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Introduction

Nothing in the world can take the place of Persistence. Talent
will not; nothing is more common than unsuccessful men
with talent. Genius will not; unrewarded genius is almost a
proverb. Education will not; the world is full of educated
derelicts. Persistence and determination alone are
omnipotent. The slogan 'Press On' has solved and always will
solve the problems of the human race.

— Calvin Coolidge
30th president of US (1872 - 1933)

Discussion points
— The problem and pressing issues
— Brief history of waste management and disposal in the U.S.
— Requirements related to disposal system performance
— The Yucca Mountain site and sub-surface repository design
— Post-closure repository performance
— Chemistry as it related to repository performance
— Potential future developments




Nuclear Waste
Defined

Two important
nuclear reactions
can occur when
material
(including nuclear
fuel) is irradiated
by neutrons

These reactions
produce a variety
of radioactive
iIsotopes with
varying half-lives
and toxicity
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Fission

The neutron strikes the nucleus and
i= absorbed.

The absorbed neutron causes the
nucleus to underge deformation,
1.0
In about 10714 zecond, one of the
deformations is o drastic that the
nucleus cannot recover.

The nucleus fissions, releasing two
or more neutrons.

o
In about 10712 zecond, the fission
fragrments Tose their kinetic energy
and cormne to rest, emitting a number
of gamma rays. Now the fragments
are called fizsion products.

Fission yield (%)

The fission products lose their excess ool
enetgy by radioactive decay, emnitting

beta particles and gamma rays owver a

Tengthy time period (seconds to years).
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Nuclear Waste
Defined

Uranium (and
plutonium) also
decay, leading to
daughters that
themselves
decay

— Radon from
Uranium series

— Thorium from
Uranium and
Actinium series

Some of these
radioactive
Isotopes are also
hazardous

— Uranium mining
and milling
tailings
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Some radioactive decay series
Showing half lives
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Nuclear Waste Defined

Spent (or used) nuclear fuel has been irradiated in a nuclear reactor
— Cannot be further irradiated due to fissile material (uranium & plutonium) depletion and fission
product build-up (captures neutrons)
— However.... There is still a considerable amount of “energy” still residing in the fuel (fissile and
fertile uranium and plutonium)
— U.S.: Currently operates under a “once-through” fuel cycle — spent nuclear fuel to disposal
— International: Some countries reprocess (or recycle) used nuclear fuel to recover fissile and
fertile uranium and plutonium, generating.....
High Level Waste is everything left from reprocessing
— U.S. operated reprocessing plants for a limited period of time in the '70s, generating some
HLW
— Vast majority of HLW in the U.S. was generated by reprocessing nuclear fuels to recover
plutonium for nuclear weapons
Low Level Nuclear Waste
— Low activity, low concentrations
— Many sources, commercial nuclear industry is the largest source (medical, industrial, others)
* Reactor plant clean-up systems
* Protective clothing

» Discarded components

N
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Nuclear Waste Defined

Nuclear Fuel

HLW — Borosilicate
Glass



The Nuclear Waste Problem

104 nuclear power plants in operation in the U.S.; 439 worldwide

— 28 inthe U.S. are shutdown and in various stages of decomissioning
World energy demand expected to grow significantly — including nuclear

— IAEA: nuclear generation could double by 2030

— WNA: nuclear generation could increase six-fold by 2100

¢ Some in developing countries; most in countries that already have plants

The Nuclear Renaissance is happening

— Licenses being pursued for 30 new plants in the U.S.

— 35 new plants under construction in 14 countries
Spent fuel production rates will INCREASE; estimated rates in 2050

— U. S. only: 6,000 metric tons per year

— World total: >15,000 metric tons per year

NO PERMANENT DISPOSAL SITE EXISTS FOR SPENT NUCLEAR
FUEL AND/OR HIGH LEVEL NUCLEAR WASTE

— United States and Finland are closest (see
http://www.ocrwm.doe.gov/factsheets/doeymp0405.shtml)

— United States has WIPP for defense TRU wastes



The Nuclear Waste Problem

The disposition of nuclear waste has been an issue and studied since the
1950’s: WORLD WIDE CONSENSUS THAT BEST, SAFEST LONG-
TERM OPTION IS GEOLOGIC ISOLATION

Nuclear Waste Policy Act of 1982 charged DOE with selecting a site and
detailed a regulatory process

