unused energy that will be required at some time in the future.

.  

Disposal Methods currently in use or planned for Low, Intermediate and High Level wastes are generally comparable from one country to another within the IAEA Member States, with only minor variations.   The main processes include:

1. Surface storage and management for the first few years prior to disposal or reprocessing.  

2. Disposal of LILW in near surface as well as deeply emplaced facilities, which comprise about 80% of all repositories; and 

3. Disposal of HLW in deep geologic repositories.  These will contain conditioned and vitrified fission wastes, transuranium wastes, or non-reprocessed spent fuel. Whether or not spent fuel will actually be emplaced in such a facility is constantly open to political review, as it represents a resource that may be more extensively recycled by the time such facilities are likely to be brought into operation. 

Worldwide, about 100 near surface disposal facilities have been commissioned since about 1960, though the first waste disposal operation was at Oak Ridge, in the U.S. in 1944.  An additional 40 facilities are expected to be in operation by about 2015.   Such facilities are politically sensitive; require some degree of governmental approval and are always strictly licensed and controlled.

The estimated costs (in US$) of spent fuel disposed in Geological Repositories, as far as can be determined prior to actual commissioning of a disposal site for HLW, range from about 0.4M$/TWh
 in the U.S., to about 1.8M$/TWh in Finland.  These costs fall as the starting nuclear fuel is increasingly enriched, and as the burnup is increased on the same mass of fuel.  If spent fuel is re-processed, then the costs of the much smaller volume of disposed fission wastes range from about 0.25M$/TWh in the U.K. to about 1.65M$/TWh in Switzerland (Focus).  The approximate value of a TWh of electricity (assuming a value of the cost of generation at about US$50/MWh) is about US$50,000,000.  Thus, the costs of disposal are a small fraction of the production cost of electricity, in contrast to the statements usually made and publicized. 

Although the broad consensus on IAEA member states is that Deep Geological Disposal is the preferred option to deal with HL wastes, each member state adapts the basic process to its own political climate, time frame, requirements and available facilities, and may or may not closely follow the suggested process.  For example, some countries already have deep mine sites or even open pit mines that appear to be acceptable as geological repositories, as they meet, or can be made to meet the overall requirements.

Alternative processes are still open to consideration.  Some of those that had been originally publicized, or even used, have either been abandoned or are still being researched.  These include: 

1. Deep-sea disposal.

2. Transmutation.

3. Deep space or solar disposal, and others.

4. Private and international repositories.

The first of these options (not to be confused with the illegal and unethical dumping of liquid or improperly contained wastes in the open ocean) might have been rationally considered for only small volumes of re-processed wastes or - briefly - for discarded weapons materials.  If done properly, it represents non-retrievable disposal.  

Deep Sea Disposal was and still is the most rational, safe and economic process for permanent, secure disposal, provided the disposed wastes are vitrified or otherwise solidified to ensure stability and insolubility.  The process - when properly applied - requires that the contained and solid wastes be encased in weighted cylinders to ensure deep penetration into the unconsolidated sediments directly above known subduction zones in the deepest ocean areas.  However, deep-sea disposal is not generally considered at this time following the London (Ocean Dumping) Convention, and because of adverse and emotionally misleading publicity, and poorly controlled sea dumping in the past.

Transmutation - the process of changing one element to another - to transform specific nuclear wastes into less hazardous materials - has been proposed by Carlo Rubbia in Italy, and by others.  Transmutation is the process - as it is applied to reactor wastes - of transforming the transuranium radionuclides, and some long lived fission nuclides (e.g., technetium-99, iodine-129 and cesium-135) to others of usually shorter half-life, or which are less dangerous.  

This suggested process, which is being actively researched, uses a combination of proton accelerator, molten-lead moderation (producing hard neutrons by spallation) and sub-critical fission reactor technologies in a fast neutron system that is capable of producing electrical energy, or of transmuting long-lived radioactive wastes (contained in a blanket assembly), or some combination of the two.  If the reactor is based upon thorium-232, then transuranium wastes from the reactor cycle itself are negligible, as activation of thorium-232 is at least five neutron-absorbing steps removed from transuranium nuclides.  

In the Fast Breeder Reactor cycle - researched since the 1940s - the transuranium elements are already mostly destroyed by the fast fission and transmutation process within the reactor core.  By re-introducing into the new fuel load, fuel elements or assemblies of those transuranium elements that remain upon reprocessing, they continue to be consumed in succeeding cycles.  With this FBR cycle, there is no requirement for any alternative removal process unless it is clear that the FBR is unlikely to be brought into use, and there is some political urgency to deal with these materials outside of the reactor cycle other than discarding them into a waste disposal facility.  However, it is the presence of the transuranium nuclides (especially plutonium) in a disposal facility that prolongs the waste management and security time frame, and raises concerns about future site integrity and future weapons proliferation possibilities from the uranium/plutonium orebody that is created.

Others methods for dealing with nuclear wastes have been publicized from time to time, such as the suggestion to propel such wastes in rockets into the sun; injecting them into abandoned oil fields; or burying them beneath 'permanent' ice caps.  They generally do not stand up to dispassionate scientific evaluation nor meet the long-term human security requirements.  Deep borehole disposition of properly packaged, low volume HLW, is being examined as an alternative means of disposing of certain retired medical and industrial radioactive devices.  The injection of liquid radioactive wastes by way of boreholes drilled into deep geological strata on land, was practiced for some time in the U.S., but encountered significant problems and was abandoned when it was discovered that these pressure-injected fluids were lubricating slip-fault zones, and triggering detectable seismic dislocations.  

Private and International Repositories.  Most recently there has been a gradual recognition in some regions that there are short term and long term social economic, energy and political benefits to be gained by offering very long term, secure, controlled waste disposal facilities and services, as a private industrial economic enterprise.  Alternatively, there could be consensus upon the establishment of an international controlled facility.  This would avoid the politically sensitive action of having a   controversial disposal site being thrust upon many unwilling and resisting participants and regions.

Some Native bands in the U.S. are considering the social and financial benefits of allowing some geologically suitable areas of native reserve lands to be used for certain, approved waste disposal purposes. Whether or not these may progress, often depends upon the factual or emotional quality, and depth of information presented to the bands by opposing interests.
A Russian proposal (May 2001) was to accept the world's spent nuclear fuel; charging up to $1,600 per kilogram for disposal and ownership.  The proposal astutely reserved the option to reprocess and re-sell the recovered fuel, if the economics became favorable.

Whatever option is chosen, the general consensus among developed nations, is that the preferred long term solution to dealing with High Level Wastes is for medium-term surface storage with all required safeguards, followed by permanent geological disposal.  At the present time, no country has yet placed any HLW in deep geological disposal, and the first 'permanent' repositories are not likely to become operational until about 2010 or later.

4.0 Nuclear Radioactive Wastes.

Nuclear wastes of one kind or another arise at all stages of the nuclear fuel cycle.

From a scientific and engineering point of view, radiation and radioactive wastes and their management have, over the last few decades, become the most studied and the best defined of any agent or process in society.   They are also empirically defined as being among the least harmful of all social agents and processes, while nonetheless achieving a status of being the most highly regulated, the most politically sensitive and therefore the most controversial in some countries.  However, radioactive wastes from the time of the first nuclear power developments have been, and are, safely managed.  

There are in excess of about 3,000 nuclear facilities of various kinds in operation throughout the world.  They contribute directly to society's advanced needs in energy generation, medical and industrial isotope production, industrial research, and to numerous agricultural and industrial applications.  The greater part of all radioactive wastes is nuclear-energy related, with lesser, but socially significant quantities arising from medical, industrial and research uses of radiation.

Nuclear fuels and nuclear wastes in comparison with other significant non-nuclear energy generation fuels and wastes are distinct in several ways:

1. The potential energy density of uranium fuel through fissioning is millions of times greater than the potential chemical energy available from combustion of a comparable mass of fossil fuel.  This means that the amount of high level waste produced as spent fuel, is extremely small when compared with the very large quantities of energy produced, even with only 2 or 3% utilization of the uranium fuel.  It is this small volume introduced and discharged that makes management of spent nuclear fuel and its wastes relatively unchallenging from a scientific and engineering viewpoint and of such demonstrably small impact upon people and the environment.

2. The solid high radioactivity wastes produced during the nuclear energy generation process are extremely small - the total mass of fuel introduced into the reactor becomes the same mass of discharged spent fuel.

3. All spent fuel and associated radioactive wastes are controlled and, where not recycled back into the reactor cycle, are managed.

4. There are no significant atmospheric pollutants emitted from the nuclear fuel cycle. 

	Comparison of Wastes from Nuclear Fission and Coal Combustion for about 1,000 MW (e). 

	
	Nuclear (Tonnes)
	Coal* (Tonnes)

	Fuel required
	20 to 150 (once-through).

Only about 1 ton of make-up fuel is required if reprocessing and the FBR cycle is applied.
	2,000,000 +

	Solid, post-combustion wastes
	20 - 150 if not re-processed
	100,000 - 400,000 ±

	Flyash
	0
	20,000 ±

	'Scrubbing' of sulfates
	0
	200,000 ±  (if done)

	
	
	

	Carbon dioxide
	0
	4,500,000

	Nitrogen oxides
	0
	20,000 ±

	Sulfur dioxides
	0
	40,000 - 200,000 ±

	
	
	

	Total fuel and combustion wastes
	20 to150 (recyclable)
	6,800,000 to

7,200,000

	* Wastes depend upon the grade of coal, the % impurities, and whether or not 'scrubbing' of flue gases is applied, or fluidized bed combustion is used.  Both of these processes are energy intensive; produce large tonnages of additional wastes; and require greater coal throughput for the same energy production.


Spent nuclear fuel becomes an economically attractive resource over time, as fission product radioactivity in the entrapped fission wastes decreases.  

This radioactive decay, continually reduces the costs of handling, shielding, re-processing and waste disposal, such that any store of spent nuclear fuel inevitably becomes a concentrated, accessible and valuable uranium and plutonium-239 resource. This is why any long-term management of non-reprocessed spent fuel must consider retrievability.

Spent fuel is not waste.  Each metric ton of uranium discharged in spent fuel from a typical PWR reactor contains - depending upon burn-up - about 970 kilograms of low radioactivity unburned uranium fuel and transuranium elements - notably, various isotopes of fissionable plutonium - and about 30 kilograms of highly radioactive wastes.  It is re-processed in many of those countries with large-scale nuclear programs, and where limited indigenous energy resources cause them to focus upon recycling, and as full-a-utilization of the uranium resource as is reasonably and economically possible.  Other countries may produce such small volumes of spent fuel that the economic gains have not yet exceeded the recycling costs.  They either temporarily store such materials themselves, or contract with the fuel supplier, or other countries with larger nuclear programs, to take their used fuel for storage or for reprocessing. 

In the early years of nuclear reactor design and development, following Fermi's demonstration of the fission process in the CP-1 'Chicago Pile', the nuclear cycle of the Light Water reactors was based upon a concept which included re-processing the spent fuel and recovering the unused fuel and the contained plutonium, to be returned to the reactor cycle.  This is known as the 'closed cycle' of operation in which spent fuel is recycled into future fuel loadings and the development of future reactor cycles such as the 'Fast Breeder', rather than being discarded as waste. Compared to the 'once-through' cycle, this increases the fuel resource by about 100 fold and more, using the 97% of fuel that is not initially burned; by returning all of the Depleted Uranium into the reactor cycle; and by increasing the available uranium resource (price dependant) that could be regarded as ore-grade.

Recycling, Energy Conservation, and the Fast Breeder Reactor.  The Fast Breeder reactor (see also section 5.8) has been researched since the 1940s, with pilot projects built and operated in several countries.  The breeder cycle is based upon continuous reprocessing and recycling of the spent fuel and transuranium elements, as well as bringing back into the cycle, the depleted uranium that is currently stockpiled around the world. The only true wastes from the breeder cycle are small-volume, relatively short-lived, but highly radioactive fission nuclides, produced in each reactor cycle.  

The act of recycling any wastes in society is broadly regarded as being responsible and required, even to the point of being mandated by regulation and funded by consumer taxes.   Similarly, conservation of all non-renewable resources and reduction of waste of any kind, especially where the use of energy is concerned, are the stated goals of most environmental organizations.  However, many of these same groups seem to have difficulty with nuclear energy conservation and recycling nuclear spent fuel.  Yet, such recycling of both uranium and plutonium from spent fuel is trillions of times more socially, environmentally, and economically effective than could ever be achieved by any other recycling effort.  

