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Questions about the nuclear fuel “cycle” 
and radioactive waste. . .
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What is it?

Where does it come from?

Can we handle it safely?
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Radioactive waste

Where is it?
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It starts with U
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Uranium mining—open pit

Presenter Notes
Presentation Notes
This is much like mining any ore. Note that there are tailings left from mining. Pulverized uranium ore is treated with a strong acid or leach. This procedure separates about 90% of the uranium from the surrounding rock. The remaining 10% and the resulting slurry (Tailings) are waste products that are collected in large tanks and stored. Disposal is regulated by the Nuclear Regulatory Commission.
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Uranium mining—in situ

Presenter Notes
Presentation Notes
In addition to open pit and underground mining, in situ recovery is used.

The  process is detailed in the slide
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Uranium milling

1. Ore is crushed
2. Uranium is separated
3. U3O8 “yellow cake” produced
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Step 2

Presenter Notes
Presentation Notes
Conversion
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Uranium conversion (to UF6 gas)

• Impurities removed
• Uranium combined with 

fluorine

• UF6 gas produced
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Step 3

Presenter Notes
Presentation Notes
Enrichment
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Uranium enrichment
• Natural U is > 99% 238U and only ~ 0.7% 235U 
• Separation of 235UF6 and 238UF6 based on (very small) mass 

UF6 enriched from 0.7% 235U to 3%-5% 235U
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Step 4

Presenter Notes
Presentation Notes
Fuel Fabrication
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Fuel fabrication
Uranium Oxide Ceramic Fuel Pellets 

Presenter Notes
Presentation Notes
Finally, the uranium hexafluoride is shipped to a fuel fabricator, where it is manufactured into solid ceramic pellets, about the size of the end of a finger.
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Fuel rods filled 
with pellets are grouped 
into fuel assemblies

Presenter Notes
Presentation Notes
The pellets are inserted into long metal tubes called fuel rods. The fuel rods are made of zirconium—which resists heat, radiation and corrosion. The rods are bundled together into fuel assemblies, which are placed in the reactor.
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Fuel fabrication

A pressurized water 
reactor fuel assembly
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Step 5

Presenter Notes
Presentation Notes
Into the reactor
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Inside the reactor

Cherenkov radiation glowing 
in the core of the INL 
Advanced Test Reactor.
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In the reactor, 235U fissions to produce . . .

Neutrons may
• Cause new fissions to occur
• Be absorbed to form unstable, radioactive nuclide

Neutron

Neutron

Neutron

Uranium-235

Lighter element

Lighter element

Heat energy

Heat energy

Neutron
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95% uranium dioxide (UO2)

Fuel consumption in the reactor
• Fuel is in reactor for 4 – 6 years
• Uranium-235 consumed
• Fission products and transuranics produced

4%

Fission Products Transuranics

100% uranium dioxide (UO2)

Fresh Fuel

Used Fuel

1%

Presenter Notes
Presentation Notes
Though the fuel is called “spent,” there is still a lot of energy in it.
Most of the U-235 in the fuel is consumed. Some of the U-238 is converted into Pu-239
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So, what and where is the waste?
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Types of radioactive waste

Low Level Waste

High Level Waste

Transuranic Waste

Radioactive waste 
in the United States

Presenter Notes
Presentation Notes
US classifies waste has low level, high level, and transuranic. Note that the largest portion of waste—low level—is also the least radioactive. Low level waste is approximately 90% of the total.
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Low-level waste
• Largest quantity from nuclear 

power
• Also from medical facilities, 

industry, research institutions, 
monitoring labs

Presenter Notes
Presentation Notes
ion exchange resins and filter materials used to clean water at a nuclear power plant
contaminated hand tools, components, piping, and other equipment from nuclear power plants and other industries
research equipment from laboratories where radioactive materials are used
shoe covers, lab coats, cleaning cloths, paper towels, etc., used when working with radioactive material, such as during refueling of a nuclear power plant
containers, syringes, cloth, paper, fluids, and equipment in contact with radioactive materials used in hospitals to diagnose or treat disease
filters from sampling devices used to test for airborne radioactive contamination
scintillation fluids in which filters from some sampling devices must be dissolved in order to determine the amount of radioactive material present
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Low-level waste disposal

Presenter Notes
Presentation Notes
Low-level waste is usually packed in boxes or drums and shipped to disposal sites where it is
Buried in trenches
Covered with soil  and a cap that sheds water and 
Monitored to detect radiation.