— Originally a comprehensive site selection process, focus on three
sites from prior investigations: Hanford WA, Deaf Smith County TX,
Yucca Mt. NV

— DOE take possession of commercial SNF by 1998
— 1987 amendment to NWPA picked Yucca Mt. as site to characterize

Yucca Mountain site characterization ran through 2002 and culminated
with Site Recommendation decision following the NWPA

Yucca Mountain submitted a license application for construction
authorization to the NRC in June 2008

— More on this later

Legal capacity of Yucca Mountain is 70,000 MTHM
— Current fleet will fill in once-through fuel cycle
— Life extensions & new reactors will exceed



The Nuclear Waste Problem

Projected Spent Fuel Accumulation in the U.S.
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Current Spent Nuclear Fuel Storage



Issues Associated With Lack of Permanent Disposal
Facility

Spent fuel pools are filling to capacity,
forcing dry cask storage

— 30 sites currently operate dry storage systems;
20 reactors will need dry storage by 2010, and
22 more by 2015 (essentially all of them)

— Additional permitting, licensing, and cost burden
on nuclear utilities

— This could ultimately result in premature reactor
shutdown (nothing imminent)

Shutdown plants cannot be fully decommissioned and dismantled

NWPA established the waste fund and that DOE takes possession of
commercial spent nuclear fuel by 1998

— Missed date, of course — DOE held in “breach of contract”

— Damages to utilities could total $billions (tax payer dollars)
Could limit the growth of nuclear power in the United States

— Public perception

— Nine states block new reactor development until “some progress” is made (Nov. 2006
Nuclear News)



The U.S. Nuclear Waste Saga — 1983 - 1987



The U.S. Nuclear Waste Saga — 1987 - ??

Site characterization activities at the Yucca Mountain site conducted
through 2002.

2002 Site Recommendation and designation License application for
construction authorization submitted in June 2008

— www.ocrwm.doe.gov/ym_repository/license/index.shtml
NWPA provides for 3 year NRC review (can request 1 additional year)

Steps (www.nrc.gov/reading-rm/doc-collections/fact-sheets/fs-yucca-
license-review.html)
— Public process
— NRC conducts acceptance review
* Docket if “complete” (can begin technical review); September 2008
— NRC reviews application
* Requests for additional information
« Safety Evaluation Report
— Adjudicatory process
* Intervenors, contentions, hearings

License to receive and possess following construction
— Update license
— NRC review and hearings




The U.S. Nuclear Waste Saga — 1987 - ??

The Yucca Mountain License
Application

And.... This isn’t
everything.... Think iceberg
(this is just the tip)



The U.S. Nuclear Waste Saga — Low-Level Waste

Four classes of LLW: Class A, B, C and greater than class C (GTCC)
— Classification based on risk (content)

Low-Level Radioactive Waste Policy Act (1980, amended 1985)
establishes policy for LLW disposition

Key aspect is the responsibility of the states for LLW disposal
— States grouped together into compacts to develop facilities

Currently there are three disposal sites in operation (none developed after
the LLWPA

— Barnwell, SC: Class A, B, C. Until July 2008 accepted waste from all
compacts. Now only Atlantic compact states (Connecticut, New
Jersey, and South Carolina)

— Richland, WA: Class A, B, C from Northwest and Rocky Mountain
compacts

— Clive, UT: Class A from all compacts

License recently granted for Andrews, TX site: Class A, B, C from Texas
and Vermont only

No disposal site for GTCC; Limited disposal capacity for Class B and C.



The Requirements for HLW/SNF Disposal

Every engineered facility must meet design requirements — a geologic
repository is no different

Top-level requirements, at 10 CFR 63, are actually very “simple” and are
to be protective of public and worker health and safety during:

— Pre-closure period: the period that the repository is in operation

— Post-closure period: the time after the repository is closed (up to
1,000,000 years)

Demonstrating compliance with pre-closure requirements is accomplished
through facility design and a pre-closure safety analysis

— Very similar to the design and safety analysis of existing nuclear
facilities

— “Standard” engineering methods and analyses

— Very little, if any, chemistry

Demonstrating compliance with the post-closure requirements is a “whole
different beast”

— Has anyone ever designed something to last for 1,000,000 years and
analyzed it?