Recycling of this resource into the Fast Breeder Cycle, results in a massive reduction in waste disposal volumes by about 97% on each fuel cycle and conserves energy resources by about the same amount (uranium not needed to be mined).  In this reactor all transuranium elements become fissionable and are mostly destroyed while producing energy.

The adoption of the FBR Cycle would close the loop; would ensure that energy is not wasted by being discarded; and would significantly reduce the dependence on, and need to consume highly polluting fossil fuels (coal, oil and gas).

Continuous reprocessing of both the spent fuel and the 'bred' fuel blanket, and incorporating the recovered unburned uranium and plutonium, (as well as transuranium nuclides from any source), into Fast Breeder fuel, thus eliminates the need to consider storing any significant quantity of transuranium wastes.  This would vastly reduce the required isolation time for high-level waste to that of the significant fission nuclides, based upon the half-life of strontium-90 and cesium-137 (about 30 years), to about 500 years, by which time they are as naturally radioactive as the uranium in the starting fuel (see the figure below).
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The name 'Fast Breeder' is used, as the fuel cycle allows the next generation of fuel to be 'bred' by fast neutron interactions, in a uranium-238 or thorium-232 blanket surrounding the individual fuel elements in the reactor core.  The Fast Breeder cycle is attractive because, while producing energy, it also converts more of the 'fertile' nuclides (uranium-238, or thorium-232) in the blanket, into a 'fissile' state through fast neutron radiative capture, than are thermally fissioned in the breeding reactor fuel.   The major advantages are:

1. It conserves energy by allowing better utilization and recycling of uranium-238, especially from the large stockpiles of depleted uranium in the world, and contributes to world safety through the reduction and elimination of weapons-plutonium stockpiles.  

2. It vastly reduces the need to continue mining uranium by about 90% or more and thus extends the resource life by thousands of years.

3. Reprocessing and recycling unburned and 'bred' fuel into the Fast Breeder reduces the 'waste' volume by a factor of about 30 in each cycle compared with the 'once-through' use followed by discarding all of the spent fuel.  It also decreases the management time frame for wastes, as the longer lived TU nuclides are destroyed in the reactor leaving only relatively short-lived fission nuclides.

4. Transuranium nuclides and uranium-238 from the reprocessed fuel and blanket are returned to the reactor cycle where they interact or fission with fast neutrons, contributing to the energy cycle while being destroyed in the core, or 'bred' in the core and blanket.

5. By continuously recycling plutonium-239 through the fuel cycle, it is effectively controlled, while producing a large fraction of the energy (up to 40 to 50%) in the reactor.  At the same time, the highly radioactive spent fuel matrix serves as a deterrent to any clandestine effort to sidetrack any of the plutonium.  Plutonium-239 stockpiles are ultimately reduced and destroyed through use in the FBR cycle.

6. It effectively increases the available uranium resource by about 100 fold as uranium-238 (rather than the relatively rare uranium-235) then becomes the major fuel resource.  

7. Expensive enrichment of uranium-235 is no longer needed to the same extent.    

8. It opens the possibility of using the even more abundant thorium-232 as a reactor fuel and breeding it to uranium-233.  Plutonium is not a product of this fuel cycle, other than from the lesser quantity of uranium-238 that is also employed in the thorium cycle.  Energy resources are extended out to tens of thousands of years. 

9. The entire stockpile of uranium-238 in the world becomes useable as fuel by radiative capture conversion to plutonium-239 and other fissionable transuranium nuclides and the uranium resource is extended by at least tens of thousands of years.  

Obviously, in those countries with limited access to energy and uranium resources, the development of advanced reactor cycles including the Fast Breeder reactor is a very attractive long-term energy conservation proposition, despite some widely held concerns about weapons proliferation from the associated reprocessing of spent fuel.  The implications of nuclear weapons proliferation require that countries, which seek to build and operate nuclear facilities should be signatories of the Nuclear Non-Proliferation Treaty and should not seek to build or acquire weapons of mass destruction.  They are also usually open to international inspection by the IAEA to ensure compliance.  At the present time there are about 186 signatory countries. 

Operating Reactors.  There are about 1100 reactors (a 2002 French study suggests 1400) in operation throughout the world in almost 80 countries:

· 439 are large civilian nuclear reactors in 31 countries.  They range from about 400 to 1200 megawatts in electrical energy output.  They use either Low Enriched Uranium (LEU <20% uranium-235) enriched to about 3 to 4%, or natural uranium (0.7% uranium-235).  The spent fuel discharged from these amounts to a world total of about 15,000 tonnes annually - less than a single day's ore output from a moderate- sized base-metal mine.

· About 400 (or many more, not disclosed for reasons of security) are smaller reactors used in nuclear powered ships and submarines (mostly the U.S., former U.S.S.R., U.K.) using High Enriched Uranium (HEU >20% uranium-235).  The reactors may be designed at the present time to operate for the life of the vessel without requiring a fuel change.  Earlier designs may have required one or two core changes over the life of the vessel.  The spent fuel from these, as they are re-fitted or retired, amounts to no more than a few tens of tons in a year.

· About 290 (operating research reactors out of about 450 currently listed by the IAEA), operating in about 60 countries, are mostly relatively small research reactors, including 'zero power' critical assemblies (60), 23 test reactors, 37 training facilities, two prototypes, and one producing electricity.  The potential power output ranges from a few kilowatts up to a few tens of megawatts of thermal energy using relatively small quantities of LEU fuel.  Many are under-utilized and are used only intermittently.  A few exceed 100 megawatts.  Most are used for nuclear research, including Fast Breeder applications (the larger reactors).  Some are almost fully utilized to produce medical radionuclides for use in Nuclear Medicine departments in most large hospitals around the world, as well as for other industrial applications.  The spent fuel from nearly all of these amounts to no more than a few tons each year.

The non-reprocessed spent fuel from the world's operating reactors; historical Weapons Program wastes (U.S., the former U.S.S.R., U.K., France and China); and the maintenance wastes from these programs constitute the bulk of nuclear wastes in the world today.  

	Very Approximate Relationships Between Resources and Wastes in the PWR Reactor Cycle for Each 100 Tonnes of 4% Enriched Fuel.

	Product or Process
	Metric Tonne Relationships

	
	

	Uranium Ore (1% uranium)
	80,000 + tonnes

	Refined uranium (0.7% U-235)
	800 tonnes

	Tailings waste
	            79,200 + tonnes (with residual U & Ra)

	Enriched Uranium 4%, (20%), (80%)
	100,    (20,       5) - tonnes from 800 tonnes of U

	Depleted uranium DU (0.2 - 0.3% U-235)
	700,   (780,   795) - tonnes DU 'rejected'

	Spent Fuel (PWR - 4% enriched)
	100 tonnes 

	PWR spent fuel HLW without reprocessing - discharged at the rate of about 20 - 30 tonnes/year.
	100 tonnes (stored for 'permanent' disposal)*

	Reprocessed PWR Spent fuel (100 tonnes) following burn-up of about 30,000 MWdays/tonne.
	

	High Level Fission Wastes (about 20m3).
	    3 tonnes (vitrified for permanent disposal)

	Recovered uranium (<1% U-235)
	  96 tonnes (returned to the fuel cycle)

	Recovered plutonium
	    1 tonne (returned to the fuel cycle)

	DU - if not used in future reactor cycles:
	 700+ tonnes to 'retrievable' disposal

	DU - if used in MOX or future Fast Breeder fuel cycles, and re-processed:
	 700+ tonnes, blended with plutonium or HEU and used for energy production, or used as a 'breeder blanket'.

	Intermediate Level Waste from 1 reactor cycle of operation and maintenance.
	Up to about 200+ cubic meters of wastes - some of which may be compacted.

	LLW from 1 reactor cycle of operation and maintenance.  Total LILW, amounts to about 800 tonnes.
	About 300+ cubic meters of mostly compacted wastes.

	*  Politics will not be able to continue to ignore this non-polluting massive energy resource for very long, and it is very likely that it will eventually be re-processed and recycled rather than being wasted.


5.0 The Nuclear Reactor Cycle



Introduction.

The Nuclear Reactor cycle, from uranium mining to final waste disposal, comprises several stages depending upon the reactor design and type, and whether or not spent fuel is re-processed - (the 'Closed Nuclear Fuel cycle') - or stored ('once-through').  Some of these stages are associated with the production of various classes and volumes of radioactive wastes.

	Summary of Accumulated Radioactive Wastes and Non-wastes in the World to about 2000.

	Reactor Cycle Stage
	Radioactive Wastes
	Non-wastes for recycling

	Front End
	
	

	Uranium Mining
	1,000,000,000 + tonnes 
	

	Processing
	Minor 
	

	Refining
	Minor
	

	Conversion
	About 35,000 m3
	

	Enrichment
	16,000 m3
	

	 Depleted Uranium
	‘Waste’ – only if not recycled
	1,500,000 Tonnes

	Fuel Fabrication
	160,000 m3
	

	Back End
	
	

	Spent Fuel *
	‘Waste’ – only if not reprocessed
	230,000 Tonnes

	Maintenance LILW Wastes
	About 6,000,000 m3 
	

	Spent Fuel Reprocessing
	
	218,000 + Tonnes

	Fission Wastes (4%)
	9,000 + Tonnes
	

	Military
	
	

	Retired Weapons HEU U-235
	
	500 Tonnes ± (U.S. & Russia)

	Retired Weapons plutonium-239
	
	500 Tonnes ± (U.S. & Russia)


The closed-cycle stages from mining to final disposal are shown in the diagram.  The numbered stages are described in more detail in the following text.  The processes leading up to loading fuel into the reactor are known as the 'front end' of the cycle, and those following discharge of spent fuel from the reactor are known as the 'back end' of the cycle.  

The 'once-through' cycle foregoes the re-processing option and associated low volumes of wastes (8 and 9) and proceeds through to final disposal of the entire discharged spent fuel load.  'Once-through' operation requires world uranium mining production to be maintained at a relatively high level to keep up with the demand for new fuel.  Where natural uranium is used in the reactor, enrichment (2, 3, 4) is not required and reprocessing (8, 9) is not considered at this time as replacement fuel is cheap.  

5.1.  Uranium Mining, Processing, Refining  

The first mining efforts to deliberately recover uranium occurred in central Europe to extract uranium for use in coloring glass and glazes.  When radium - one of the radioactive progeny of uranium - was discovered in 1897 and became of value in medical radiation treatments, a mining boom of known uranium-bearing deposits took place.  

After the discovery of fission and its practical demonstration in 1942, uranium resources took on new importance and the Manhattan Project got started.  A stockpile of about 2,000 tons of 65% uranium ore from the Congo was obtained for the project along with supplies from known deposits in the U.S. and Great Bear Lake in Canada.  

Research leading up to the Manhattan Project had identified that uranium-235 and plutonium-239 (unknown in nature at that time, though it occurs) were fissile nuclides, ideally suited for bomb production.  The project urgently required large quantities of enriched uranium-235 and plutonium-239.  This required the development of enrichment facilities to concentrate uranium-235, and fission reactors using natural uranium and graphite moderation to produce plutonium-239.  Such reactors are operated for only a few weeks before the fuel is replaced and processed.  This short run, allows production of the plutonium239 isotope with only minor production of other undesirable plutonium isotopes which become more abundant and problematic if the reactor is operated for a longer time.  Just as these military reactors cannot be used effectively for electricity production, neither can the spent fuel from civilian nuclear reactors - operated for about 12 to 18 months or more - be readily used for weapons material production.

The uranium-235 enrichment process provides the fuel for most of the world's 1100 non-military reactors operating today.  The use of military reactors, operated specifically to produce plutonium-239, has been scaled back in the last two decades, as weapons stockpiles are now actively being reduced and retired as the perceived threats that existed during the cold war era have diminished.    

