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Presentation Overview

 Background
 What is nuclear waste?

 How much and where?

 Overview of the US Program
 Recent R&D

 Storage, transportation, disposal

 Disposal concepts

 Geologic Disposal systems: US and other nations
 Safety case components

 Post-closure performance assessments

 Summary and Conclusions
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Types of Radioactive Waste

 Spent nuclear fuel
 Uranium and plutonium fuel that has been irradiated in reactors for 

electric power generation, research, or defense purposes

 High-Level Radioactive Waste
 Highly radioactive material derived from the processing of irradiated 

reactor fuel to extract plutonium

 Transuranic Waste
 Industrial waste contaminated with plutonium and other long-lived 

radioactive elements, primarily generated during the fabrication of 
nuclear weapons

 Low-level Radioactive Waste
 Wastes with low to moderate levels of radioactivity, generated from 

multiple sources including nuclear power, defense programs, industry, and 
medicine

 Uranium mining and milling wastes
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Spent Nuclear Fuel
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High-Level 
Radioactive 
Waste
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WIPP Transuranic Waste
 Derived from defense-related 

activities
 Outside the scope of NRC regulation
 Laboratory and industrial trash 

contaminated with transuranic 
radionuclides

 Primarily alpha-emitting radionuclides, 
relatively little gamma emission and 
low thermal power

 Fewer fission products than SNF/HLW

 Defined by law: 
The term "transuranic waste" means waste 
containing more than 100 nanocuries of alpha-
emitting transuranic isotopes per gram of waste, 
with half-lives greater than 20 years, except for—

(A) high-level radioactive waste; 

(B) waste that the Secretary has determined, with the 
concurrence of the Administrator, does not need the 
degree of isolation required by the disposal regulations; 
or 

(C) waste that the Nuclear Regulatory Commission has 
approved for disposal on a case-by-case basis in 
accordance with part 61 of title 10, Code of Federal 
Regulations. (WIPP Land Withdrawal Act of 1992, 
Section 2)  
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WIPP Transuranic Waste Transportation

 Ten primary 
sites ship 
waste to WIPP

 All shipments 
by truck

Images from http://www.wipp.energy.gov/Photo_Gallery_Images

Sassani, SNL. EPSc Wash Univ October 19, 2017 7



US Projections of Spent Nuclear Fuel (SNF) and 
High-Level Radioactive Waste (HLW)

Projected Volumes of 
SNF and HLW in 2048

Volumes shown in m3, 
assuming constant rate of 

nuclear power generation and 
packaging of future 

commercial SNF in existing 
designs of dual-purpose 

canisters  

Approx. 80,150 MTHM (metric tons heavy metal) of SNF in storage in the US today
 25,400 MTHM in dry storage at reactor sites, in approximately 2,080 cask/canister systems

 Balance in pools, mainly at reactors

Approx. 2200 MTHM of SNF generated nationwide each year
 Approximately 160 new dry storage canisters are loaded each year in the US

Projection 
assumes full 
license renewals 
and no new 
reactor 
construction or 
disposal
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What is the 
U.S. doing 
without a 
repository?
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Spent Nuclear Fuel 
and High-Level 

Radioactive Waste 
is stored at 

129 sites in 39 
states

Spent Nuclear Fuel and High-Level 
Radioactive Waste in the U.S. 
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What Comes Next in the US?

Pool Storage:  essential to reactor operations, 
but nearing capacity, ~ 80% of existing US 
reactors have dry storage facilities on site

Dry Storage:  horizontal and vertical concepts 
are in use.  R&D in progress to support the 
technical basis for license extensions 
beyond original 20-yr period

Surface storage of spent 
nuclear fuel will continue

11
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Deep geologic disposal has been planned 
since the 1950s, and remains an essential 
element of nuclear waste management

“The conclusion that 
disposal is needed 
and that deep 
geologic disposal is 
the scientifically 
preferred approach 
has been reached 
by every expert 
panel that has 
looked at the issue 
and by every other 
country that is 
pursuing a nuclear 
waste management 
program.”

Blue Ribbon Commission 
on America’s Nuclear 
Future, 2012 (emphasis 
added)

Sassani, SNL. EPSc Wash Univ October 19, 2017 12



Overview of the US Program
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History and Current Status of the US Program
 1982:  Nuclear Waste Policy Act defines Federal responsibility for permanent disposal of spent fuel 

and high-level waste, and leaves responsibility for storage at reactor sites with private sector

 1987:  Congress amends NWPA to focus solely on disposal at Yucca Mountain, Nevada

 2002:  Congress overrides Nevada’s veto of the site and directs the Department of Energy and the 
Nuclear Regulatory Commission to proceed with the licensing process

 2008:  Yucca Mountain Repository License Application submitted 

 2009:  Department of Energy (DOE) states Yucca Mountain to be unworkable (defunded after 2010)

 2012:  Blue Ribbon Commission on America’s Nuclear Future completes its recommendations, 
including a call for a consent-based process to identify alternative storage and disposal sites