Some low-level waste, such as waste related to isotopes used in medical procedures, can be disposed of in normal trash. The isotopes have very short half-lives so are no longer radioactive after a relatively short time—some in minutes, some in just a few days.
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Low-level waste disposal sites

Four low-level waste 
disposal facilities: 
• Richland, WA
• Clive, UT
• Barnwell, SC
• Andrews, TX

Presenter Notes
Presentation Notes
Each state is responsible for disposal of the low-level waste from utilities, industries, hospitals, and research institutions within its borders. Some states have joined together to form low-level waste compacts. This map shows the 10 compacts of 40 states. Ten states (in gray in the map above) have decided not to join a compact.
States are also responsible for disposal of low-level wastes from federal government facilities like veterans’ hospitals or non-weapons related government facilities. The federal government is responsible for disposal of low-level waste generated by the Department of Energy, including wastes from the atomic weapons program and from the decommissioning of nuclear reactors which power naval vessels. 
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Transuranic waste

Presenter Notes
Presentation Notes
WIPP, located near Carlsbad in New Mexico, was constructed in the 1980s and has received over 13,000 shipments of TRU wastes since it began operations in 1999. The waste is stored in underground in rooms mined from a 2000-foot-thick salt bed. It is the only repository for TRU wastes from the United States’ weapons programs. The wastes include clothing, tools, rags, residues, debris, soil and other items contaminated with small amounts of plutonium and other man-made radioactive elements.
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Presenter Notes
Presentation Notes
WIPP is a deep geologic nuclear waste repository a half-mile below the surface in a massive tight bedded salt deposit. Not a salt dome, which are less optimal for geophysical reasons. There are four shafts into the underground, four horizontal drifts and eight panels of seven rooms each, enough to fit over 800,000 drums of nuclear waste

Description of burst drum incident: https://www.forbes.com/sites/jamesconca/2017/01/10/wipp-nuclear-waste-repository-reopens-for-business/#7a02c6582052
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High-level “waste”

Dry cask storage

Presenter Notes
Presentation Notes
Back to the reactor and the spent fuel. Waste is in quotations because, if it is reprocessed, it isn’t waste. Whether or not it is waste depends on what we do with it after it’s initial turn in the reactor.
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Waste packaging

Presenter Notes
Presentation Notes
Examples of storage of spent nuclear fuel and high level radioactive waste remaining after reprocessing. Note the safety features

Reprocessing extracts isotopes from spent fuel that can be used again as reactor fuel. Commercial reprocessing is currently not practiced in the United States, although it has been allowed in the past. However, significant quantities of high-level radioactive waste are produced by the defense reprocessing programs at Department of Energy (DOE) facilities.
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Step 6
30

Presenter Notes
Presentation Notes
We are at step six. 
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Used nuclear fuel storage
Used fuel first stored in pool at 
least 5 years
• Cooling and shielding

Older fuel can move to dry casks
• Air cools
• Steel and concrete shields
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Step 9
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Presenter Notes
Presentation Notes
Currently, spent fuel is stored.
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Geologic repository

• The choice of countries worldwide
• U.S. has studied Yucca Mt., 

Nevada as potential location
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100 miles northwest of Las Vegas

34



American Nuclear Society  

Step 7
35

Presenter Notes
Presentation Notes
Step 7
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Fuel consumption in the reactor

95% uranium dioxide (UO2)4%

Fission Products Transuranics

100% uranium dioxide (UO2)

Fresh Fuel

Used Fuel

1%
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Presenter Notes
Presentation Notes
Remember the unspent uranium in the fuel rods.
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U

Re-enriched

Pu

Fabricated into 
Mixed (UPu) 
Oxide Fuel 

(MOx)

Fission products, 
non-Pu TRUs

Vitrified Glass 
Wasteform for 

Disposal

Fuel recycling/reprocessing

Used fuel 
dissolved in acid 
and separated
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Reprocessing
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World Nuclear Association

Presenter Notes
Presentation Notes
The PUREX method is currently used in the United States, but not commercially.  Note that the process begins at the bottom of the flow chart with the first cycle.