Mining methods of economically viable deposits, may be by open pit (about 38%) underground mining (about 33%), in situ leaching (about 17%), or as a byproduct of other mining or industrial process (about 12%).  By-product uranium is recovered from activities such as phosphate mining and processing for fertilizer; formerly from the processing of some alum shale deposits in Sweden; formerly from low-grade coal deposits in the U.S.; and from some gold and copper mines.  Increasingly, more uranium deposits at the present time are amenable to in situ leaching (ISL) of the deep ore body to extract uranium which is then pumped in solution to the surface for extraction.  This method produces neither rock waste nor tailings.  Where the ore is mined, rather than chemically leached, it is crushed at the mine site, reduced to sand-sized particles, leached with a solvent solution, and then is further processed to extract and purify the uranium.  

The residual wastes from mining the common low grade deposits (from about 0.1% to 1% uranium) amount to large quantities of rock and process tailings containing residual uranium too difficult to extract, and radium.  Such wastes today amount to more than about 200 million tonnes in waste piles in the U.S. alone, and possibly ten times more at existing and former uranium mining operations throughout the world.  Most are now gradually being addressed to ensure that they are adequately covered and protected to minimize radon gas leakage from them; to limit moisture penetration and acidic drainage; and to protect them from weather erosion.  Modern mining is much more stringently regulated and controlled than previously, with ongoing environmental protection and remediation activities.

The richest uranium deposits are those primary ores containing uranium oxides (uraninite and pitchblende) containing about 88% uranium - usually in mineralized veins with other metals, such as silver, copper, bismuth, cobalt, molybdenum, and lead as sulfides, selenides, tellurides and arsenides.  The richest known deposits have generally been worked out.  There are also many secondary and very complex uranium-vanadium minerals - often brightly colored green and yellow - which tend to be more widely dispersed through the sedimentary strata in which they are found, as in Colorado, and many other low grade deposits.  

Ore reserves are a direct function of the price of uranium and are inversely proportional to the costs of extraction.  Depending upon price, an ore deposit may appear and expand (becomes economically valuable, as the commodity price rises) or shrinks and disappears (becomes un-economic, as the commodity price falls) over a period of time, perhaps even overnight.  Some deposits containing just 0.03% (300 ppm) of easily extracted uranium, are economically viable, while others at even 1% are not, though may become worthwhile as extraction methods improve.  The extraction of uranium from seawater (even at about 3 parts per billion) is a possible future source of uranium, though not economic at the present price. 

Although the current estimated recoverable uranium resource is about 3.5 million tonnes, inclusion of secondary sources, stockpiles, and estimates of potential additional resources, at present prices, are probably closer to 20 million tonnes.  

With the development of the fast breeder cycle, uranium-238, rather than uranium-235 becomes the nuclide of most energy significance.  As this is about 140 times more abundant than U-235, the economically recoverable resource base, even at present day (2002) depressed prices is dramatically increased.  The resource would then be available for many thousands of years and far beyond the expected resource life for any of the fossil fuels.  With the addition of thorium-232 as a reactor fuel, the energy resource is notably increased.

Ore processing, concentration and refining converts the extracted and purified uranium to U3O8, also known as yellow-cake.  This is traded internationally and shipped around the world in 100 L steel drums to uranium enrichment facilities, or may be directly fabricated into natural uranium fuel for use in those reactors (CANDU and GCR) fueled by natural uranium.

The world production of uranium in the year 2000, controlled by 8 major mining companies operating in about 16 countries, was about 41,000 tons of U3O8.  With an average grade of about 1% UO2 in the feed ore, this implies that more than 4 million tons of radioactive mine wastes are produced annually from these deposits.

The largest producers of uranium for sale on the international market are Canada and Australia (annually about 11,000 and 8,000 tons respectively in 2000) producing more than 50% of the world supply.

	Estimated Recoverable World Uranium Resource at US$80/kgU

	
	tonnes
	%

	Australia
	890,000
	26

	Kazakhstan
	560,000
	17

	Canada
	510,000
	15

	South Africa
	350,000
	10

	Namibia
	260,000
	8

	Brazil
	230,000
	7

	Russia
	150,000
	4

	United States
	125,000
	4

	Uzbekistan
	120,000
	4

	Niger
	 70,000
	2

	Ukraine
	 45,000
	<1

	Others (28 countries)
	 >50,000
	1

	
	
	

	Total*
	3,360,000
	

	* At 41,000 tonnes/a production, this resource will last for less than 100 years at this price, without reprocessing and without the adoption of the Fast Breeder cycle. 


5.2. Conversion to UF6
Conversion is the process of changing U3O8 (yellow-cake), to uranium hexafluoride UF6 for enrichment in the uranium-235 isotope.

There are five commercial conversion plants in the world: in the US, Canada, France, the United Kingdom and Russia.  Two other countries, Brazil and China also operate relatively small conversion facilities but not, at present, commercially.  Total available capacity in the seven facilities is about 69,000 tons/a, but annual world requirements for conversion are below capacity at approximately 57,000 tonnes.

There are only minor low-level uranium wastes associated with such conversion.  The cumulative total of such wastes throughout the world up to the year 2000, amounts to about 35,000 m3.

5.3. Enrichment

Natural uranium contains 99.3% U-238 and 0.7% U-235.  Nuclear fission reactors based upon uranium, cannot operate without the uranium-235 isotope, and in the case of light water moderated reactors, require the concentration to be greater than about 3%.

Enrichment is the process of augmenting the percentage of uranium-235 in uranium hexafluoride before the uranium is processed into the oxide fuel for use in the reactor.  Some uraniferous wastes are produced during this process, with world cumulative totals up to the year 2000 amounting to about 16,000 m3. 

The two isotopes cannot be separated chemically but have slightly different masses (1.3% difference), so are physically separable though with considerable difficulty.  There are two common multi-stage enrichment processes - gaseous diffusion and gaseous ultra-centrifuging in Calutrons, with others (laser separation) being researched.  The process, taking into account the market price of uranium, and the high electrical energy cost of enrichment (described in Separative Work Units – SWUs – the amount of electrical energy needed to produce 1 kilogram of enriched uranium), still leaves about 0.25 - 0.3% U-235 in the depleted uranium-238.  Future advances in isotope separation in the U.S., may make it economical to re-process some of this stockpiled depleted uranium to strip out more of the U-235 if the adoption of a breeder reactor cycle and spent fuel reprocessing continues to be politically rejected in the US. 

To produce about 4% enrichment from 0.7% feed material requires an almost 8 fold concentration.  For every tonne of Low Enriched U-235 produced for the Light Water Reactor (4% U-235), about 7 tonnes of depleted uranium (about 99.7% U-238) is rejected from the process.  For every tonne of High Enriched Uranium (say 20% U-235), the minimum enrichment used in nuclear submarine and ship reactors, about 39 tonnes of depleted uranium is rejected.  The total U.S. nuclear electrical capacity of about 100 GWe requires some 12 million SWU per year.  Each SWU - using the gas diffusion process - requires about 2500 kWh of electricity.

In general, the more enriched the uranium, the smaller the required fuel load to maintain a large power output, and the more compact the reactor, as in nuclear vessels.

Uranium enrichment - an expensive and technologically demanding process - was initially a virtual monopoly of the U.S.  The early reactor programs of most other countries were based upon the U.S. PWR or BWR reactor designs and U.S. enriched fuel.  Other countries either accepted this as the price to be paid for nuclear co-operation and development, or began to develop their own independent enrichment programs, or sought to build reactors that were fueled by natural uranium (as in the U.K. and Canada).

Commercial enrichment is carried out in the U.S., France, the United Kingdom, Germany, the Netherlands and Russia.  These countries effectively control the enriched uranium fuel supply to many other countries which operate Light Water reactors.  All of these countries must be signatories of the Nuclear Non-Proliferation Treaty (NNPT) and allow International inspection of nuclear facilities, materials and operations to ensure that there is no clandestine diversion of restricted materials.  Other countries with enrichment facilities for their own programs include China, Japan, and Pakistan.

5.4. Depleted Uranium

Depleted Uranium (DU) is defined as uranium containing less than 0.7% of uranium-235 and is the byproduct of the enrichment process.  The world production of depleted uranium is currently about 47,000 tons a year.  The world stockpile from the last 50 years of enrichment to the end of 2001, amounts to about 1.5 million tonnes of depleted uranium, with about 600,000 tonnes in the U.S.  This U.S. DU stockpile has a present-day value of about 100 trillion dollars if it were used for electricity production.

The depleted uranium is surface-stored in steel canisters, mostly as UF6, to maintain the possibility of revisiting these stockpiles as there is the possibility of utilizing advanced enrichment techniques to access the 0.25 to 0.3% of uranium-235 that remains in the depleted uranium.  The amount of uranium-235 that is left in the DU is a function of the cost of natural uranium and the cost of a Separative Work Unit.  If the uranium feed cost is low, then it is cheaper to reject the DU when it still contains about 0.3% uranium-235.  If the uranium feed cost is high, then more uranium-235 is extracted, before the DU is rejected from the process.  Without the development of the breeder reactor cycle, most of this DU cannot be brought back into the reactor cycle and may possibly be managed as nuclear waste, even though the energy potential in these useable stockpiles is about 30 times that so far obtained from the once-through fission reactor cycle over the last 40 or more years.    

A few non-energy uses of DU are: as radiation and biological shielding around medical sources and for HLW shipments (uranium is denser than lead, and though radioactive, it is a better radiation shield); high density concrete (radiation shielding); counterweights in aircraft; ballast in yachts; and as tips to armor piercing projectiles.  However, its most rational and economically attractive use is as future reactor fuel.  It can be used to 'down-blend' HEU from retired weapons-grade HEU, or used as mixed oxide (MOX) reactor fuel when admixed about 16:1 to 25:1 with plutonium-239, available either from retired military plutonium warheads (U.S. and Russia), or from reprocessed spent fuel.  In this way, the entire potential energy in the uranium-238 that might otherwise be discarded as waste, becomes accessible by breeding the uranium-238 to plutonium-239 which is an even better fissile nuclide than uranium-235.

	Estimated World Inventory and Value (if used in the breeder cycle) of Stored Depleted Uranium (2001)

	
	
	
	

	Country Or Enrichment Company
	2001 Inventory, (Tonnes(
	Estimated Annual Increase (Tonnes)
	Chemical Storage Composition

	
	
	
	

	US
	590,000
	20,000
	UF6

	France
	207,000
	12,000
	U3O8

	Urenco (UK, Germany, Netherlands)
	53,000
	4,000
	UF6

	UK (BNFL)
	30,000
	0
	UF6

	Russia
	490,000
	10,000
	UF6

	Japan
	5,600
	500
	UF6

	South Africa
	2,200
	0
	UF6

	China
	26,000
	1,000
	?

	Others
	< 1,000
	?
	?

	
	
	
	

	Total
	1,404,800
	47,500
	

	US$ present energy value as electricity
	US$ 250 trillion
	US$ 8 trillion
	


Most data are from the DOE and have been revised.

5.5. Fuel Fabrication

Fuel fabricating facilities are located in most countries that operate nuclear power plants.

The world total cumulative low level wastes associated with this process, up to the year 2000, are estimated to be about 160,000 m3.

Reactor fuel is made from small cylindrical pellets of pure natural or enriched uranium oxide sintered at more than 1400°C. The pellets are encased in small diameter metal tubes - usually zirconium-niobium alloy - which are arranged into a fuel assembly, which may be a single small cylindrical natural uranium fuel bundle as used in a CANDU reactor (with more than 4,000 bundles of about 20 kg each) or a relatively large rectangular enriched-uranium fuel assembly in a PWR (about 200 fuel assemblies, each weighing about 700 kg). The dimension of the fuel pellets and of the overall fuel assembly are dictated by the basic reactor design to ensure defined operating and heat removal characteristics, and fuel stability over a wide range of operating conditions.

	Fuel Fabrication Facilities in the World (2000)

	
	
	

	Countries Fabricating Light Water Reactor Fuel 

(Tonnes/a)
	Countries Fabricating Heavy Water Reactor Fuel (Tonnes/a)
	Countries with Mixed Oxide Fuel Fabrication Facilities 

(Tonnes/a)

	
	
	

	United States (3,900)
	Canada (2,700)
	France (140)

	Kazakhstan (2,000)
	South Korea (400)
	United Kingdom (128)

	Japan (1,674)
	India (270)
	India (50)

	Russia (1,620)
	Argentina (160)
	Belgium (37)

	France (950)
	Pakistan (20)
	Japan (10)

	Germany (650)
	
	

	Sweden (600)
	
	

	Belgium (500)
	
	

	South Korea (400)
	
	

	United Kingdom (330)
	
	

	Spain (300)
	
	

	Brazil (100)
	
	

	China (100)
	
	

	India (25)
	
	

	Pakistan (?)
	