 2013:  Federal Court of Appeals orders Nuclear Regulatory Commission (NRC) staff to complete its 
review and Safety Evaluation Report (SER) for Yucca Mountain application with remaining funds

 2013:  DOE proposes to “facilitate the availability of a geologic repository by 2048” and publishes 
Strategy document for waste management

 2015:  NRC staff completes SER for Yucca Mountain, finds that “the DOE has demonstrated 
compliance with the NRC regulatory requirements” for both pre-closure and post-closure safety

 2016:  Private sector applications to the NRC for consolidated interim storage of spent fuel 

 2017:  DOE requests FY2018 funding from Congress to restart Yucca Mountain licensing process.  
Approximately 300 technical contentions remain to be heard before a licensing board can reach a 
decision regarding construction authorization 
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Summary of the Administration’s 
UNF and HLW Strategy

Strategy for the Management and Disposal of Used Nuclear Fuel and High-Level 
Radioactive Waste issued January 2013
The Strategy is:

 A statement of Administration policy regarding the importance of addressing the disposition 
of used nuclear fuel and high-level radioactive waste

 The response to the final report and recommendations made

by the Blue Ribbon Commission on America’s Nuclear Future 

 The initial basis for discussions among the Administration, 

Congress and other stakeholders

 The Strategy outlines a 10-year program of work that:

 Sites, designs, licenses, constructs and begins operations of a 

pilot interim storage facility 

 Advances toward the siting and licensing of a 

larger interim storage facility 

 Makes demonstrable progress on the siting and characterization of 

repository sites
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Used Fuel Disposition Campaign (UFDC) 
R&D Mission

The MISSION of the Used Fuel Disposition 
Campaign is to identify alternatives and 
conduct scientific research and 
technology development to enable 
storage, transportation and disposal of 
used nuclear fuel and wastes generated 
by existing and future nuclear fuel cycles.

Update of the Used Fuel Disposition Campaign 
Implementation Plan

FCRD-UFD-2014-000047, October 2014
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Storage and Transportation R&D 
Objectives
1. Support the 

development of 
the technical 
bases to 
demonstrate used 
fuel integrity for 
extended storage 
periods

2. Support the 
development of 
the technical 
bases for fuel 
retrievability and 
transportation 
after long-term 
storage

3. Support the 
development of 
the technical 
bases for 
transportation of 
high burnup fuel
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Obtaining Data on High Burnup Cladding 
After 10 Years of Dry Storage
 DOE/EPRI High Burnup Confirmatory Data Project 

Goal:
To provide confirmatory data for models, future SNF 
dry storage cask design, and to support license renewals/new 

licenses for interim storage facilities

 Steps
1) Loading a commercially licensed TN-32B storage cask with high 

burn-up fuel in a utility storage pool 
Loading well characterized fuel of 4 common cladding alloys

 Instrumenting cask outfitted with thermocouples

 Gas samples taken before going to pad and periodically during storage

2) Drying using industry standard practices

3) Storing at utility dry cask storage site – 10 years

4) Transporting to lab to open

5) Testing rods to understand mechanical properties

6) Baseline data: 25 fuel rods with similar histories to those in the 
cask will be tested to document pre-storage properties (“Sister 
Rods”) Prairie Island Dry Storage 

18
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Understanding Canister Performance:
Primary Concern – Stress Corrosion Cracking (SCC) Requiring 3 
Concurrent Conditions

Dust on canister surface at Calvert 
Cliffs (EPRI 2014)

Mock-up Canister 

Photo: Enos, SNL

Photo of dry canister 
weld. Photo: SNL

SCC

AGGRESSIVE
ENVIRONMENT

TENSILE
STRESS

SUSCEPTIBLE
MATERIAL

?
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Sassani, SNL. EPSc Wash Univ October 19, 2017 19



PREVIOUS WORK

CURRENT WORK

Understanding Canister Performance: 
Can a Corrosive Environment Form?

DOE/EPRI sampling efforts at Calvert Cliffs, Hope Creek, Diablo Canyon, and Maine Yankee. 
Potentially corrosive chloride salts found in some areas.  Need additional sampling to determine:

(1) deposited salt compositions as a function of geographical location; 
(2) salt loads and compositions as a function of canister surface location and surface temperatures.

Sea-salt aerosols found in canister surface dusts.
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Dust Sampling at the Diablo Canyon ISFSI

Are deliquescent brines stable on the heated canister surface?

Ammonium- and chloride-containing brines are not stable on heated surfaces, rapidly 
degassing until one or the other component is consumed.  This makes presence of 
chloride-rich brines at inland sites with ammonium-rich continental salts unlikely.

Evaluating the stability of brines formed by sea-salt deliquescence at elevated 
temperatures.  
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Transporting Spent Nuclear Fuel:
How do Stresses on Fuel During Normal Conditions of Transport Compare to 
Failure Limits?