— What are the uncertainties and how are they dealt with?



The Yucca Mountain Site

Located in the Basin and Range
province of the western U.S.

Yucca Mountain consists of
successive layers of volcanic
rocks (called tuffs), approximately
14 to 11.6 million years old,
formed by eruptions of volcanic
ash from calderas to the north.



The Yucca Mountain Site



The Yucca Mountain Site



The Yucca Mountain Site & Existing Facilities

— South Portal

North Portal\




The Yucca Mountain Subsurface Facility Design



Post-Closure Repository Performance

Repository design, site characterization, and performance assessment
modeling is integrated and iterative

— Site characterization data (field measurements, experimental data,
modeling) feeds both design and performance assessment

— Performance assessment provides feedback to design and site
characterization

— On-going since early 1990’s through present with multiple iterations

 TSPA-91, TSPA-93, TSPA-VA, TSPA-SR, TSPA-SSPA, TSPA-
FEIS, and recently completed TSPA-LA

Multi-disciplinary (that's where the fun is)

Performance is a systematic process that forecasts the long-term
performance of the proposed Yucca Mountain repository

Features, events, and process (FEPS) identification =~ FEP/scenario
screening  detailed process-level modeling  simplified model
development (abstraction)  performance assessment modeling

THIS IS THE APPROACH GENERALLY BEING FOLLOWED WORLDWIDE



Total System Performance Assessment Process

Screen features, events, and processes to determine those to be
evaluated in performance assessment

Develop models, along with their scientific basis, for each feature, event
and process included in TSPA

Evaluate uncertainty in models and parameters

Construct integrated TSPA model using all retained features, events and
processes in scenario classes

— Nominal scenario classes contain all features, events, and
processes likely to occur (including climate change)

— Disruptive event scenario class contains unlikely events
(e.g., igneous and seismic)

Evaluate total-system performance in terms of individual protection and
groundwater protection standards; incorporating uncertainty through
Monte Carlo simulation

— Sample uncertain parameters, sample if scenarios occur, run
simulation over the period of performance

THIS IS THE APPROACH GENERALLY BEING FOLLOWED WORLDWIDE



Total System Performance Assessment Process



Chemistry and How it Relates to Repository Performance

Historically (~pre-1990s), geologic isolation was looked primarily as a
hydrologic “problem”

— Find/use sites that have little water, slow travel rates  long travel
times between the disposal system and the public

— While chemistry played a role, it was somewhat limited

Scientists and engineers began recognizing that the “problem” dealt with
coupled processes

— Within the total disposal system, everything is ultimately coupled
together

— Efforts began to characterize, assess, model, and analyze the
coupled effects.

/ Thermal ‘\'

Chemical -+ > Mechanical

\‘ Hydrologic

N



Example of Coupled Processes: Near-Field

Changing temperature
causes changes in

i / Thermal *\
ground water chemistry 1

Heat generating waste
causes transient thermal
pulse in rock

Thermal response
depends on rock thermal
properties (conductivity)

Chemical «

Dry-out can result in
mineral precipitation

Hydrologic

Ground water begins to
move away from heat
source due to convection

Water may evaporate,
creating a dry-out zone

Rock expansion/
contraction potentially
and mineral precipitation
could alter ground water
flow paths

> Mechanical

Bulk rock thermal
conductivity decreases if
dry-out occurs



Example of Coupled Processes: Waste Package

Heat generating waste leads
to transient waste package

“Incoming water temperature response
chemistry” — previous
slide Depends on rock thermal

response — previous slide Corrosion of waste
Evaporation of water on

waste package surface Thermal package materials
could leave salt deposits t depends on temperature
and water chemistry

Chemical - > Mechanical
Return of water could Penetrg(t)llcj)lr(; ?Zs(iﬁtr rosion
lead to brines forming on v

the Wiitﬁa%zckage Hyd |’0|0g IC Corrosion could also
reduce structural integrity

Water evaporation from of the waste package

heated waste package
surface

Water entering waste
package through
penetrations



Back to the Total System Performance Assessment
Process — FEP Treatment

Previous examples were somewhat of a features, events, and process
identification

— “Real” FEPs identification must be rigorous and comprehensive
The next step, screening: what really matters?