	

	
	
	

	Total   12,299 Tonnes
	Total   3,560 Tonnes
	Total   365 Tonnes


Various  Sources

5.6. Reactor Operation, Spent Fuel and Maintenance Wastes

There are about 439 large operating civilian reactors in the world today (2002), producing about 17% of the world's electricity.  There are about another 30 under construction and a further 30 or so that are in various stages of planning.  Each operating reactor, depending upon its design, has an annual fuel requirement and annual spent fuel (HLW) discharge rate of between about 20 and 150 tons.  Associated operational and maintenance wastes (Low and Intermediate Level Wastes) make up between 100 m3 to about 900 m3 each year.  There are no significant atmospheric emissions of any kind and all solid wastes are controlled and managed.

	Ten Largest Consumers of Nuclear Power

	Country
	No. Units
	Total MW(e)

	
	
	

	USA
	109
	99,784

	France
	  56
	58,493

	Japan
	  59
	38,875

	Germany
	  21
	22,657

	Russian Federation
	  29
	19,843

	Canada
	  22
	15,755

	Ukraine
	  15
	12,679

	United Kingdom
	  12
	11,720

	Sweden
	  12
	10,002

	Republic of Korea
	  10
	  8,170

	
	
	

	Total
	335
	297,978

	World
	439
	354,416

	 Most Data are from the IAEA (2001).


The world total of spent reactor fuel (HLW) to the end of 2001 is about 230,000 tonnes.  This is added to at the present time at the rate of about 15,000 tonnes per year.

Spent Fuel.

Fission products from operation of the nuclear reactor are physically trapped in the matrix of the fuel.  They eventually increase to a point where some of them compete for the limited number of neutrons available for fissioning; begin to over-ride the available margin of reactivity; and begin to close down ('poison') the reactor.  When this might occur depends directly upon the percentage enrichment and reactivity margin of the nuclear fuel, as higher U-235 enriched fuels have a longer burn-up life due to their much greater margin of reactivity to over-ride neutron poisons, and burn-up location in the reactor core (fuel placement strongly affects the rate of burn-up).  At some point - determined by reactor fueling specialists and economics - this poisoning effect requires that some of the high burn-up fuel be discharged and replaced with either new fuel or low burn-up older fuel (from pool temporary storage) in which the significant neutron absorbers have decayed.

	Nuclear Power Plants In Commercial Operation

	Reactor type 
	Countries 
	Number 
	GWe 
	Fuel 
	Coolant 
	Moderator 

	
	
	
	
	
	
	

	Pressurized Water Reactor (PWR, VVER) 
	US, France, Japan, Russia, & others 
	259 
	231 
	enriched UO2, MOX 
	Water 
	Water 

	Boiling Water Reactor (BWR) 
	US, Japan, Sweden, Germany 
	91 
	79 
	Enriched UO2 
	Water 
	Water 

	Gas-cooled Reactor (GCR & AGR) 
	UK 
	34 
	12 
	Natural U (metal), enriched UO2 
	CO2 
	Graphite 

	Pressurized Heavy Water Reactor "CANDU" (PHWR) 
	Canada, South Korea, Argentina, India, Romania, China 
	34 
	16 
	Natural UO2, PWR spent fuel, MOX 
	Heavy water 
	Heavy water 

	Light Water Graphite Reactor (RBMK) 
	Russia, Lithuania 
	17 
	13 
	Slightly enriched UO2 
	Water 
	Graphite 

	Fast Breeder Reactor (FBR) 
	Japan, France, Russia 
	3 
	1 
	PuO2, UO2, DU (MOX)
	Liquid sodium 
	None 

	Other (HWLWR) 
	 Japan
	1 
	0.1 
	Slightly enriched UO2 
	Water
	Heavy water

	
	TOTAL 
	439 
	352 
	
	
	


Source: Nuclear Engineering International handbook 2000, Focus and others. 

Regardless of the reactor design or degree of enrichment, the fission and transuranium products present in the fuel are initially a function of the uranium burn-up, usually expressed in terms of MWdays/ton.  'Initially', because most fission products have an extremely short half-life and rapidly decrease in activity once the in-core fission process ceases.   

For PWRs the target burn-up has progressed from less than 20,000 MWd/ton in the early years of the nuclear program, to about 33,000 to 45,000 MWd/ton (producing 3 to 4% fission waste in the spent fuel) but is now approaching the 40,000 to 60,000 MWdays/ton range (4 to 6% fission waste).  For natural fuel in the CANDU reactor, 'burn-up' is about 7800 MWdays/tonne (about 1% fission wastes), though with some modifications including using slightly enriched fuel, or recycling PWR fuel, this can be increased to about 20,000 MWdays/tonne.  By the time spent fuel is discharged from any reactor, about 40% or more of the energy in the reactor has been derived from fissioning of plutonium-239.  

Fission, Activation and Trans-Uranium Nuclides. 

There are about 700 fission, activation, and transuranium nuclides (actinides).  

	Summary of Fission Product Nuclides

	Fission-product Half-lives
	Number of Defined* Nuclides

	
	

	Less than 24 hours
	438+

	1 day to 1 year
	42

	>1 year to 10 years
	4

	> 10 years
	12

	Stable fission isotopes
	101

	Total fission nuclides
	615

	* Many fission nuclides have extremely short, and difficult-to-define half-lives.


About 615 of these are fission nuclides.  

Of these, about 450 have half-lives of less than 24 hours and rapidly decay from the spent fuel once the fuel is taken out of the reactor.  

About 42, with half-lives up to 1 year, may still be significantly present for up to about 10 years at most, and four (with half-lives less than 10 years: Ru-106 - 373 days; Sb-125 - 2.76 years; 

Pm-147 - 2.62 years and Eu-155 - 4.73 years) may persist for up to about 50 years.  

There are 12, longer-lived fission nuclides with half-lives greater than 10 years.  Of these, only strontium-90 and cesium-137 are significant radiological hazards.  The others are only weakly radioactive with low energy beta and gamma emissions; are of low yield; or have sufficiently long half-lives to be relatively harmless. 

	The Longer-lived Fission and Trans-Uranium Radionuclides in PWR spent fuel, with Time *

	Nuclides
	Half-Life
	Activity/Tonne U after 150 days * of cooling (Bq)
	Activity/Tonne U after 100 years of storage (Bq)
	Activity/Tonne U after 500 years of storage (Bq) 

	Fission Nuclides
	
	
	
	

	Niobium-95

Strontium-89

Zirconium-95

Cerium-144

Ruthenium-106

Cesium-134

Promethium-147

Strontium-90

Cesium-137
	35 d

50.5 d

64 d

285 d

1 y

2.1 y

2.6 y

28.8 y

30.1 a
	2E16

4E15

1E16

3E16

2E16

8E15

4E15

3E15

4E15
	0

0

0

0

0

40

1E4

2.7E14

4E14
	0

0

0

0

0

0

0

1.8E10

4E10

	TU nuclides
	
	
	
	

	Curium-242

Plutonium-241

Curium-244

Plutonium-238

Americium-241

Plutonium-240

Americium-243

Plutonium-239

Plutonium-242
	163 d

14.4 y

18.1 y

87.7 y

433 y

6.56E3 y

7.37E3 y

2.41E4 y

3.75E5 y
	6E14

4E15

9E13

1E13

7E12

2E13

6E13

1E13

5E10
	0

3E13

2E12

4.5E12

6E12

2E13

6E13

1E13

5E10
	0

1.4E5

4.4E5

1.9E11

3E12

1.9E13

5.7E13

9.9E12

4.99E10

	* After reprocessing, which can take place after about 150 days of cooling, only the fission nuclides would be significantly present in the wastes.


	Fission Radionuclides and Actinides with Half-lives greater than 10 years (in order of half-life)

	
	

	Fission Radionuclides *

                                        (Fission yield)
	Half-life (y)

	Krypton-85                     (1.319%)

Prometheum-145            (3.93%)  

Strontium-90                   (5.8%)

Cesium-137                    (6.19%)

Tin-121                           (0.013%)

Samarium-151                (0.419%)

Selenium-79                   (0.045%) 

Technetium-99               (6.1%)

Zirconium-93                 (6.35%)

Cesium-135                    (6.54%)

Palladium-107                (0.146%)

Iodine-129                      (0.54%)
	10.7

17.7

29

30.17

55 

90

6.5E4

2.13E5

1.5E6

3E6

6.5E6

1.57E7

	* Radionuclides beyond Cs-137in this table, have either low fission yield, have low energy emissions, or are so long-lived as to be low radioactivity.

	TU nuclides with indication of their spontaneous fission (SF) strength, (followed by fission (f), or capture (()

 Cross  section in barns).
	Half-Life in years

	Nuclide                (SF)            (Cross

                                                  Section)
	

	Californium-250   (weak)        (( 2000)      

Plutonium-241      (------)         (f 1010)

Curium-244           (v. weak)    (( 15)

Curium-243           (v. weak)    (f 610)

Plutonium-238       (v. weak)   (( 540)

Californium-249    (v. weak)    (f 1600)

Americium-241     (v. weak)    (( 50)

Californium-251    (------)        (f 4800)

Americium-242     (v. weak)    (f 7000) 

Curium-246           (weak)        (( 1.2)

Americium-243     (v. weak)    (( 74)

Curium-245           (v. weak)    (f 2100)

Plutonium-240       (v. weak)    (( 290) 

Curium-250           (?)               (( 80)

Plutonium-239       (v.v. weak) (f 750)

Neptunium-236      (------)        (f 2700)

Curium-248            (?)              (( 2.6)
Plutonium-242        (v. weak)   (( 19)

Neptunium-237       (------)       (( 150) 

Curium-247             (------)       (f 80)

Plutonium-244        (weak)       (( 1.7) 
	13.1

14.4

18.1

29.1

87.7

351

432.7

900

1141

4.76E3

7.37E3

8.5E3

6.56E3

9.7E3

2.41E4

1.55E5

3.48E5

3.75E5

2.14E6

1.56E7

8.0E7

	A large (f) and/or (() cross section indicates that the nuclide soon fissions in the reactor.

Most data from Chart of the Nuclides, Kaplan, and others.


If fission radionuclides were the only radionuclides in spent fuel, then management and disposal would be based upon a fission product half-life that did not much exceed about 30 years - the approximate half lives of the cesium-137 and strontium-90.  However, the presence of relatively long half-life trans-uranium nuclides (including plutonium-239, 240 and 242) dictates a much longer management time-frame for spent fuel if it is not reprocessed, as well as stringent requirements for secure long-term disposal, and allowance for the option of legitimate retrieval by future generations.  

After about 600 years, when the radioactivity remaining in fission nuclides would be almost negligible, the activity of the longer-lived actinides is dominant.

With re-processing, most of the 96% residual uranium and the 1% of longer half-life actinides including plutonium are removed from the spent fuel and recycled back into the nuclear fuel cycle where most of them contribute to the fission energy.  Many of them have a significant fission cross section or a radiative capture cross-section that transmutes them into a fissionable nuclide.  For example Cf-250 is readily transmuted to Cf-251, which has a fission cross-section of 4800 barns, or is successively transmuted to heavier Cf nuclides which can also be fissioned.  Many of them also fission spontaneously and contribute to the reactivity of the core.  

Such spontaneously fissioning impurities in spent fuel is one of the major reasons why the attempt to use high burn-up spent fuel as a source material of plutonium for nuclear weapons is extremely undesirable relative to pure plutonium-239.  The inherently unstable impurities make the desired reaction unpredictable, difficult to control and much less effective. 

With reprocessing, volatile fission radionuclides such as krypton-85 and Iodine-129 are discharged to atmosphere or, if justified, may be chemically trapped.  

The resulting highly radioactive waste volume to be managed for the longer term is only about 3 to 5% of process- throughput, and the waste conditioning and final management process is very much simplified.  This initially liquid waste from the reprocessing cycle is dried and may be mixed with special concrete or with various silicates, boro-silicates and fluxes, before being fused into a solid glass or ceramic block for permanent non-retrievable, deep geological disposal.