Process for the reprocessing of spent nuclear fuel to separate uranium and plutonium from the fission products and from one another. Following the dissolution of the irradiated fuel in acid, uranium and plutonium are fixed with an organic solvent - 30 percent tributyl phosphate (TBP) in kerosene is used - while the fission products remain in the aqueous nitric phase. Further process steps enable the subsequent separation of uranium and plutonium from one another. The uranium and plutonium can then be processed for use as fuel.
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Research

Electroplated uranium
from pyroprocessing

Sodium cooled fast reactor

Presenter Notes
Presentation Notes
A number of methods are in development in the United States.
Non-aqueous technologies, such as pyroprocessing, are potentially more compact than aqueous technologies, so the option exists to co-deploy separations facilities with reactor complexes to lessen shipment of spent nuclear fuel and special nuclear material.  The image is from Argonne National Laboratory, where researchers are developing pyroprocessing.

Sodium Cooled Fast Reactor
Unlike some nuclear reactors that utilize thermal neutrons, an SFR uses fast neutrons, which are neutrons that have not completely thermalized, to convert U-238 into plutonium. The reactor can also be used as a breeder to regenerate fuel. SFRs have the potential to become an attractive energy source for countries interested in managing their nuclear supply and nuclear waste.
Image: Terrestrial Energy Inc. [CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)]





American Nuclear Society  

Step 8
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Presenter Notes
Presentation Notes
Step 8
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Recycling nuclear fuel

• Continuously recycling fuel can reduce spent fuel 
waste volume by over 95%

• Reduces isolation time from 1000s of years to 
100s

• Remaining waste is placed in robust containers 
designed for safety and shielding

41

Presenter Notes
Presentation Notes
Continuous processing requires fast reactors to burn up the transuranics that are the longest lived species in SNF
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Why not here in the U.S.?
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Presenter Notes
Presentation Notes
In October 1976,[8] concern of nuclear weapons proliferation (especially after India demonstrated nuclear weapons capabilities using reprocessing technology) led President Gerald Ford to issue a Presidential directive to indefinitely suspend the commercial reprocessing and recycling of plutonium in the U.S. On 7 April 1977, President Jimmy Carter banned the reprocessing of commercial reactor spent nuclear fuel. The key issue driving this policy was the risk of nuclear weapons proliferation by diversion of plutonium from the civilian fuel cycle, and to encourage other nations to follow the USA lead.[9][10][11] After that, only countries that already had large investments in reprocessing infrastructure continued to reprocess spent nuclear fuel. President Reagan lifted the ban in 1981, but did not provide the substantial subsidy that would have been necessary to start up commercial reprocessing.[12]
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Big picture about spent fuel as waste

Nuclear is the cleanest type of reliable power 
production, producing the least waste

Spent fuel is very safely managed
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For a 1000 MWe plant, annual waste production is… 

Coal (0.57 cp)
62,500 tons SO2
1050 tons fly ash

Wind (0.32 cp)
36,000 tons used turbine blades 
(assuming other components 
recycled)

Solar (0.23 cp)
10,700 tons used panels

Leach Cd

Nuclear (0.93 cp)
20 tons SNF
175 tons DU
500 m3 LLW
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Questions?

Presenter Notes
Presentation Notes
This presentation can be followed by an activity that asks participants to develop a solution for transporting nuclear materials. 
http://nuclearconnect.org/in-the-classroom/for-teachers/issues-in-transportation-of-radioactive-wastes
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