THREE SERIES OF TESTS USING SURROGATE
PWR ASSEMBLY

1) Truck data on a vertical acceleration shaker table

2) Over-the-road truck test

3) Truck and rail data on a commercial seismic 
shaker with six degrees of motion

McConnell et al, 2016, SNL and PNNL

21
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So, DOE is Performing a More Realistic Test with 
Spain (ENSA, ENRESA) and South Korea (KORAD, 
KAERI)
 Equipos Nucleares (ENSA) and ENRESA 

provided an ENUN 32P rail cask, basket, 
and cradle for international test program
 ENUN 32P is similar to existing NRC-licensed cask 

currently in use in USA

 Surrogate assemblies from Spain, Korea, and US

 Testing to be conducted by US National 
Labs

 Tests significantly different than 
previous tests
 Instrumented surrogate assemblies will be

 within a rail-cask basket

 within an actual rail cask on

– a heavy-haul truck

– two different ships

– a railcar

ENUN 32P Cask. 
Photo curtesy of 

ENSA

ENUN 32P basket. 
Photo curtesy of 

ENSA

22
Barge from Spain to Belgium. Photo: 

McConnell, SNL
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Routing of Cask

1) Heavy-haul truck from within Spain ~ June 14, 2017

2) Coastal sea shipment from Santander to large northern European port ~ June 

27, 2017

3) Ocean transport from Europe to eastern U.S. port (e.g., Baltimore)

4) Commercial rail shipment from East Coast to Pueblo, Colorado ~ Aug 3, 2017

5) Testing at the Transportation Technology Center, Inc.
6) Return trip to ENSA will be the same

Data will be collected throughout all legs of the 
transport as well as the transfers between legs. 23

Photos provided by Steve Ross, PNNL
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Current Storage and Transportation R&D

Image: nrc.gov

Energy.gov/pictures

Spent fuel integrity

 Current tests and analyses indicate that spent fuel is more robust 
than was previously thought

 The DOE/EPRI High Burnup Confirmatory Data Project will obtain 
data after 10 years of dry storage to confirm current test and 
analysis results from parallel hot cell testing of “sister rods”

Storage system integrity

 Stress corrosion cracking of canisters may be a concern in some 
parts of the country, and more work is needed in analysis and 
detection

 Monitoring and Aging Management practices at storage sites will be 
important to confirm storage system performance during extended 
service

Spent fuel transportability following extended storage

 The realistic stresses fuel experiences due to vibration and shock 
during normal transportation are far below yield and fatigue limits 
for cladding

Image: energy.gov

24
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UFDC R&D Focus for Spent Fuel and 
HLW Geologic Disposal

 Provide a sound 
technical basis for 
multiple viable disposal 
options in the US

 Increase confidence in 
the robustness of generic 
disposal concepts

 Develop the science and 
engineering tools needed 
to support disposal 
concept implementation
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Deep Borehole Disposal Concept –
Safety and Feasibility Considerations (ended summer 2017)

Long-Term Waste Isolation (hydrogeochemical characteristics)

Waste emplacement is deep in 
crystalline basement
• At least 1,000 m of crystalline rock 

(seal zone) overlying the waste 
disposal zone

• Crystalline basement within 2,000 m 
of the surface is common in many 
stable continental regions

Deep groundwater in the crystalline basement:
• Can have very long residence times – isolated from shallow groundwater
• Can be highly saline and geochemically reducing – enhances the sorption and limits 

solubility of many radionuclides
• Can have density stratification (saline groundwater underlying fresh groundwater) –

opposes thermally-induced upward groundwater convection

Crystalline basement can have very 
low permeability
• limits flow and transport
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Observed Profiles

DeMaio and Bates (2013)

Salinity Increases with Depth

Stober and Bucher (2007)

Bulk Permeability Decreases with Depth

How Much of a Role Does Fluid-
Rock Reaction Play in Driving 

Increased Salinity?
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General Observations
 Calculated Generic Granite Hydrologic Alteration Results

 Reaction creates Albite + K-feldspar + Chlorite + Laumontite + Brine

 Minor amounts (< 0.02 moles) of epidote, calcite, and gypsum form 

 Albite and K-feldspar masses increase substantially

 Almost all of the quartz is dissolved. 

 Produces a residual Ca-Na-Cl brine at pH of 6.8  

 Net Loss of water causes the ionic strength of the solution to increase 

– From an initial ionic strength of 0.6 upwards to > 5 molal

– The Ca/Na calculated for brine is 1.55

– Low Mg concentration

 End-member Canadian Shield brines from Frape et al. (1984) with 
highest salt contents of ~240 – 325 g/L

 Have ionic strengths of 4.5 - 6.2

 0.7 < Ca/Na < 3 

 Low Mg concentration
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Solution and Mineralogic Evolution
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Geologic Disposal Systems: 
US and Other Nations - Existing Safety Cases
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Mined Deep Geologic Disposal Concepts 
World-Wide