Without re-processing the entire spent fuel charge is required to be managed as High Level Waste.  Non-reprocessed spent fuel constitutes a waste of recyclable energy; is a 30 times larger volume of waste than the contained fission nuclides; and eventually creates a plutonium-uranium ore-body of relatively low radioactivity.  

This could constitute a proliferation threat if the disposal site is intentionally breached for any reason other than reprocessing this material for re-use as a source of energy. 

Reactor Maintenance Wastes

The Low and Intermediate Level Wastes (LILW) associated with the operation and maintenance of a 1,000 MW (e) reactor consist of between 300 and 900 m3 of managed waste each year.  They are usually stored and managed on the reactor site in secure and shielded areas.  These wastes include non-compactable materials including ion exchange resins, reactor components and fittings, and laboratory glassware.  The bulk of the wastes is made up of very low-level radioactive materials including discarded radiation area clothing, cleaning materials, plastic containers, filters and other compactable items. 

The actual volume depends upon the nature and duration of the reactor maintenance work, the effectiveness of waste screening and sorting, and whether or not the wastes are compactable.  Typically, they contain minor quantities of relatively short-lived fission products - such as zirconium-95 - from opened reactor systems.  

These LILW wastes are usually managed at the reactor site in an accessible, secure location (typically shielded in concrete cells) and can be specifically revisited after 15 or 20 years.  They may then be re-classified for either continued storage; for sorting and re-packaging; or may be incinerated or discarded into normal waste processes as exempt wastes. 

5.7. Spent Fuel Interim Storage, Prior to Reprocessing or Disposal

Spent fuel removed from a reactor after it has achieved a significant burn-up, is both highly radioactive and a rapidly diminishing source of heat.

	Radioisotopic Power *

 in watts per gram

	Nuclide
	Watts/g

	
	

	H-3

Co-60

Kr-85

Sr-90

Ru-106

Cs-137

Ce-144

Pm-147

Tm-170

Po-210

Pu-238

Am-241

Cm-242

Cm-244
	    0.325

  17.45

    0.590

    0.916

  31.8

    0.427

  25.5

    0.340

  11.86

141.3

    0.558

    0.113

120.0

    2.78

	* for use in thermo-electric generators.

Mostly from 'Chart of the Nuclides' (Lockheed Martin and GE Nuclear Energy)


There is choice of two main processes following discharge of spent fuel.  One of these does not consider the immediate possibility of re-processing and the other does.  The waste volume and waste management implications following this choice are quite different (section 8).  

A.  If reprocessing is not an option, then after a period of from 7 to 10 years of cooling in a water-filled storage bay, the spent fuel has cooled to just a few hundred watts to about 1 kW per tonne.  It has also radioactively decayed sufficiently that it may be safely transferred and stored in monitored surface concrete silos or canisters for up to 50 to 100 years at each reactor site where this interim storage option is approved.  During this interval, a political/regulatory decision may be made concerning final disposal; extending the duration of operation of this surface storage option; or revisiting the decision about re-processing.

B.  If reprocessing is an option, then the spent fuel is resident in the spent fuel bay for long enough (about 5 months) that it may be safely transported to a re-processing facility.  The less time that the fuel spends in storage the more valuable it is from the reprocessing and fuel value point of view, as some of the shorter half life transuranium nuclides are still present.  The recovered fuel constituents - making up about 95% of the spent fuel - are recycled into the reactor, and the fission wastes are conditioned, solidified, and stored, pending removal to permanent non-retrievable disposal.  The amount of low level waste produced apart from the fission waste is estimated to amount to a cumulative world total by the year 2000 of about 15,000 m3.

In either case, the interim storage period is in water-filled storage bays to provide continued cooling, radiation shielding and a medium in which the fuel assemblies or bundles can be inspected, monitored and identified, and can be observed and easily moved into storage racks.

With time, the cooled spent fuel, may be re-racked to conserve pool storage space if required; moved to an alternative location; or into approved dry storage once the heat output is sufficiently low not to present problems with structural deterioration or fuel cladding damage. 

Dry Storage consists of specially designed concrete structures with walls typically of 1 meter-thick re-enforced concrete.  These may be rectangular or cylindrical structures.  They are designed be weather resistant, resistant to upsets due to extreme weather, earthquakes, intrusion or sabotage, and - once filled - are secured with tamper-proof seals placed by the IAEA.  Safeguards usually include welded steel closures once the vaults or silos are filled, along with massive concrete closure plugs.   Security also involves round-the-clock security monitoring of the site and frequent security inspections.  Other monitoring takes place on individual vaults and silos by way of drainage lines to ensure no deterioration or leakage of the contents and no significant water ingress.  Other site monitoring may include the placement of thermo-luminescent dosimeters around the facility, and air and groundwater monitoring in both surface run-off and in deep wells in and around the facility.  None of the hundreds of facilities in existence as Dry-Fuel-Storage locations has ever shown any significant sign of either deterioration or upset, nor has there been any attempt made to clandestinely access or damage any of the facilities.

In the case of CANDU spent fuel, the spent fuel bundles are kept in the water-filled spent fuel bay for about 7 years before being transferred to secure Dry Fuel Storage facilities at each of the reactor sites.  All such transfers and placements take place under the supervision of an IAEA international inspector who places interim seals on the storage containers until they are filled, and then affixes a 'tamper-proof' seal once the individual bunkers are filled, welded closed, and 'permanently' sealed.

The radioactive decay and decay heat of a typical CANDU natural uranium fuel bundle immediately following discharge at full power, and after burn-up of about 7800 MWdays/tonne of U, is shown below.  After this burn-up the starting content of uranium-235 (0.72% is reduced to about 0.22%) and plutonium isotopes make up a total of about 0.4% of the fuel mass.

 

	DECAY HEAT CHARACTER IN A CANDU NATURAL URANIUM FUEL BUNDLE vs TIME SINCE DISCHARGE FROM A CANDU-600 REACTOR (Most data from AECL)

	Cooling time following discharge
	Heat from actinides (watts/bundle -containing 21.0 kg UO2 at the start)
	Heat from fission nuclides 

(watts/ bundle)
	Total heat (watts/bundle) (burn-up 7800 MWd/MgU)

	
	
	
	

	1 second
	1810
	23,700
	25,500

	1 hour
	
	
	 9,000

	1day
	
	
	 3,000

	1 year
	
	
	      60 

	6 y
	      0.44
	         5.64
	        6  (300 watts/Mg)

	8 y
	      0.47
	         4.44
	        4.9

	10 y
	      0.50
	         3.95
	        4.4*

	15 y
	      0.56
	         3.34
	        3.9

	20 y
	      0.60
	         2.94
	        3.5

	30 y
	      0.66
	         2.30
	        3.0

	50 y
	      0.71
	         1.43
	        2.1

	100 y
	      0.70
	         0.44
	        1.1 (52 watts/Mg)

	
	
	
	

	Natural Uranium
	
	
	        0.1 watt/Mg

	* About 90% of the heat output after 10 years comes from Sr-90 (+Y-90) and Cs-137.

For PWR spent fuel with higher burnup, the heat output is about 1 kW/tonne after ten years.


5.8.  Fuel Reprocessing, Fuel Re-cycling and Advanced Reactors

Fuel reprocessing (with recycling) involves the chemical digestion of spent enriched fuel and returning the chemically separated fuel components (95 to 99% unused uranium and transuranium nuclides) into the reactor cycle.  Compared with the 'wastes' from the 'once-through' cycle, it reduces the initial volume of materials that need to be managed as High Level Waste, by about 97%.  

Fuel re-cycling (direct recycling).  Once-through spent fuel from the PWR reactor still contains significant fissile fuel constituents that can be transferred - without chemical reprocessing - to another reactor design (e.g., CANDU) for a second 'once-through' pass.  The spent fuel from the first pass achieves additional burn-up and energy output.  The additional burn-up renders the spent fuel less attractive for immediate reprocessing.  Discharged re-cycled fuel is stored pending either permanent disposal or an alternative option, which might include re-processing in the longer term.  The spent fuel transferred from the PWR to the second reactor is, of course, mostly eliminated from the PWR waste stream with the exception of re-fabrication wastes, such as fuel cladding.

Both processes recycle spent fuel.  The first process is of continuous recycling - at least as far as that is possible - while the second is of just one stage of recycling without consideration of reprocessing. 

The amount of electrical energy derived from the use of 1 kilogram of natural uranium in the 'once-through' cycle is about 50,000 kWh (once-through enriched fuel produces about 250,000 kWh).  With reprocessing in the 'closed cycle', the amount of electrical energy which can be derived from the same 1 kg of uranium by fully utilizing the uranium-238 and plutonium isotopes, is about 3,500,000 kWh, or about 70 times more than from 'once-through' natural uranium (focus). 

The potential energy residing in the depleted uranium world stockpile (about 99.7% uranium-238), estimated at about 1.45 million tons to the end of 2002, is about 5 million TWh or about 330 times more than the entire world annual production of electricity from all energy sources (estimated at about 15,000 TWh, by 2002), with minimal wastes of any kind and no significant air pollution.   

Depending upon the burn-up achieved, spent enriched fuel contains about 95% U-238, as well as about 1% U-235 that has not fissioned; about 1% plutonium isotopes produced from U-238 in the fuel (all of relatively low radioactivity); and about 3% of highly radioactive fission products. 

So far, more than 75,000 tonnes of spent fuel from commercial power reactors has been reprocessed in the world, and annual world reprocessing capacity is now some 5,000 tonnes per year. 

	World Commercial Reprocessing Capacity (Tonnes per year)

	
	
	

	Light water reactor fuel: 
	France, La Hague 

UK, Sellafield (THORP) 

Russia, Chelyabinsk (Mayak) 

Japan (Rokkasho) 

Total LWR 
	1600

850 

400 

90 

2940 

	
	
	

	Other nuclear fuels: 
	UK, Sellafield 

France, Marcoule 

India (Tarapur, Kalpakkam, Trombay) 

Total - other
	1500 

400 

200 

2100 

	
	
	

	Total civil capacity 
	
	5040 

	Sources: OECD/NEA 1999 Nuclear Energy Data, Nuclear Engineering International handbook 2000. 


The recovered uranium may be handled in a normal fuel fabrication plant and blended with low enriched fuel to achieve the fuel feed composition required by the reactor.

The recovered   plutonium is recycled through a mixed oxide (MOX) fuel fabrication cycle and blended with uranium, usually at the same reprocessing plant that separated it.   

MOX fuel is currently being used in commercial nuclear power reactors in Belgium, France, Germany, Japan, Switzerland, and the United Kingdom.  It constitutes about 2% of all new fuel loading and is steadily increasing.  It is being examined for use in the CANDU, U.S. and Russian reactors as a means of economically and safely consuming retired plutonium weapons.  

Since about 1963, about 2800 kilograms of re-processed plutonium, contained in about 400 tonnes of MOX fuel, have been consumed in this way.  More than 30 European reactors are currently licensed to use MOX fuel for up to about one third of the reactor core load.  Future plans are to increase the MOX component up to about one half of the core.   

Reprocessing and the Closed Fuel Cycle.  The nuclear industry recognized that closing the fuel cycle with reprocessing, fuel re-cycling, and responsible waste management and disposal, while producing immense quantities of relatively cheap non-polluting energy, was essential to public acceptance of Nuclear Power.  The industry recognized that any nuclear weapons proliferation risk from the reprocessing cycle was marginal, and would be much less of a threat to world security than the constant threat of war over political manipulation and shortages of energy supplies.  

At the same time, the various anti-nuclear activist groups recognized that without the reprocessing option the nuclear power fuel cycle could not be closed, and the breeder reactor program would probably be stopped.  Following this, the future of nuclear power would be at least temporarily limited, if not - they hoped - ended. This outcome was in keeping with their own political and organizational agendas for society as a whole.

