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Total System Performance Assessment
(TSPA)

e TSPA is asystem-level analysis using numerical
models of events and natural processes to
evaluate future performance of a repository
system’s natural and engineered components

— Future performance means performance after the
operational period and emplacement of final seals
e TSPA models are based on the data collected
during field, underground, and laboratory studies
of natural and engineered system components,
and consider the events and processes that may
affect their behavior

e TSPA and supporting technical bases will be
summarized in the License Application to be
submitted by the DOE to the NRC
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Representative Uses of TSPA

Evaluate regulatory requirements

Quantify performance margin and barrier capability
Determine most sensitive models and parameters
Prioritize information and testing needs

Evaluate design options/alternatives

Evaluate consequences of features, events and
processes

Determine significance of data, parameter and
model uncertainty

Prioritize repository risks
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Purpose of TSPA

e Performance Assessments provide answers to
four questions:
1. What events and processes can take place at the facility?
2. How likely are these events or processes?
3. What are the consequences of these events or processes?
4. How reliable are the answers to the first 3 questions?

e TSPA evaluates the uncertainty in the evolution of the geologic
setting and engineered barrier system

— Predictive models are supported by field and lab tests, in-situ
monitoring and natural analogs

— Uncertainties in these models and associated parameters exist
o TSPA uses arange of defensible and reasonable parameter

distributions and propagates the uncertainty to evaluate the
effect and consequence
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Yucca Mountain TSPAS

System-level safety evaluations of a Yucca Mountain
repository have been performed by DOE since the mid to
late 1980s

These analyses have been reviewed by NRC as part of Key
Technical Issue resolution (KTI)

NRC and EPRI have performed system-level analyses over
this same time period

All of the above analyses have been reviewed by technical
oversight boards (NWTRB and ACNW)

The DOE TSPA has been peer reviewed twice
— Budnitz, Ewing, Moeller, Payer, Whipple and Witherspoon 1999
— OECD/NEA-IAEA, 2002
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“An International Peer Review of the Yucca
Mountain Project TSPA-SR”

e This document observed:

— ...the general approach to TSPA, and the USDOE approach of
building on an iterative series of performance assessments
conform to international best practice. .

— . structure of the TSPA-SR methodology and . . . [the]
approach of building on an iterative series of performance
assessments, conform to international best practice.

— The structured abstraction process linking process-level models
to assessment models is at the forefront of international
developments.

— ...the FEP methodology. . . [is] in agreement with international
best practice, . ..

— ...places far greater emphasis on probabilistic assessment than
equivalent programs in other countries . .

— ...does not emphasize natural analogues as much as in some
other international studies.

— “While presenting room for improvement, was soundly based
and has been implemented in a competent manner.” "
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International Approaches for
Probabilistic TSPA

The nations primarily relying on a probabilistic approach are
the US, UK, Canada, Belgium and the Netherlands.

Probabilistic and deterministic PA demonstrations have
been performed by Spain, Germany, Belgium and the
Netherlands as part of a study sponsored by the European
Commission

Sweden, Switzerland and Japan have done limited
probabilistic analyses to provide insight on specific aspects
of their deterministic system-level analyses.

For those countries using deterministic approaches,
uncertainty is evaluated using a range of sensitivity

calculations
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History of DOE Yucca Mountain TSPAS

TSPA lteration

Summary of Key Results

1988 Site Characterization Plan

Applied basic methodology for Monte Carlo uncertainty analyses based on scenarios.

TSPA-1991 ® Demonstration of TSPA approach.

® Models limited to UZ and SZ, and volcanism identified importance of uncertainty in UZ flow paths.
TSPA-1993 e Improved models for UZ, SZ, early models for coupled processes, EBS, biosphere.

® |mportance of uncertainty in thermal hydrology, UZ flow, corrosion of engineered materials.
TSPA-1995 ® Incorporate new science and design, evaluate alternative models.

® |mportance of robust process models for WP degradation, seepage, UZ and SZ transport.
TSPA-VA ® Supported the 1998 Viability Assessment, models based on best current information.

® Ranked importance of uncertainty in each of the major components for 10,000, 100,000, and

1999 License Application Design
Selection (LADS)

1,000,000 years.
Emphasis on seepage, water chemistry, corrosion, and SZ.

TSPA tools used to evaluate relative merits of design alternatives.
Demonstrated that multiple designs were viable for long-term performance.

TSPA for Site Recommendation (2000)

Robust modeling system using fully qualified inputs

Conservative approach to some components.

Regulatory importance of volcanism identified.

Conservative treatments of uncertainty complicated realistic understanding.