Nation Host Rock Status

Finland Granitic Gneiss Construction license granted 
2015

Sweden Granite License application submitted 
2011

France Argillite Disposal operations planned for 
2025

Canada Granite, sedimentary rock Candidate sites being identified

China Granite Repository proposed in 2050

Russia Granite, gneiss Licensing planned for 2029

Germany Salt, other Uncertain

USA Salt (transuranic waste at the 
Waste Isolation Pilot Plant)
Volcanic Tuff (Yucca Mountain)

WIPP: operating
Yucca Mountain:  suspended

Others:  Belgium (clay), Korea (granite), Japan (sedimentary rock, granite), UK (uncertain), Spain 
(uncertain), Switzerland (clay), Czech Republic (granitic rock), others including all nations with nuclear 
power.  
Source: Information from Faybishenko et al., 2016
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Safety Case Summary
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Detailed Elements 
of the Safety Case:
Safety case includes comprehensive 
consideration of all relevant aspects 
of the repository system, applicable 
regulatory aspects, and relevant 
data/observations

Post-closure performance 
assessment evaluates quantitatively 
the behavior of the repository 
system over geologic time for 
comparison to regulatory limits, 
including evaluation of uncertainties 
and variability of the system
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How does Deep Geologic Disposal Achieve 
Safe Isolation?

Slow 
degradation of 

waste form limits 
exposure to 

water

Natural and 
engineered 

barriers prevent 
or delay transport 
of radionuclides 

to the human 
environment

Near Field:  
water chemistry 
limits aqueous 
concentrations

Engineered 
barriers prevent 
or delay water 
from reaching 

waste form

Overall performance relies on 
multiple components; different 
disposal concepts emphasize 
different barriers (natural and 
engineered)

Isolation mechanisms may 
differ for different nuclides in 
different disposal concepts

Natural barriers 
prevent or delay 

water from 
reaching waste 

form
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Examples from the Proposed Yucca 
Mountain Repository
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Proposed Yucca Mountain Repository

The Yucca Mountain Mission

Current locations of spent 
nuclear fuel (SNF) and high-
level radioactive waste (HLW) 
destined for geologic disposal:

121 sites in 39 states

United States Department of Energy 
(DOE) Office of Civilian Radioactive Waste 
Management (OCRWM) Mission:

To manage and dispose of high-level radioactive 
waste and spent nuclear fuel in a manner that 
protects health, safety, and the environment; 
enhances national and energy security; and 
merits public confidence.
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Waste for Yucca Mountain

DOE & Naval Spent Nuclear Fuel: 
2,333 MTHM
(~400 naval waste packages)
(DSNF packaged with HLW)

DOE & Commercial High-Level Waste: 
4,667 MTHM 
(~3000 waste packages of co-disposed DSNF and HLW)

Commercial Spent Nuclear Fuel:  
63,000 MTHM (~7500 waste packages)

Yucca Mountain
Total 70,000 MTHM

DSNF:  Defense Spent Nuclear Fuel
HLW:  High Level Radioactive Waste
MTHM:  Metric Tons Heavy Metal
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Major Elements of the Yucca Mountain 
Repository Concept

 The waste:
 HLW and SNF from defense and commercial activities

 The repository design
 Waste packages emplaced in open tunnels in unsaturated rock

 The site
 Arid climate, topography, and geology limit water flow reaching the 

engineered barriers and provide a long transport path before 
radionuclides can reach the human environment

Long-term performance of the repository relies on natural and 
engineered barriers working together to isolate the waste
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Long-term Performance of the Proposed 
Yucca Mountain Repository

 Water provides the primary release mechanism
 Precipitation infiltrates and percolates downward through the 

unsaturated zone

 Corrosion processes degrade engineered barriers, including the waste 
form

 Radionuclides are mobilized by seepage water and percolate 
downward to the water table

 Lateral transport in the saturated zone leads to biosphere exposure at 
springs or withdrawal wells
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Emplacement drifts
5.5 m diameter
approx. 100 drifts, 600-800 m long

Waste packages
~11,000 packages
~ 5 m long, 2 m diameter
outer layer 2.5 cm Alloy 22  (Ni-Cr-Mo-V)
inner layer 5 cm stainless steel

Internal TAD (transportation, aging, and disposal) canisters 
for commercial spent fuel, 2.5 cm stainless steel

Drip shields
free-standing 1.5 cm Ti shell

Yucca Mountain Subsurface Design
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The Emplacement Environment at Yucca Mountain

Material testing and 
models characterize 
performance of the 
engineered barriers
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Igneous and Seismic Activity in the Yucca Mountain Region

Distribution of Miocene and younger (< 5.3 Ma) Basaltic Rocks in the 
Yucca Mountain Region (DOE/RW-0573 Rev. 1, Figure GI 5-39)

Historical Earthquake Epicenters with 100 km of Yucca 
Mountain (DOE/RW-0573 Rev. 1, Figure GI 5-38)
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Long-Term Performance of Yucca Mountain

DOE/RW-0573 Rev 1 Figure 2.4-10

10,000 years 1,000,000 years

1,000,000-year Standard:
Mean annual dose no more than 1 
mSv (100 mrem)