The reprocessing option was dropped in the U.S. in 1977, following deliberation by then President Carter.  The political decision was based upon diplomatic concerns about world security and plutonium proliferation, whose risks were assumed to be significantly augmented following the planned development of the next-generation Fast Breeder Reactor program.  This presumption that the Fast Breeder Reactor would be used for plutonium production and would be likely to augment proliferation risks was shortsighted and unfounded.  The FBR would most likely be used initially as a net 'burner' of plutonium to reduce weapons stockpiles and to reduce risks of proliferation rather than to increase them.  Only following that phase, would the FBR be considered as a fuel 'breeder', with all of the bred fuel being controlled and used only for further energy production at the same site at which it was produced.  Loss of control was unlikely ever to occur.

Other countries did not follow this political lead for various reasons relating to energy security and self-sufficiency, and the limited availability of alternative energy options.  This was especially true in France and Japan, both of which - unlike the U.S. - were limited by a critical shortage of indigenous fossil fuel energy resources and had no intention of crippling economic growth by limiting their ability to meet their critical energy needs.

At the same time, various critics of the political initiative suggested that abandoning re-processing in the U.S., because of proliferation concerns, would be ineffective as it could not possibly achieve the desired intent.  Government officials involved with these policies did not appear to acknowledge that:

1. The production of nuclear weapons does not require the construction of nuclear power facilities.  There were other routes - more easily concealed, cheaper and more reliable - to proliferation than reprocessing of spent fuel;

2.  Those countries intent on reprocessing, or even of clandestinely developing weapons technology, would be unlikely to be dissuaded by a political act that seemed irrational and weak; 

3. The successful diversion of plutonium would actually be extremely difficult to achieve without detection, especially from a secure and internationally monitored facility;

4. There would be immense political damage to any government or group involved in any attempt at clandestine diversion;

5. Banning reprocessing would be internationally damaging to the U.S. ability to develop advanced energy technology and to influence future nuclear developments in other countries.  

Not only would the U.S. position on reprocessing affect only the U.S. and none of the allies or rogue states, but it would hamper the ability of the U.S. to maintain its technological advantage and remain ahead of proliferation developments in the rest of the world.  It also achieved little in terms of limiting proliferation anywhere, as it is far easier to construct a nuclear device by enriching uranium rather than by constructing reactors and producing - and trying to separate and purify - plutonium from the associated highly radioactive fission nuclides through the reprocessing cycle.  

At the same time, without the means of burning plutonium as MOX fuel in the reactor cycle, plutonium stockpiles could only increase, and at many sites, thus augmenting the proliferation risks.  By the time President Reagan re-appraised the decision not to reprocess spent fuel, the costs of re-establishing the program, coupled with the onerous nuclear regulatory and licensing climate and the continuing low cost of uranium were sufficient to ensure that it would not easily proceed.  President Clinton also decided to oppose reprocessing on the grounds of proliferation risks, but also attempted to politically influence the operation of foreign reprocessing facilities especially in the U.K., further fouling any atmosphere of nuclear co-operation.  In the U.S., the industry was whipsawed in uncertain political and rigidly opposing environmental processes and there seemed little point of industry making long-term plans or commitments to the future of civilian nuclear power until the political climate had significantly improved.  This is likely to happen when the political penalties arising from perceived environmental and global climate effects because of the continued expansion of fossil fuel use, begin to outweigh the real social penalties of inaction arising from ignoring the benefits and realities of expanding nuclear power to displace coal and eventually, many uses of oil.

Even at the present time, risks of plutonium diversion are still at the forefront of public concerns, especially when publicity is given to discrepancies of records indicating deficiencies of kilograms of plutonium at reactor sites or in some reprocessing facilities.  The problem is rarely what it seems.  The content of plutonium in reactor fuel is calculated - with some uncertainty - from the assumed burn-up rates in fuel.  As these calculations are increasingly refined with better definition of burn-up and other variables, and are applied to historical fuel loadings that may go back thirty years, it is very easy to lose or gain several hundred kilograms of plutonium on paper.  Such paper discrepancies are always investigated in onerous detail by the IAEA to ensure that they are accurately defined and that all inventory is still fully accounted for.  The anti-nuclear movement usually tries to create the impression that somehow the plutonium was diverted or lost, without disclosing that the plutonium never existed in the first place, or was always there. 

However, this is not to ignore the disturbing possibility that some few kilograms of strategic materials may not yet be fully accounted for in some states of the former USSR. 

There was and still is controversy in the U.S. about which of the spent fuel options - re-processing or not  - was likely to create the greater hazard or benefit to future society.   When all of the associated ramifications concerning alternative routes to weapons; security of supplies; technological lead; proliferation risks; waste management volume; long-term energy security implications; and climate and pollution issues from prolonged fossil fuel dependence are taken into account, it appears that even carefully considered political decisions and actions can produce massive, unforeseen, and unintended social consequences that are yet to fully unfold. 

It can also be argued that - environmental concerns about Global Climate Change aside - reprocessing is not absolutely necessary in the short term (about the next 50 years) for the future of nuclear power.  Fossil fuel supplies continue to be relatively abundant and cheap with notable contributions recently coming from natural gas.  Uranium ore resources are still adequate - extending beyond 40 years - and the processed ore remains cheap.  

Changes in uranium use would only be likely if the foreseeable exploitable uranium resource dropped to below a 15-year supply, which would be likely to change the price of uranium and thus the exploration for new supplies.
The U.S. policy change in 1977 against reprocessing, however, had the following general and specific effects (among others):
· It delayed and possibly curtailed (in the U.S.) the possible transition to the future reactor cycles upon which the developed U.S. nuclear program and its future growth had been based;

· It required the continued, relatively intensive exploitation of uranium ore and expensive enrichment, rather than allowing significant displacement by re-cycling unconsumed uranium and plutonium from spent fuel;

· It shelved (at least temporarily) the eventual exploitation of the very large stockpiles of depleted uranium in the breeder cycle; 

· It created a build-up of spent fuel at each reactor site.  Storage facilities had been built assuming transportation and reprocessing of spent fuel after about 150 days of cooling. This resulted in an unplanned, though remediable, shortage of storage space for spent fuel;

· It significantly increased the costs of waste disposal by boosting long-term waste volumes into a 30-times larger volume of radioactive materials (albeit still relatively small) - 97% of which was unburned fuel containing little radioactivity when separated from fission HL wastes and dictated that it was to be managed as waste, with all of the resulting political overtones;

· It significantly increased the time frame for the management of the larger waste volumes, as the longer-lived trans-uranium nuclides were not being removed from these 'wastes'; 

· It blocked the development of a breeder reactor cycle and effective use of a large part of the depleted uranium stocks.  These currently stand at about 600,000 tonnes in the U.S. in 2002, and are energy equivalent to about 780 billion tons of coal.  The potential energy value in this DU stockpile, in terms of electrical energy, is about 100 trillion dollars, assuming $50/MWh.  

· Reprocessing would have increased useable fuel resources by up to about 100 fold, even without consideration of using thorium as fuel or making marginal uranium deposits much more economically attractive for their U-238 energy potential, rather than for their U-235 content;

· It creates a more onerous and uncertain longer-term plutonium problem by disposing of plutonium to a managed waste site, rather than destroying it in the reactor cycle;

· If continued, it will eventually create a relatively large, very long-lived and strategically vulnerable low radioactivity plutonium-uranium ore-body, rather than a small volume of vitrified and relatively short-lived waste at the final disposal site.

· It will prolong the continued dependence of the U.S. upon imported (and domestic) fossil fuel energy sources, with controversial environmental, economic and security-of-supply issues.  

· The U.S. and the rest of the world became less, rather than more, secure by this decision.

Several changes were made in advanced fuel designs and fuel utilization at reactors to reduce the negative economic effects of this unanticipated change.

· Greater enrichment (along with operational nuances) and fuel burn-up (from 40,000 to 60,000 MWdays) was approached in order to derive the greatest value at the least cost from the existing fuel load, as no credit could be applied against residual uranium-235, fissile plutonium-239, or plutonium-241 discharged from the reactor for recycling.  This reduced the final amount of waste produced, by delaying the need for fuel replacement until declining reactor performance demanded the change.

· Operating modifications were instituted at reactors which aimed for a better conversion (breeding) from uranium-238 to plutonium in order to derive maximum energy from the once-through fuel.  This required a hardening of the neutron spectrum and other operational changes.

	Advantages/Disadvantages of Reprocessing or not Reprocessing Nuclear Spent Fuel 

	
	

	The Re-processing - Closed Cycle, Option - A
	No Re-processing - Once-Through, Option - B

	
	

	Advantages

Recovery of the 97% unused fuel and its contained energy for recycling.

Recovery and use of plutonium (1% of the spent fuel.

Recovery and 'Destruction' of plutonium in MOX fuel.

Recovery and use of transuranium elements.

Allows transition to the Fast Breeder cycle of reactor operation.

Allows use of the 600,000+ tons of stored depleted uranium in the US.

Makes available, at least 100 times more energy than in option B, opens up utilization of lower grade uranium ore deposits, and using thorium as fuel, and reduces the need for uranium enrichment.

3 - 5% of the volume of High Level fission-waste produced from option B.

Low volumes of waste & very short waste management interval compared with B.

Minimal requirement for long-term safety and security of storage.

Near-surface storage of some waste is possible.
	Advantages

Re-processing facilities are not required, or reprocessing of enriched fuel is specifically prohibited (US).

Unburned plutonium and transuranium elements are locked with highly radioactive fission products and cannot be readily accessed in the short term.

Diversion and proliferation are unlikely in the short term.

A Geological Waste repository becomes a plutonium/uranium ore-body that can be re-mined if desired by future generations.

In the case of natural-uranium fueled reactors such as CANDU, neither enrichment nor reprocessing facilities are required.    

	
	

	Disadvantages

Transportation of spent fuel to a central reprocessing facility.

Reprocessing creates a hypothetical risk of diversion and nuclear proliferation.


	Disadvantages

Without reprocessing, future fuel cycle options are limited.

97% of the potential energy in U-238 and plutonium is not used (wasted).

100% of spent fuel becomes classified as 'waste'.

Large 'waste' volume compared with A.

'Waste' contains unused plutonium and transuranium elements, creating a proliferation and diversion risk.

The spent fuel management interval is significantly lengthened compared with option A.

The waste repository becomes a plutonium/uranium ore-body with very long term security and proliferation risks.


Fuel Recycling.

This process appears to be well suited for use in the CANDU reactor whose operation is based upon natural uranium fuel and heavy water moderation and cooling.  The CANDU is characterized by continuous refueling at power with several of the 380 or more channels refueled each week of operation, and has the advantage of a very high neutron economy.

Briefly, the CANDU reactor has considerable fuel flexibility within a single core load of about 4,500 relatively small fuel bundles.  These can include bundles of slightly different compositions, which can be selectively positioned in the core and re-located or removed as needed to achieve the desired core characteristics.  The fuel load can include, or be made up of, blended and low enriched fuels (up to 1.2% U-235).  

Other possible fuels and fuel mixes include MOX fuels with re-processed plutonium, down-blended weapons HEU and plutonium, depleted uranium, and thorium.   Fuel burn-up could also be increased to above 20,000 MWd/tonne with minor physical modifications.  

Fuel recycling does not require chemical re-processing of spent fuel, but takes advantage of the operational characteristics of the CANDU reactor to take the once-through fuel from the PWR cycle and present it as the fuel charge of a CANDU.  In this way, the residual, but still elevated level of uranium-235 and plutonium in the PWR 'spent' fuel can achieve an extended burn-up in the heavy water moderated environment.  Korea and Canada are examining recycling non-reprocessed spent fuel directly from the PWR cycle - DUPIC ('Direct Use of Spent PWR fuel in CANDU') into the CANDU reactor, though with some physical re-arrangement of the spent fuel pellets into a form that is amenable to use in the CANDU fuel channel.

Reprocessing the spent fuel from this natural uranium cycle is not envisaged at this time, as the remaining fissile nuclide content (U-235) is lower than in PWR spent fuel and the economics does not favor reprocessing of spent natural fuel in the short term.

The Fast Breeder Reactor 

Almost all of the present generation of commercial, research and ship reactors is based upon fissioning of uranium-235.  Although there is some conversion of uranium-238 to plutonium-239 in existing reactors with the production of up to about 40% of the total energy output, there is actually little of the uranium-238 that is converted in this way.  

The next generation of reactors - Fast Reactors - will use the massive stockpiles of uranium-238 (depleted uranium) byproduct from the uranium-235 enrichment process, natural uranium ore, or thorium-232 (even more crustally abundant than uranium).   The forward fuel supply outlook with the adoption of the Fast Breeder Reactor is at least many thousands of years.  