— Probability screening: it is very unlikely to happen (104 yr1)

— Consequence screening: OK, it will happen, but what are the

impacts

Screening steps involves testing, modeling, and analysis

— There must be a strong technical basis for any FEPs screened out

Features, Events, and Processes for the Total System Performance
. Assessment: Analyses. ANL-WIS-MD-000027 REV 00. [Available at
DOE Documentation www.lsnnet.gov/ under participant accession number

doc.20080307.0003]

NRC Review Plan Yucca Mountain Review Plan, NUREG-1804 Rev. 02, Section 2.2.1.2
[www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr1804/]



Barriers, Features, and Components Important to Repository
Performance

Features and Components

Surface soils and topography

Unsaturated zone above the
repository

Drip shield
Waste package
Cladding
Waste form
Invert

Unsaturated zone below the
repository

Saturated zone



Discussion of Areas where Chemistry is Important

Ground water geochemistry is used to build confidence in the model of
unsaturated zone flow by comparing results to measured data

— Calcite, 14C, Chlorine isotopics, strontium isotopics
UZ Flow Models and Submodels, MDL-NBS-HS-000006 (DOC.20080108.0003)*

Evolution of chemical environment inside the emplacement drifts (drip
shield & waste package surface, invert)

— Uses EQ3/6 geochemical modeling software
*  EQ3NR: equilibrium speciation-solubility code for aqueous systems
« EQG6: Reaction-Path and Single-Point Modeling
— Evaluates compositional changes considering the following
influences

*  Composition of water and rock entering the drifts

*  Changing thermal conditions in the drift

* Interaction of water and gas with introduced maetrials
*  Evaporating or condensing waters

Engineered Barrier System: Physical and Chemical Environment. ANL-EBS-MD-000033 , (DOC.20070907.0003)*

“Available at www.lsnnet.gov/ under participant accession number listed



Discussion of Areas where Chemistry is Important

Corrosion of waste package and drip shield

— Long- and short- term corrosion testing in a range of chemical
environments

— Development of empirical models of corrosion mechanisms and

rates

*
General Corrosion and Localized Corrosion of the Drip Shield, ANL-EBS-MD-000004 (DOC.20070807.0004)
General Corrosion and Localized Corrosion of Waste Package Outer Barrier, ANL-EBS-MD-000003 (DOC.20070730.0003)
Stress Corrosion Cracking of Waste Package Outer Barrier and Drip Shield Materials, ANL-EBS-MD-000005 (DOC.20070913.0001)

Chemical environment inside a breached waste package

— Uses EQ3/6 and PHREEQC geochemical modeling software for
modeling batch reactor

— Evaluates compositional changes in water chemistry considering the
following influences
«  Composition of incoming water
*  Degradation of waste form materials
* Degradation of waste package internals
<  Evaporating or condensing waters

In-Package Chemistry Abstraction. ANL-EBS-MD-000037, (DOC.20070816.0004)"

“Available at www.lsnnet.gov/ under participant accession number listed



Discussion of Areas where Chemistry is Important

Waste form degradation

— Long- and short- term degradation testing in a range of chemical
environments

— Identification of degradation phases

— Development of empirical models of degradation rates

*
CSNF Waste Form Degradation: Summary Abstraction, ANL-EBS-MD-000015 (DOC.20040908.0001)
Defense HLW Glass Degradation Model, ANL-EBS-MD-000016 (DOC.20041020.0015)

Dissolved concentration limits

— Controlling phase determined from laboratory experiments and
observations of natural systems

— Uses EQ3/6 geochemical modeling software
*  EQ3NR: equilibrium speciation-solubility code for aqueous systems

— Determines solubility as a function of pCO,, and pH

— Includes uncertainty in thermodynamic properties and fluoride
concentration in waters

Dissolved Concentration Limits of Elements with Radioactive Isotopes. ANL-WIS-MD-000010 , (DOC.20070918.0010)"

“Available at www.lsnnet.gov/ under participant accession number listed



Discussion of Areas where Chemistry is Important

Colloid facilitated transport
— Colloids generated during waste form degradation

— Reversible sorption onto colloids in grown water and degradation
products

— Models colloid stability and attachment over a range in the
geochemical environment

Waste Form and In-Drift Colloids-Associated Radionuclide Concentrations: Abstraction and Summary,
*
MDL-EBS-PA-000004 (DOC.20071018.0019)