TSPA-LA estimated 1,000,000- yr maximum 
mean annual dose: 0.02 mSv (2.0 mrem)

10,000-year Standard:
Mean annual dose no more than 
0.15 mSv (15 mrem)

TSPA-LA estimated 10,000 yr maximum mean 
annual dose:  0.0024 mSv (0.24 mrem)
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Modeling Cases Contributing to Total Mean Annual Dose

MDL-WIS-PA-000005 REV 00 AD 01, Figure 8.1-3[a]  

10,000 years 1,000,000 years
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Simplistic Insights from Safety Assessments 

What matters for long-term performance?
 Initial mass (inventory) of dose-contributing radionuclides (or parents)

 Rate of radionuclide releases from waste packages (fast vs. slow)
 Waste form and waste package degradation rates, radionuclide solubility

 Transport processes/residence time in the engineered barrier system and in the 
natural system / geosphere
 Mass spreading: advection, dispersion, diffusion

 Mass retention/loss: sorption, decay 

Freeze and Lee, 2011, 
Proceedings of the 2011 
International High-Level 
Radioactive Waste Management 
Conference
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Commercial Used Nuclear Fuel Decay

DOE/RW-0573 Rev 0, Figure 2.3.7-11, inventory decay shown for an single representative Yucca Mountain used fuel waste package,
as used in the Yucca Mountain License Application, time shown in years after 2117.  
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Contributors to Total Dose:  Yucca Mountain

Pu-242

Np-237

Ra-226

I-129

DOE/RW-0573 Rev 0 Figure 2.4-20b

Disposal concept with an oxidizing 
environment and advective transport in 
the far-field:  Fractured Tuff

Actinides are significant contributors to 
dose; I-129 is approx. 1/10th of total
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Contributors to Total Dose:
Meuse / Haute Marne Site (France)

Diffusion-dominated 
disposal concept:  Argillite

I-129 is the dominant contributor 
at peak dose

Examples shown for direct 
disposal of spent fuel (left) and 
vitrified waste (below)

Total and I-129

Cl-36

Se-79

ANDRA 2005, Dossier 2005: Argile. Tome:  Evaluation of the Feasibility of a 
Geological Repository in an Argillaceous Formation, Figure 5.5-18, SEN million 
year model, CU1 spent nuclear fuel and Figure 5.5-22, SEN million  year model, 
C1+C2 vitrified waste

I-129

Cl-36
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Contributors to Total Dose:
Forsmark site (Sweden)

Long-term peak dose 
dominated by Ra-226

Once corrosion failure 
occurs, dose is primarily 
controlled by fuel 
dissolution and diffusion 
through buffer rather than 
far-field retardation

SKB 2011, Long-term safety for the final repository for 
spent nuclear fuel at Forsmark, Technical Report TR-11-01

Disposal concept with advective
transport in the far-field:  
Fractured Granite
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Long-term Dose Estimates: Canada

Diffusion-dominated 
disposal concept:  
spent fuel disposal in 
carbonate host rock

Long-lived copper 
waste packages and 
long diffusive transport 
path

Major contributor to 
peak dose is I-129

NWMO 2013, Adaptive Phased Management:  
Postclosure Safety Assessment of a Used Fuel 
Repository in Sedimentary Rock, NWMO TR-
2013-07, Figure 7-87.   
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Summary and Conclusions
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Summary and Conclusions
 All nations with significant quantities of spent nuclear fuel 

and/or high-level radioactive waste are investigating options 
for deep geologic disposal
 Variety of geology available within U.S. 

 UFDC R&D on various geologic systems for

 Mined repositories

 Deep Boreholes (ended in Summer 2017)

 Published analyses of deep geologic disposal of spent nuclear 
fuel and high-level radioactive waste indicate that multiple 
disposal concepts in a range of geology have the potential for 
excellent long-term performance
 Isolation can be achieved by various combinations of natural (i.e., 

geologic) barriers and engineered barriers working together

 Estimates of peak dose may be dominated by different radionuclides 
in different disposal concepts
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Backup Materials
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Brief History of the US Program

 1982:  Nuclear Waste Policy Act defines Federal responsibility for permanent disposal of spent 
fuel and high-level waste, and leaves responsibility for storage at reactor sites with private sector

 1987:  Congress amends NWPA to focus solely on disposal at Yucca Mountain, Nevada

 2002:  Congress overrides Nevada’s veto of the site and directs the Department of Energy and the 
Nuclear Regulatory Commission to proceed with the licensing process

 2008:  DOE submits Yucca Mountain license application to the NRC

 2010:  DOE determines Yucca Mountain is “unworkable” and Congress terminates funding for the 
project

 2013:  DOE proposes to “facilitate the availability of a geologic repository by 2048”

 2015:  NRC staff completes its Safety Evaluation Report for Yucca Mountain, concluding that “DOE 
has met the applicable regulatory requirements” related to safety

 2016:  Private sector applications to the NRC for consolidated interim storage of spent fuel 