Various combinations of fissionable and fertile fuels, including retired nuclear weapons plutonium can be readily consumed in the fast reactor cycle.  These fast reactors can also be used to destroy other transuranium nuclides that might otherwise be consigned to nuclear waste and can, at the same time, produce large amounts of thermal energy from them.  In a breeding cycle the Fast Reactor is capable of actually 'breeding' fuel for subsequent fuel loadings from nuclides that are currently not used or are treated as waste.

The choice of fast reactor design and operation covers range from net fuel burning, to a balance between fuel burning and fuel production, to net fuel production, depending upon choice of operational mode and fuel load.  With a high conversion ratio in a fertile 'blanket' in and around the fuel elements, more fuel can be bred in the energy producing breeding cycle, than is consumed.  One of the major advantages is that very little total fuel is needed for a very high energy production rate (about a tonne and a half), and there is little requirement to move fuel into the reactor site, or waste products out of it, making security and management a relatively simple operation, and ensuring that fuel diversion and the much-feared risks of proliferation cannot take place.  Indeed, in complete contrast to the political beliefs and concerns of the President Carter years, one of the most significant advantages of the fast reactor is that it is ideally suited to burn-up and destroy stockpiles of plutonium and to bring the management of such sensitive materials into a totally secure environment.  

The Fast reactor can be used for energy production by utilizing the energy contained not only in uranium-238 and plutonium-239 (produced in the normal reactor cycle; re-introduced from reprocessing; or derived from retired nuclear weapons) but also from other of the transuranium nuclides produced in thermal reactors, all of which are fissionable to some extent with fast neutrons (see table in section 5.6).  Without reprocessing and the Fast Breeder cycle, the fairly long-lived plutonium nuclides, the transuranium nuclides, and the abundant uranium-238 in spent fuel, are likely to be managed as nuclear waste.  It is the presence of plutonium and transuranium nuclides in un-reprocessed spent fuel which governs the inordinate length of time such wastes are required to be managed and safeguarded.  With reprocessing and the Fast Breeder cycle, these potential fuels are returned to the reactor.  The remaining fission wastes - processed to be free of plutonium and transuranium nuclides - are relatively low volume and of relatively short half life.  The resulting processed nuclear waste is easily managed, has no proliferation overtones, and should be more politically manageable. 

In a Fast Breeder Reactor, the cycle can also be used to produce uranium-233 (from fast fissioning of thorium-232), which is - in turn - more efficiently fissioned by thermal neutrons than even uranium-235.

The advantage of a nuclear reactor using fast neutrons was recognised in the early 1940s.  The potential advantage of fast reactors over thermal reactors was because excess neutrons would be available which could be used for breeding the immense supplies of fertile nuclides (uranium-238, and thorium-232) - of little immediate energy value in the reactor cycle - into fissile nuclides which, in future fuel loadings, could directly contribute to energy production and further breeding.  The fast reactor therefore provided the means by which the enormous world-wide energy reserves contained in uranium-238 (99.3% of natural uranium) and thorium-232 - far exceeding those contained in all fossil fuel supplies by thousands of times, and hundreds of times greater than those contained in uranium-235 (0.7% of natural uranium) - could be better utilized, and without significant pollution.

Fast reactors have been researched in many countries since the 1940s in the U.S., the U.S.S.R., the U.K. and France.  The early test reactors were followed by demonstration reactors: EBR-2 (U.S.A.), BOR-60 (U.S.S.R.), Rapsodie (France) and DFR (U.K.) built in the 1950s and 1960s.  These, in turn, led on to a new generation of prototype power reactors such as the Phenix (France), the Prototype Fast Reactor (PFR) at Dounreay in the U.K., and the BN-350 (Kazakhstan, U.S.S.R).  Most recently, there were developed full-scale power plants designed to make the transition to commercial fast reactor operation; the Superphenix 1(SPX), France, the BN-800 and 1600 (Russia, U.S.S.R) and others under development in Japan and Europe.  Many of the Fast Reactors developed in various countries since the 1940s, with many still under development, are shown in the accompanying table.

The expectation that the Fast Breeder Reactor would be widely developed and commercially viable by the turn of the century as a next generation reactor has not yet been realized.  The continuing availability of relatively cheap fossil fuels, and the related temporary political uncertainties with the funding of nuclear research and development programs of many countries, continue to hamper the research effort and to delay the transition to the advanced reactors.  However, the long-term importance of Fast Reactors as a means of ensuring greater energy independence and security for many countries, while reducing their pollution emissions remains unchanged.

	Fast Breeder Reactors in the World (2002)

	Country 
	Reactor                   Fuel 
	Type*
	MW (thermal) 
	Operational 

	USA 
	Clementine             Pu

EBR 1                    U

EBR 2                    U

Fermi 1                  U

SEFOR                   Pu U

FFTF                      Pu U

CRBRP                  Pu U

ALMR                   U Pu

ALMRc                 U Pu
	EFR

EFR

EFR

EFR

EFR

EFR

DPFR

DPFR

CSFR
	0.025

1.4

62.5

200

20

400

975

840

 840
	1946-53

1951-63 

1963-94 

1963-72 

1969-72 

1980-94

Cancelled

2005

To be determined

	UK 
	Dounreay DFR      U

Dounreay PFR       Pu U

CDFR                    Pu U
	EFR

DPFR

CSFR to EFR
	60

650

3800
	1959-77 

1974-94

 

	France 
	Rapsodie                Pu U

Phenix                    Pu U

Superphenix 1        Pu U

Superphenix 2        Pu U
	EFR

DPFR

CSFR

CSFR to EFR
	40 

563

2990

3600
	1966-82 

1973- 

1985-98

 

	Germany 
	KNK 2                    Pu U

SNR-2                    Pu U

SNR 300                Pu U 
	EFR

CSFR to EFR

DPFR
	58

3420

762
	1972-91

Cancelled 

	India 
	FBTR                     Pu U

PFBR                     Pu U
	EFR

DPFR
	40

1250 
	1985- 

2010

	Japan 
	Joyo                       Pu U

Monju                    Pu U

DFBR                    Pu U
	EFR

DPFR

CSFR
	100 

714

1600
	1977- 

1995-96

To be determined 

	Kazakhstan 
	BN 350 #               U
	DPFR
	750
	1972-99 

	Russia 
	BR 2                      Pu

BR 10                    U 

BOR 60                 Pu U

BN 600                  Pu U

BN 800                  Pu U

BN 1600                Pu U
	EFR

EFR

EFR

DPFR

CSFR

CSFR
	0.1 

8

65

1470

2100

4200 
	1956-57 

1958- 

1968- 

1980-

To be determined

To be determined

	Italy
	PEC                       Pu U
	EFR
	120
	Cancelled

	Korea
	KALIMER            U
	DPFR
	392
	To be determined

	China
	CEFR                    Pu U
	EFR
	65
	To be determined

	Europe
	EFR                       Pu U
	CSFR
	3600
	To be determined

	* EFR - Experimental Fast Reactor;  DPFR - Demonstration or Prototype Fast Reactor;

CSFR - Commercial Scale Fast Reactor. 

# 150 MW(th) is used for desalination.  

Source: IAEA Fast Reactor Data Base.


5.9. Vitrification - Fission Waste Stabilization

Vitrification is the process of dispersing and fusing the small volume High Level separated fission wastes (about 3% by volume) from the reprocessing cycle into an inert and stable concrete, ceramic or borosilicate glass block form, for secure non-retrievable disposal.

These blocks are relatively small volume and can be securely packaged or encased before being temporarily stored in monitored and shielded facilities until underground disposal (the generally accepted method) is required.

	The Significant Longer-lived Fission and Transuranium Radionuclides in PWR Spent Fuel, with Time*

	Nuclides
	Half-Life
	Activity/Tonne U after 150 days of cooling (Bq)
	Activity/Tonne U after 100 years of storage (Bq)
	Activity/Tonne U after 500 years of storage (Bq) 

	Fission Nuclides
	
	
	
	

	Niobium-95

Strontium-89

Zirconium-95

Cerium-144

Ruthenium-106

Cesium-134

Promethium-147

Strontium-90

Cesium-137
	35 d

50.5 d

64 d

285 d

1 y

2.1 y

2.6 y

28.8 y

30.1 a
	2E16

4E15

1E16

3E16

2E16

8E15

4E15

3E15

4E15
	0

0

0

0

0

40

1E4

2.7E14

4E14
	0

0

0

0

0

0

0

1.8E10

4E10

	Trans-uranium Nuclides
	
	
	
	

	Curium-242

Plutonium-241

Curium-244

Plutonium-238

Americium-241

Plutonium-240

Americium-243

Plutonium-239

Plutonium-242
	163 d

14.4 y

18.1 y

87.7 y

433 y

6.56E3 y

7.37E3 y

2.41E4 y

3.75E5 y
	6E14

4E15

9E13

1E13

7E12

2E13

6E13

1E13

5E10
	0

3E13

2E12

4.5E12

6E12

2E13

6E13

1E13

5E10
	0

1.4E5

4.4E5

1.9E11

3E12

1.9E13

5.7E13

9.9E12

4.99E10

	* After reprocessing, only the fission nuclides are significantly present in the wastes.  The long-lived TU nuclides are recycled back into the reactor where most of them fission.


5.10. Geological Deep Disposal

Summary Points:

· Vitrified high-level waste and encapsulated spent fuel are radioactive insoluble solids that are easily shielded and can be safely transported.  

· As solids, and like other geological 'rocks', once buried and sealed with various engineered barriers including metal casing, impermeable clay, concrete and bitumen, they can neither leak nor migrate.

· After about 500 years, the vitrified fission waste is essentially decayed away.

· Spent fuel wastes are little different from a uranium ore body, but with significant plutonium content if they have not been reprocessed Contrary to popular wisdom, plutonium is practically harmless outside of the body.  The greatest threat is from unauthorized access to the repository to recover plutonium for some use other than energy recycling.

· Presumed failure of the repository and leaching by water after several thousands of years would be comparable to the leaching of present-day uranium ore bodies; mostly undetectable, and inconsequential.  Even Uranium ore-bodies near the surface are hard to find by sophisticated analytical techniques.

· Dissolution of materials in a repository, by groundwater, after several thousand years would be on an atom by atom basis - as for most 'insoluble' vitreous rocks, and practically insignificant, though detectable to modern methods of analysis.

· Anything detectable is remediable before it might reach humans and is as easily corrected as 'hard' water.

· Migration of soluble trace materials in groundwater at depth, usually takes many thousands of years.  This groundwater may also never reach the surface.  If it did, the consequences of any trace quantities of long-lived and low radioactivity radionuclides would not be detectable in the normal background of natural radium and radon daughters.

Geological deep disposal is practiced in some countries (Finland, Sweden, U.K, Germany) for disposal of Low and Intermediate Level Wastes, as well as being planned for eventual disposal of High Level Wastes.  However, other countries, for the moment, deal with LILW in either shallow burial or surface management facilities, and are considering deep disposal mostly for High Level and Transuranium Wastes.

This process was proposed to ensure that all significant High Level Waste would be stored away from the biosphere, in geologically stable crystalline rock formations such as granite plutons, volcanic tuff formations, gneiss, basalt, natural salt formations, impervious clay deposits or in existing but unused mines.  Most countries recognize that this particular option for disposal provides the most politically and publicly acceptable method of those examined for dealing with radioactive wastes over the long term.

Geological Deep Disposal is envisaged for all High Level Wastes (HLW), including spent fuel or fission waste residues after reprocessing, in those countries with relatively large nuclear programs.  Other countries with smaller nuclear programs need to safely store their HL wastes until a re-processing or disposal process is decided either domestically or by contractual arrangement with another country.  Some countries already adopt such supply contracts for fuel and spent fuel reprocessing or disposal, which relieves them of the need to conduct a relatively small scale and expensive operation, but necessitates that spent fuel is securely managed until it can be safely transported.  

Description of a typical Geological Disposal facility

Pilot projects have been constructed which have demonstrated the feasibility of this general disposal method.  Supportive data have also been obtained from the last century of mining activities at thousands of sites and from the study of numerous ore bodies; their long term stabilities; and groundwater circulation and transport characteristics in a variety of climates and geological formations.