FY 2001 Supplemental Science and
Performance Analyses (SSPA)

TSPA for the Final Environmental
Impact Statement (2001)

More realistic treatment of uncertainty.
Incorporation of new information since TSPA-SR.
Confirmed potential suitability.

Confirmed importance of volcanism and EBS performance for 10,000 years.

Insights into EBS and natural system effects on peak dose.

Updated SSPA to include new information, revised regulatory boundary.

2002 Sensitivity Analyses
(one-on and one-off)

TSPA-LA

Insight into barrier performance.
Risk-importance information regarding model components.
Importance of volcanic disruption for 10,000-yr regulatory compliance.

Models updated to current information.
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Post Closure Performance Objectives

§ 63.113 Performance objectives for the geologic repository
after permanent closure

(a) The geologic repository must include multiple barriers,
consisting of both natural barriers and an engineered barrier
system

(b) Radiological exposures to the reasonably maximally exposed
individual are within the limits specified at § 63.311

(c) Releases of radionuclides into the accessible environment are
within the limits specified at § 63.331

(d) Radiological exposures to the reasonably maximally exposed
individual, in the event of human intrusion must be
demonstrated through an analysis that meets the
requirements at 88 63.321 and 63.322
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Postclosure Performance Assessment

e §863.114 Requirements for performance assessment
Any performance assessment used to demonstrate compliance with
§ 63.113 must:

(a) Include data related to the geology, hydrology, and geochemistry
(including disruptive processes and events)

(b) Account for uncertainties and variabilities in parameter values
(c) Consider alternative conceptual models of features and processes

(d) Consider only events that have at least one chance in 10,000 of
occurring over 10,000 years

(e) Provide the technical basis for either inclusion or exclusion of
specific features, events, and processes in the performance
assessment

(f) Provide the technical basis for either inclusion or exclusion of
degradation, deterioration, or alteration processes of engineered
barriers in the performance assessment

(g) Provide the technical basis for models used in the performance
assessment
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Postclosure Performance Assessment

(continued)

8 63.115 Requirements for multiple barriers

(a) Identify those design features of the engineered barrier
system, and natural features of the geologic setting, that are
considered barriers important to waste isolation.

(b) Describe the capability of barriers, identified as important to
waste isolation, to isolate waste, taking into account
uncertainties in characterizing and modeling the behavior of
the barriers.

(c) Provide the technical basis for the description of the capability
of barriers
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Regulatory Requirements:

Individual Protection Requirements

10 CFR 63.311 ---- 15 mrem/yr dose limit
10 CFR 63.312 ---- Dose to be calculated for

reasonably maximally exposed individual (RMEI)

¢+ Mean values of current lifestyle and diet; drinks 2 liters/day

*

e 10C

e 10C
and

of groundwater

Annual water demand of 3,000 acre-feet

R 63.341 ---- Peak dose after 10,000 yr in EIS

-R 63.342 ---- Need to consider features, events

processes (FEPs) more likely than 1 in 10,000

In 10,000 years
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Regulatory Requirements:
Groundwater Protection Standard

10 CFR 63.331 ---- Maximum contaminant levels for
radionuclides in representative volume

¢ Includes 4 mrem/yr dose limit for beta/gamma based on
consumption of 2 liters/day

¢ Compliance point at 18 km controlled area boundary

10 CFR 63.332 ---- Representative volume is 3,000
acre-feet per year

10 CFR 63.342 ---- Exclude FEPs less likely than
1in 10 1in 10,000 years
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Regulatory Requirements:
Human Intrusion Standard

e 10 CFR 63.321 ---- Dose limit 15 mrem/yr to RMEI
at 18 km

— If intrusion can occur at or before 10,000 years after
disposal without recognition by drillers

— If intrusion occurs after 10,000 years, report in EIS

e 10CFR 63.322 ---- Single event; borehole drilled
through degraded waste package and into aquifer

— borehole not carefully sealed

e 10CFR 63.342 ---- Exclude FEPs less likely than
1in 10in 10,000 years
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Repository Reference Design Concept

Solitario
Canyon

Ventilation

Drip
shield
emplacement drifts

20 miles of
access drifts

Locomotive
support
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| simplified

geology
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faults not
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Cross
section of
emplacement
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Steel/aggregate
base
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Waste Package Design

Trunnion Collar (17-4 PH, UNS S1740)

Outer Lid (Alloy 22, UNS N06022)
Inner Vessel Lid

(Modified Stainless Steel Type 316 UNS S31600)

Trunnion Sleeve (Alloy 22, UNS N06022)

Ni-Gd Alloy (UNS N06464)

Structural Guide (Carbon Steel, UNS K02700)