 2017:  DOE requests FY2018 funding from Congress to restart Yucca Mountain licensing process.  
Approximately 300 technical contentions remain to be heard before a licensing board can reach a 
decision regarding construction authorization 
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Storage and Transportation R&D
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Commercial Dry Storage System 
Inventory is Diverse and Growing

Transnuclear TN-32 Holtec Hi-Star 100

 Majority is in 
Large Welded 
Canisters 

 Current dry 
storage 
inventory is 
diverse

 Trend toward 
higher 
capacities

Transnuclear (35.2%)
Holtec (49.7%)

NAC (12.9%)

2,032 Welded Metal 
Canisters In Vented 
Concrete Overpacks
82,318 Assemblies, 
89.2% of Dry

204 Bare Fuel Casks
9,150 Assemblies,      
9.9% of Dry

12 Welded Metal Canisters
in Transport Overpacks
866 Assemblies, 0.9% of Dry

Reactor Discharges at Dec 2016, Dry Inventory as of May, 2016

Source: Derived from Data in “Commercial Spent Nuclear Fuel and High-Level Radioactive Waste Inventory Report”, FCRD-NFST-2013, 
Rev. 4, June 30, 2016 and Data contained in ““Dry Storage Cask Inventory Assessment”, FCRD-NFST-2014-000602, Rev 2, August 30, 2016

56
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Understanding High Burn-up Cladding 
Performance

 Ductile/Brittle Transition Temperatures

 Lower temperatures and lower rod internal 
pressures than previously assumed results in 
fewer radial hydrides

 Temperature where cladding loses significant 
ductility is thus lower than previously thoughtCircumferential and 

Radial hydrides in 
High Burn-up ZIRLO
cladding subjected 
to peak 
temperatures of 
350°C and 92 MPa 
hoop stress. (Billone, 
2015. ANL)

Fuel rod segment before bend 
testing

(Wang, et al., 2016. ORNL)

Stress distribution in fuel showing the fuel pellets supporting 
the clad due to cohesive bonding.(Wang, et al., 2014, ORNL)

Maximum cladding 
surface temp. (°C) for 
each assembly in one
type of licensed cask. 
(Fort, et al, 2016. PNNL)

 Thermal Analysis
 More detailed modeling shows considerable 

margin between design basis loading and 
actual loading resulting in lower 
temperatures than previously thought

 Strength and Fatigue
 Cyclic bending tests of irradiated 

fuel segments identify increased 
strength due to pellet/clad and 
pellet/pellet bonding effects.
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High Burnup Confirmatory Data Project –
Obtaining Baseline Data
 25 fuel rods with similar histories to 

those in the cask will be tested to 
document pre-storage properties 
(“Sister Rods”)
 Areva and Westinghouse rods pulled in June and 

January 2015 from different assemblies
 9 AREVA M5® rods
 12 Westinghouse Zirlo® rods
 4 Westinghouse Zircaloy-4 (2 Low-tin; 2 Standard)

 All 25 sister rods currently at Oak Ridge National 
Laboratory undergoing nondestructive analysis

 Non-destructive tests began in FY17; 
destructive tests planned to begin in FY18

 14.5 rods at ORNL
 10 rod equivalents at PNNL
 0.5 rod equivalents at ANL

25 Sister Rods in ORNL Hot Cell
Photo: Saltzstein, SNL

Sister Rod gamma scan results to determine the axial burnup 
profile and identify pellet locations (Montgomery R, 2016).
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Realistic stresses fuel experiences due to vibration and shock during normal 
transportation below yield and fatigue limits for cladding

Current R&D Indicates SNF is Robust: 
Expected Handling/Transport Loads Less Than Previously Thought

ROBUST
SPENT
FUEL

1st Line of 
Defense

Peak Cladding 
Temp <400°C

Lower 
Internal Rod 

Pressures

Lower Ductile 
to Brittle 

Transition 
Temperature

Strong Pellet-
Clad and 

Pellet-Pellet 
Interaction

Withstands 
Demanding 

Fatigue Cycles

Test to Failure 
Results in 

Clean Breaks

Confirm these separate results with the High-Burnup Demo
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Commercial Spent Fuel Summary of Activities

Partnerships
 Industry

– Utilities – NEI, EPRI
– Cask manufacturers
– Fuel suppliers
– Rail and trucking companies

 National Laboratories
– 11 National Labs
– Specialized personnel, facilities and 

equipment are available

 Small Businesses
– $5.2 million and 13 contracts awarded

 Universities
– More than 18 universities, numerous students 

and professors are involved ($27M)

 Nuclear Regulatory Commission
– Jointly fund research when appropriate
– Continue some testing NRC began

 International – ESCP
– Extended Storage Collaboration Program

Technical 
Direction
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Photo: energy.gov

Observations from Current Storage and 
Transportation R&D

1. Spent fuel integrity

 Current test and analyses indicate that spent fuel is more robust than was 
previously thought.