The facilities can make use of an existing mine site or will require that a specific disposal facility be constructed.   Each country with a major nuclear program is likely to construct such facilities according to its own perceived requirements and safeguards.  The general requirements are that it be deep in a stable rock formation with minimal or no water circulation and it should be remote from human activities.  Whereas a normal mine is constructed to take ore out of the ground, this one will be constructed to accept radioactive materials. 

The external and surface signs of its operation will be that of a typical mine site but with none of the ore-processing facilities.  There will be an all weather access road; possible electrical transmission lines; one or more entry and ventilation structures; security fences and structures; administration and maintenance offices; laboratories and buildings for vehicle and equipment maintenance; standby generator; special packing materials for backfilling, packaging and transfer operations; and an associated waste pile consisting of rock removed from underground and safely disposed at the surface.  Some of this rock material may later be used as backfill when the repository is to be 'permanently' sealed, after some 50 years or more of monitoring.

Access to the facility may be by vertical or inclined shafts, or horizontal or inclined adits if the structure allows this.  The underground structures will consist of a usually rectangular grid arrangement of access tunnels either leading to large storage chambers, or from which storage holes of a few cubic metres capacity are excavated to the sides or in the floor to receive packaged materials.  Spacing and separation of contents will be to control temperature rise in the eventually sealed facility.  What is disposed, how, and where, will generally be a function of heat dispersal requirements.  

The concepts of 'permanence' (meaning also, inaccessible) and 'retrievability' have little meaning with respect to these structures, as they can never be made entirely inaccessible. Some plans recognize this and allow for the possibility that certain of the identified contents may be eventually retrieved by knowledgeable future generations if they contain un-reprocessed spent fuel or other potentially valuable materials.  The way in which the structure is constructed, laid out, and filled, will need to take into account this possibility.

If the disposed material is non-re-processed spent fuel then the facility will eventually (after about 500 years) become comparable to a rich uranium ore body, but with plutonium.  Possible catastrophic effects that might disrupt the facility: earthquakes, volcanic activity, glaciation, or meteorite impacts are no different from those that have affected natural uranium ore-bodies over the past history of the earth, and would have presumably similar and negligible effects.  The social impact of any of these are primarily to do with immediate loss of life and surface damage, rather than because of potential and hypothetical effects upon a deeply buried facility or uranium ore body.  

Some experience of subsurface disposal has been obtained from the operation of about 40 near-surface disposal facilities over the last 35 years.  These have been added to in numerous pilot deep disposal projects in many countries, with ongoing research into methods of stabilizing and packaging wastes behind a multiplicity of engineering barriers; physical, chemical and geological.  In general, they are all theoretically capable of achieving much more than the desired degree of long term security under the conditions required of such a permanent repository.  

The intent is that such wastes shall be generally inaccessible to future generations, even by accident, usually making the irrational assumption that future society will be in a chaotic state; will be unaware of the location of the disposal facility; and that its members will be incapable of detecting or measuring radiation.  In addition the facilities may need to be sited and constructed with the intent of making the contents difficult to access by anyone other than legitimate and approved organizations.  The energy value contained in disposed spent fuel - in a man made ore-body - is much higher than the energy value in any natural uranium ore deposit and after a relatively short time becomes an economically attractive ore-body to an advanced society.  Future developed generations may well choose to exploit these - by then - low radioactivity materials.  

Various long-term risk evaluations conducted in the U.S. and in Canada, following postulated failure of the numerous man-made and geological barriers, have indicated that the worst-case risk following post closure leakage after the eventual breaching of the various engineering barriers is close to zero.  

Using over-protective assumptions concerning the risk of radiation exposures, the U.S. EPA calculated that possibly 0.07 of an additional cancer death might occur each year throughout the entire population of the U.S., from this engineered facility.  Other studies have suggested that in terms of a possible radiation dose to any member of the exposed society, it represents the equivalent of about one additional second's worth of natural radiation in a year.  If natural background radiation is about 5 millisieverts in a year, then with the effect of this leakage, the total annual dose might become about 5.000 000 01 millisieverts.   It represents a hypothetical risk that is not only billions of times below the multitude of risks that are common throughout any advanced society, but becomes even less of a relative risk in any chaotic society where institutional controls are presumed to  have been lost and where risks are more likely to be similar to those of many present-day third-world countries.

Some data on the probable stability and security of deep geological disposal was obtained from examination of numerous uranium ore bodies including that at Oklo, Gabon, Africa.  This ore body operated as a natural reactor almost 2 billion years ago.  The fission wastes from this reaction were haphazardly distributed by nature through many reaction zones in areas of the ore body where groundwater circulation allowed the fission reaction to start.  Over the intervening 2 billion years the decayed fission wastes, as indicated by their stable daughter products, remained essentially in place, despite the continued intimate association with near-surface ground water.

However, the almost non-existent radiation risk to hypothetical residents of the area from the radiation that might leak from the completed and closed facility at 10,000 years, is not the only risk that should be considered.  There are present-day and sometimes larger industrial and transportation risks associated with all of the various stages leading up to permanent disposal that should also be examined.   These are: 

· Risks in building the permanent storage facility.  Mining, and shaft-sinking risks are significant.

· The risks involved in bringing radioactive rock-waste containing natural uranium, thorium, radium and radon gas, to the surface as the facility is developed and surface-storing this material for decades until some of it might be replaced.

· Risks to workers transferring the 50 year old spent fuel into transportation flasks.

· Risks to drivers and the public from transporting radioactive spent fuel up to several thousand kilometres, in thousands of shipments, to the disposal site.  

· Risks to drivers and the public from transportation accidents. Highway transportation accidents are a significant source of risk to all road users.  The risk from radiation release in such accidents is almost non-existent.

· Risks to workers during transfer and movement of fuel into the permanent storage facility and during the filling operation until completion and closure.

· The risks and costs of re-mining the uranium `waste' from a sealed facility at some distant time in the future.

The least risk to society in general and workers comes from leaving the material where it is at this time, in monitored and managed dry storage concrete canisters on the surface.  Objective assessment of such risks, suggests that more lives would be lost by constructing and operating such a facility, than would be at risk from leaving the nuclear waste, indefinitely in its present managed storage, until recycling and reprocessing take place, as they will once the political baggage surrounding these issues is exposed.

5.11. Retired Military Warheads, Uranium/Plutonium

About 100 to 110 tons of plutonium-239, and about 500 to 550 tons of HEU from nuclear warheads are expected to be taken out of the weapons arsenals of each of the U.S. and the former U.S.S.R., and disposed of as 'nuclear waste' or re-formulated into reactor fuel in the coming years.  These quantities appear to have just been augmented (May 2002) by a further agreement reached between the U.S. and Russia, to reduce the nuclear arsenal of both sides.

Uranium.  Surplus of weapons-grade highly enriched uranium (HEU) has led to an agreement between the U.S. and Russia (Megatons to Megawatts) for the HEU from Russian warheads and military stockpiles to be down-blended prior to delivery to the United States Enrichment Corporation (USECO) where it will be fabricated into fuel and then used in commercial nuclear reactors.  Under the 'swords for ploughshares' deal signed in 1994, the U.S. Government will purchase 500 tonnes of weapons-grade HEU over 20 years from Russia for US$ 11.9 billion ($23,000/kg), which is about half of the electrical energy value contained in the uranium when blended about 1 to 25 with depleted uranium. 

Weapons-grade HEU is enriched to over 90% U-235 while light water reactor fuel is usually enriched to only about 3-4%.  To be used in most commercial nuclear reactors, military HEU must therefore be diluted about 1:25 by blending with depleted uranium (mostly U-238), natural uranium (0.7% U-235), or partially enriched uranium. 

Since about 1995 the equivalent of nearly 5,600 Russian nuclear warheads, or some 141 tons of high-enriched uranium, were converted by down-blending with uranium-238 (DU).  By 2013 the figure is expected to reach 500 tons or more.

Plutonium.  Disarmament will also give rise to some 150-200 tonnes of weapons-grade plutonium from the stockpiles of both countries.  Initially, political expediency suggested that this should be earmarked for disposal in the U.S. by being vitrified with high-level wastes, thus treating the plutonium itself as waste.  However, re-evaluation of the political risks, has suggested that the plutonium should be fabricated with uranium oxide as a mixed oxide (MOX) fuel for burning in existing reactors and fully recovering the energy contained in this extremely valuable material.

This has the advantage of bringing all plutonium into the re-processing cycle, through which all of its energy may ultimately be used or - where re-processing beyond the 'once-through' cycle is not an option - of securing the remaining plutonium in a highly radioactive matrix, providing a high degree of security.  

European countries and Japan, have consistently demonstrated their capability of using MOX in the reactor cycle and of managing the spent fuel.  Russia also intends to use plutonium in the future as a fuel in both conventional and fast neutron reactors. 

	World Mixed Oxide Fuel Fabrication Capacities (tonnes per year)

	PRIVATE
Year: 
	1996 
	2005 

	Belgium & France 
	170 
	205 

	Japan 
	10 
	25+ 

	Russia 
	- 
	60 

	UK 
	8 
	120 

	Total for LWR 
	188 
	410 


Source: OECD/NEA 1996 Nuclear Energy Data
New plant envisaged for 2005 is under construction. 
IAEA projections put 2005 capacity at 430-610 t/yr.
5.12.  Reactor Decommissioning

Some radioactive wastes are produced in the decommissioning phase of reactor retirement from the various structures and metallic components.  Generally these contain radionuclides of fairly short half-life or are only weakly radioactive.  They include iron-55, cobalt-60 and cobalt-58, nickel-63, manganese-54, nickel-59 and niobium-94.  Cobalt-60 is usually of most concern making up about 40% of the activation radionuclides.  With a half-life of about 5 years it requires about 50 to 100 years for almost total decay.  Many components with minimal activity may be promptly recycled and re-used on the facility site in those areas where their radioactivity may already be less than materials in some reactor areas and applications.  For release to off-site use, disposal, or recycling, however, the components must meet the defined regulatory criteria.

Decommissioning is the process of taking the retired and de-fueled reactor, and most or all of its remaining structures out of service.  It usually takes place in 3 stages over an interval of time to allow activated materials to radioactively decay to the point where they can be most safely removed and possibly recycled.  Usually, the site may contain other operating units or is chosen as the location of a next-generation facility, in which case some of the retired components may be re-used or recycled into the new structure.  The various stages are approximately outlined below.  The actual processes, their timing and completion are the subject of planning decisions that are specific to the individual reactor or facility and the regulatory requirements of the jurisdiction.

Stage 1.  After reactor shutdown all fuel is promptly removed from the reactor and stored on site until it can be removed and safely transported to another secure site for re-processing or for transitional storage.  All liquid systems are drained, with recovery and processing of the liquids to remove soluble isotopes into ion exchange resins for disposal as solids, before the fluids may be discharged.  Usually, all systems and access points are sealed to ensure no exchange of airborne or leaking materials between the reactor components and the outside environment.  The facility is monitored and kept under surveillance but with limited access to ensure that it remains in a secure and safe state.

Stage 2.  At this stage possibly several years after stage 1, all equipment and buildings that are required to be dismantled are removed and stored according to their radioactive classification, or may be discarded or re-cycled.  Others may be decontaminated and re-used for other purposes on the site.  The reactor core and its associated shielding is left in a protected and monitored state.

Stage 3.  If the remaining structures are not being re-used in some way then all of the former structures may be removed.  All remaining materials and the general location are surveyed to ensure that residual radiation levels are not significantly different from natural background radiation in the general area.  The site may then be considered safe and available for alternative and unrestricted use.  However, once a suitable site is licensed for reactor operation, it is likely to continue to be used for that purpose as there is unlikely to be any decrease in energy requirements in society, nor any obvious alternative to nuclear energy that fits society's needs and future requirements.
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� A terrawatt hour, is 1 billion kilowatt hours of electricity.


�  'Fast', means that fast neutrons, rather than thermal neutrons, will achieve fissioning and fertile-to-fissile fuel conversion.  'Breeder' indicates that, depending upon the choice of fuel and how the reactor is operated, reactor fuel for the next and succeeding fuel cycles can be 'bred' in the reactor core, as some of the original fuel load is consumed.  
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