Spread Rings
(Modified Stainless Steel
Type 316 UNS S31600)

QOuter Corrosion Barrier
(Alloy 22, UNS N06022)

Outer Lid (Alloy 22, UNS N06022)
Inner Vessel (modified Stainless Steel
Type 316, UNS S316001)

Thermal Shunts
(Aluminum, UNS A96061 T4)

Fuel Basket Tube
(Carbon Steel, UNS K02700)

Cover Plate with Purge Port Drawing Not To Scale
002490C_LA_0078e.ai

Inner Vessel Lid
(Modified Stainless Steel Type 316 UNS S31600)

Middle Lid (Alloy 22, UNS N06022)

Trunnion Collar (17-4 PH, UNS S1740)
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Waste Form Types

Commercial Spent High-Level DOE Spent Naval Spent
Nuclear Fuel Waste Nuclear Fuel Nuclear Fuel
-
Hanford West s=
Valley
> 250 Types
R of Fuel
Boiling Pressurized
Water Water
Reactor Reactor
Savannah  |daho National A
River Engineering & :
Environmental DOE SNF Na_val Waste
Laboratory Canister Canister Farre
Waste
Packages

el

Naval Waste Package

Commercial Spent Nuclear Fuel Codisposal Waste Package
Waste Package

Drawing Not To Scale
00240DC_LA _0127b.ai
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TSPA Role in Performance Assessment

Seismic Scenario Class
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Model Abstractions in TSPA

TSPA-LA Model

Legend

Total System Waste Form Degradation
Pur(o:,nlnu Assessment | and Mobilization Biosphere

E Unsaturated Zone Flow D Emin'ms:'mmm I | Disruptive Events

Engineered Barrier

sy Environ Unsaturated Zone Transport Principal TSPA

Model Components

Waste Package and
hield

| Saturated Zone Flow
Drip

and Transport

Indicates general flow

> of information from/between
principal model components
and submodels.
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Biosphere

i Nominal

BDCFs
Disruptive
Events

BDCFs
Groundwater
Protection

CFs

00318DC_107c.ai
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FEPs Evaluation Process

Adopt NEA List of Generic
Features, Events, and Processes (FEPs)
Potentially Relevant to TSPA

Identify Irrelevant FEPs
Combine Redundant FEPs

Yucca Mountain

Site Characterization Data and Repository
Design Information

Expand FEPs List to Include FEPs
Specific to Yucca Mountain

Screen FEPs Using Technical Criteria
and NRC Regulations

Flllllll

Out

No
Screened FEP Has at Least 1 Chance in 10,000 of
Occurring over 10,000 Years Or

ﬁ

Screened In

Yes hllltlll

Exclusion of FEP Would Significantly
Change Radiological Exposure or
Radionuclide Release

d\fes

Screened In

of Unlikely FEPs)

Retained FEPs Implemented in Nominal
Scenario Class (Combination of Likely* FEPs)
or Disruptive Scenario Classes (Combination

002390C_Figure005f.ai
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TSPA 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




Barriers, Features, and Components in TSPA

Features and Components

e Surface soils and topography

e Unsaturated zone above the
repository

e Drip shield

e Waste package
e Cladding

e Waste form

e Invert

e Unsaturated zone below the
repository

e Saturated zone

Drift Orientation and Spacing

+ Aiows waterto percolate around drifs and

Department of Energy ® Office of Civilian Radioactive Waste Management wWww.ocrwm. doe.gov
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Upper Natural Barrier

Topography and Surficial Soils Drift Surface Unsaturated Zone Flow
fndltr=ian i = Capillary Barrier « Flow Focussing

- Low precipitation . D Dyt e

* Runoff » Evaporation

—_— '« Roughness
- Evapotranspiration v

‘. * Infiltration

Intact Drift . Degraded Drift
Unsaturated Zone Above Repository

» Percolation
« Capillarity
« Lateral diversion
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Engineered Barrier System

AT S

Fuel Cladding:

 the spent nuclear fuel
afterwaste packages
have degraded g o
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Backfill
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Limits the spread of
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Lower Natural Barrier

Unsaturated Zone Welded Tuff Units
+ Dissolved radionuclides

move through fracture flow
*+ Radionuclides sorb onto colloids

that move in fracture flow

Unsaturated Zone Nonwelded Tuff Units
» Dissolved radionuclides diffuse

into matrix pore space
* Radionuclides sorbed onto colloids

generally filtered out of matrix

\ Yucca Mountain

Unsaturated Zone below the Repository

*Low percolation water flow rates

*Radionuclides trapped in the rock by matrix diffusion
«Sorption of radionuclides onto rock