 The DOE/EPRI High Burnup Confirmatory Data Project will obtain data 
after 10 years of dry storage to confirm current test and analysis results.

2. Storage system integrity

 Stress corrosion cracking of canisters may be a concern in some parts of 
the country.  More work is needed in analysis and detection.

 Monitoring and Aging Management practices at storage sites will be 
important to confirm storage system performance during extended 
service.

3. Spent fuel transportability following extended storage

 The realistic stresses fuel experiences due to vibration and shock during 

normal transportation are far below yield and fatigue limits for cladding.
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Disposal R&D
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Deep Geologic Disposal Remains an 
Essential Element of Nuclear Waste 
Management

“The conclusion that disposal is 
needed and that deep geologic 
disposal is the scientifically 
preferred approach has been 
reached by every expert panel 
that has looked at the issue and 
by every other country that is 
pursuing a nuclear waste 
management program.”

Blue Ribbon Commission on 
America’s Nuclear Future, 2012
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Deep Borehole Conditions: Crystalline 
Basement Reaction Controls
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Deep Crystalline Drilling
Site Location Years

Depth to 
Crystalline 

[km]

Total Depth 
[km]

Diam. at TD 
[inch]

Kola NW USSR 1970-1992 0 12.2 8½

Fenton Hill New Mexico 1975-1987 0.7
2.9, 3.1, 4.0, 

4.4
8¾, 9⅞

Urach SW Germany 1978-1992 1.6 4.4 5½

Gravberg
Central 
Sweden

1986-1987 0 6.6 6½

Cajon Pass
Southern
California

1987-1988 0.5 3.5 6¼

KTB SE Germany 1987-1994 0 4, 9.1 6, 6½

Soultz NE France 1995-2003 1.4 5.1, 5.1, 5.3 9⅝

CCSD E China 2001-2005 0 2, 5.2 6

SAFOD
Central 

California
2002-2007 0.8 2.2, 4 8½, 8¾

Basel Switzerland 2006 2.4 5 8½

1950s 1960s 1970s 1980s 2000s 2010s1990s

Deep Borehole Field Test
DBFT

(Beswick 2008)

Deep Borehole
Concept
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Preferred Geologic Conditions
 Geohydrological Considerations

 No large-scale connected pathways from depth to aquifer systems
 No through going fracture/fault/shear zones that provide fast paths
 No structural features that provide potential connective pathways

 Low permeability of crystalline basement at depth
 Urach 3: (Stober and Bucher, 2000; 2004)

– ~10-19 m2 (intact rock); ~10-14 to 10-17 m2 (bulk: parallel to or across shears)
– Decreasing with Depth

 Evidence of ancient, isolated nature of groundwater
 Salinity gradient increasing downward to brine at depth (Park et al., 2009)

– Limited recharge/connectivity with surface waters/aquifers
– Provides density resistance to upward flow 

 Major element and isotopic indication of compositional equilibration with rock
– Crystalline basement reacting with water (Stober and Bucher, 2004)
– Ancient/isolated groundwater 

» Ages – isotopes, paleoseawater (Stober and Bucher, 2000)
» Radiogenic isotopes from atmosphere lacking: 81Kr, 129I, 36Cl
» Radiogenic isotopes/ratios from rock: 81Kr, 87Sr/86Sr; 238U/234U 
» Noble gases (4He, Ne) & stable isotopes (2H, 18O) compositions from deep 

water: (e.g., Gascoyne and Kamineni, 1993)

Sassani, SNL. EPSc Wash Univ October 19, 2017 66



Preferred Geologic Conditions (Continued)

 Geochemical Considerations
 Reduced, or reducing, conditions in the geosphere (rock and water system)

 Crystalline basement mineralogical (and material) controls
 Magnetite-hematite buffer low oxygen potential 

– Oxides equilibria => T-low ƒO2 paths (e.g., Sassani and Pasteris, 1988; Sassani, 1992)

 Biotite common Fe+2 phase (Bucher and Stober, 2000)
– Rock-reacted fluid compositions – water sink (Stober and Bucher, 2004)
– More rock dominated at depth (Gascoyne and Kamineni, 1993)

 Stratification of salinity – increasing to brine deep in crystalline basement
 Canadian Shield salinity increases with depth to ~350 g/L TDS; (Gascoyne and Kamineni, 

1993; Park et al., 2009)
– More Ca-rich brines with further reaction with deeper rock

 Urach 3, Germany, ~70- g/L TDS NaCl brine (Stober and Bucher, 1999; 2004)

 Subset of waste forms and radionuclides are redox sensitive
 Lower degradation rates
 Lower solubility-limited concentrations
 Increased sorption coefficients

 Higher salinity
 Density gradient opposes upward flow
 Reduces/eliminates colloidal transport
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Depth to Basement – National Scale

Distribution of crystalline basement at a depth of less than 2 km (tan shading) and granitic outcrop (red) in the 
contiguous US (from Figure 3-2 in Perry et al., 2015)
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Deep Borehole Conceptual Profiles
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Fluid-Rock Reaction Evaluations