Radionuclide migration through the engineered barrier system

— 1-D network of batch reactor cells used to simulate migration
Advection and diffusion

Evolving chemistry in different parts of system

Dissolved concentration limits (precipitation & dissolution)
Colloid stability

EBS Radionuclide Transport Abstraction. ANL-WIS-PA-000001, (DOC.20071004.0001)*

“Available at www.lsnnet.gov/ under participant accession number listed



Discussion of Areas where Chemistry is Important

Radionuclide transport through the natural barriers

— Solutions to the advective/dispersive contaminant transport equation

— Considers reversible sorption, matrix diffusion, hydrodynamic
dispersion

« Based on laboratory experiments and large-scale field tests

*
Particle Tracking Model and Abstraction of Transport Processes, MDL-NBS-HS-000020 (DOC.20080129.0008)
Saturated Zone Flow and Transport Model Abstraction, MDL-NBS-HS-000 (DOC.20080107.0006)

Transport and fate in the biosphere (affect on humans)

— Used dose conversion factors developed by the International
Council on Radiation Projection

* Considers uptake by and transport of radionuclides in the
human body

— Focus primarily on people’s habits as they relate to the use of
contaminated water

Biosphere Model Report. MDL-MGR-MD-000001, (DOC.20070830.0007)*

“Available at www.lsnnet.gov/ under participant accession number listed



Post Closure Repository Performance Assessment
Results

Postclosure system safety evaluations (TSPA) show that the repository is
safe and meets applicable EPA standards and NRC regulations

Source: U.S. DOE, The Safety of a Repository at Yucca Mountain, June 2008 (www.ocrwm.doe.gov/ym_repository/license/docs/Safety_of a_repository.pdf)

Also see: Total System Performance Assessment Model/Analysis for the License Application, MDL-WIS-PA-000005 [Available at www.lsnnet.gov/ under
participant accession number DOC.20080312.001]



Advanced Nuclear Fuel Cycles and Potential Benefits in
Managing Nuclear Waste

Significant energy resource is still present in used nuclear fuel
— Uranium, plutonium, minor actinides
— Can be further “burnt” or transmuted in thermal or fast reactors
Recycling can reduce the volume, radiotoxicity, and decay heat output of waste



Advanced Nuclear Fuel Cycles and Potential Benefits in
Managing Nuclear Waste

Repository design is driven by the waste decay heat and long-term performance
related thermal criteria

— Free draining pillars, drift wall, waste package surface, cladding
Decay heat dominated by fission products (Cs, Sr, Ba) and actinides (Am, Cm,
Pu)
Largest contributors to long term performance (dose) are fission products (Tc, 1)
and actinides



Advanced Nuclear Fuel Cycles and Potential Benefits in
Managing Nuclear Waste

The potential benefits of removing the actinides and fission products (Cs & Sr)
from the waste could be large

— More efficient utilization of available repository space
— More waste could be safely disposed



Advanced Nuclear Fuel Cycles and Potential Benefits in
Managing Nuclear Waste

The Global Nuclear Energy Partnership/Advanced Nuclear Fuel Cycle
program is conducting R&D for the separation of actinides and fission

products from LWR spent nuclear fuel and recycle them in fast “burner”
reactors

This would allow for a “re-thinking” of the entire nuclear waste
management system (including disposal)

— Develop and characterize robust waste forms
« Chemistry/Chemical Engineering

— Tailor waste forms for particular disposal environments
 engineer to the environmental conditions

— Consider sites best suited for particular wastes

» Take advantage of chemical properties of a disposal environment
to enhance isolation

These efforts have been initiated and are on-going under GNEP/AFCI



Conclusion

Solving the “problem” of managing and safely disposing wastes is
important

— For legacy spent nuclear fuel and high-level nuclear waste
— For a growing nuclear infrastructure (both in the U.S. and worldwide)

Understanding coupled processes, of which chemistry is a vital part, is a
HUGE part of this solution

Unfortunately, solving the problem takes time: PRESS ON
Thank you
Questions
— Take whatever we have time for now
— Call (630-252-8387) or e-mail (wnutt@anl.gov) anytime
More information
— Yucca Mountain: www.ocrwm.doe.gov (check in “information library”)
— NRC: www.nrc.gov/waste/high-level-waste.html
— GNEP/AFCI:  www.gnep.enerqgy.gov