 Analyses for generic fluid-rock reaction systems in crystalline 
basement 
 Evaluate mechanisms in the crystalline basement to form deep, 

isolated brines

 Reaction path models for granite mineral reactions with seawater

– Alteration mineralogy – hydrous phases (H2O sinks)

– Evolved brine compositions (major elements, Cl, Br)

 Fluid inclusion contributions (soluble salts) considered

 Calculating leachate compositions from Black Forest crystalline basement 
rocks

 Conditions Comparable to ~ 5 km depth 

 Generic Granite Composition(s)

 Seawater Starting Brine Composition

 ~100 – 150oC, Psat

 PHREEQC Reaction Path Calculations
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Hypothetical Granite

 20% Quartz; 40% K-feldspar; 15% Plagioclase (Albite); 9% 
Muscovite; 8% Biotite; and 8% Hornblende (volume %)

 Represented as a 10 kg (3.8 L) block having a molar mixture of 
 33.3 moles Quartz: 14.4 moles K-feldspar: 5.7 moles Albite: 2.2 moles 

Muscovite: 1.8 moles Biotite: 0.9 moles Hornblende 

 Granite is “reacted” with 0.1 liter of seawater at 100oC.  
 This is a 38:1 rock:fluid ratio by volume, equivalent to a rock with a 

fluid-filled porosity of ~ 3%
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Progress in Deep Geologic Disposal

 Three examples out of many

2006 Plans 2016 Actions

Finland Submit license 
application in 2012

License application submitted 
28 December 2012

Construction License granted
12 November 2015

Sweden Select a site by 2008 Forsmark site selected
3 June 2009

License application submitted 
16 March 2011

Canada Adaptive Phased 
Management 
recommended as an 
approach

More than 20 communities have 
expressed interest
Eight areas currently being studied 
as potential candidates for further 
consideration
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GDSA Framework

Multi-Physics Simulation and Process Integration

Source Term and 

EBS Evolution Model

 Inventory (decay/ingrowth)
 WF degradation
 WP degradation
 Radionuclide release
 Thermal, mechanical 
 Gas generation

Flow and Transport Model

 Advection, diffusion, 
dispersion

 Sorption
 Precipitation, dissolution
 Decay, ingrowth
 Colloids
 Chemical reactions
 Heat transport

Biosphere 
Model

 Exposure 
pathways

 Uptake/ 
transfer

 Dose 
calculations

- Interface Control

- Uncertainty Sampling 
and Quantification

- Sensitivity Analysis

Output

Computational Support

Mesh 
generation 

VisualizationProcessing 
(Python, etc.)

Input 
Parameters

Parameter 
database

Visit us at pa.sandia.gov

GDSA = Geologic Disposal Safety Assessment
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WIPP
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Relative Amounts of Transuranic Waste

Projected WIPP Inventory as of 2014
(WIPP Recertification Application, DOE 2014, section 24.8)

Projected Activity 
(curies)

Projected Volume
(cubic meters)

CH-TRU 3.56 x 106 1.47 x 105

RH-TRU 3.89 x 105 3.84 x 103

total 3.95 x 106 1.51 x 105

Limits on WIPP disposal inventory set by the 1992 WIPP Land Withdrawal Act

Relative volume of 
commercial SNF 
canisters projected in 
2048 

Relative volume of WIPP 
TRU waste (2014 estimate)

Relative volume of HLW 
and DOE-managed SNF 
projected in 2048

TRU volume is 
comparable to 
SNF and HLW

Total TRU 
activity is about 
10,000 times 
less than SNF, 
but much of the 
SNF activity is 
short-lived fission 
products

SNF and HLW data from 
SNL 2014, Table ES-1
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WIPP Transuranic Waste Transportation

 Ten primary 
sites ship 
waste to WIPP

 All shipments 
by truck

Images from http://www.wipp.energy.gov/Photo_Gallery_Images
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Site Geology

WIPP

N

Carlsbad
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WIPP is located in the 
Delaware Basin, which is the 
modern geologic expression 
of a Permian-age (~ 255 Ma) 
topographic depression

Basin geology is broadly 
characterized by carbonate 
reef rocks (Capitan 
Formation) surrounding 
evaporite rocks deposited in a 
shallow sea
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Site Geology (cont.)

A
west

A’
east

Schematic West-
East Geologic 
Cross Section of 
Delaware Basin

Note extreme vertical 
exaggeration

Sassani, SNL. EPSc Wash Univ October 19, 2017 78



Local Stratigraphy at WIPP

Within the Salado 
Formation, halite units 
are separated by 
laterally persistent 
interbeds of anhydrite, 
clay, and polyhalite. 

Anhydrites “a” and “b” 
are thin seams 2 to 5 
meters above the 
disposal horizon, and 
Marker Bed 139 
(MB139) is a thicker 
interbed approximately 1 
m below the disposal 
room.

Interbeds are planes of 
structural weakness and 
have relatively higher 
permeability than intact 
halite.
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