Saturated Zone
*Low groundwater flow rates
*Matrix diffusion

*Sorption of radionuclides onto rock
+Filtration of colloids

South

Lower Natural Barrier

-~
y .+” Saturated Zone Alluvium
P + Diffusion and sorption slow transport of radionuclides
+ Larger effective porosity in alluvium slows water
flow, and radionuclides move by diffusion in slow-moving
or stagnant water

Saturated Zone Fractured Volcanic Tuffs

« Diffusion and sorption slow transport of radionuclides

————
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TSPA Model Architecture — Introduction

e TSPA Models consist of three scenario classes

— Nominal Scenario Class
— Igneous Scenario Class
— Seismic Scenario Class

e Each scenario class has a separate TSPA model

e Each model component has information flow logic
diagrams

e Each model component has an integrated set of
Inputs and outputs

e Each model abstraction has a conceptual basis

NP, Department of Energy e Office of Civilian Radioactive Waste Management
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Nominal Scenario Class

Waste Package il cered
and Drip:Shield Barriger System
Degradation

YEnvironment
— -
Waste Form

Degradation

——
and Mobilization _ Unsaturated
: el " Zone Flow

. <8

Engineered
Barrier System

Flow and =
e ST S PA S

IMODEL ¥

Unsaturated S8 For Nominal Case
Zone | g .__\

Iransport

Saturated
Zone Flow
and Transport
N Nominal
Biosphere Performance
e Measure

00318DC_038g.ai
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Information Flow Diagram for
Unsaturated Zone Flow

Unsaturated
Zone Flow

Infiltration Model

Unsaturated Multiscale
Zone Transport W Thermohydrologic
Submodel Model

abq0063G278l.ai
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Integration Between Climate Analysis and

TSPA Model

Climate Analysis

* Three Discrete Climate Stales
= Present-Day
= Monsoon
— Glacial Transition
* Upper- and Lower-Bound
Anal Defined for Present-Day,
Monsoon, and Glacial Transition

Infiltration Model
* Precipitation Rates and Temperatures
for Future Climates
Total System
+ Climate-State Durations

+ Earth Orbital Parameters
+ Paleoclimate Data

Medel Confidence Foundation

3bqD0BIGITBMaI P

Unsaturated
Zone Flow

Mountain-Scale
UZ Flow Model

Multiscale

Unsaturated
Thermohydrologic
Model

Zone Transport
Submodel
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Integration Between Infiltration Model and

YMAndrews_NWTRB_092004.ppt
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TSPA Model

Infiltration Model
Precipitation
« Spatial Distribution
Soil Storage
Root Zone
+ Evaporation and Transpit
* Runoff and Run-On

* Uncertainty Evaluated Using
Monte Carlo Method
* Chionide Geochemistry Analysis

.

Site Input

* Soil Type

= Soil Depth

* Root Zone Estimates

Climate Analysis

* Precipitation Rates
and Temperatures
for Future Climates

+ Temporal Distribution * Meteorologic Data

+ Shallow-Water Content Data

Mountain-Scale
Dutp UZ Flow Model
* Net Infiltration Flux

- i and p
Records for Analogue Sites

+ Stream Flow Records Used for
Calibration

* Result Comparisons Against
Alternative Numerical Models,
Such as Maxey-Eakin

Model Confidence Foundation

Unsaturated
Zone Flow

Mountain-Scale
UZ Flow Model

Unsaturated
Zone Transport
Submodel

Multiscale
Thermohydrologic
Model
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Integration Between Mountain Scale UZ Flow Model
and TSPA Model

YMAndrews_NWTRB_092004.ppt

Site Input
+ Site-Scale Numerical
Grid of i

Department of Energy ® Office of Civilian Radioactive Waste Management

Mountain-Scale UZ Flow Model

+ Three-Dimensional, Steady-
State, Isothermal Modal
Dual-Permeability Flow Mode!
Active Fracture Model
Calibration fo:

— Malrix Saturation

— Moisture Potential

= Pneumatic Data

— Perched Water

- Ambient Geochemistry
— Ambient Temperafure

.

MSTHM
+ Hydrologic Properties

RSt . -
+ Calibrated Hydrologic Percolation Flux at Base of PTn
Py TR T stz T
Infiltration Model = Submodel

+ Net Infiltration Flux of
Modern and Potential
Future Climates

+ Mountain-Scale Unsaturated

] Zone Flow Fields

* Results Compared Against Data
from Numerous Boreholes

+ Results Compared Against Data
from Exploratory Studies Facility

* Pretest Predictions

Model Confidence Foundation

Unsaturated
Zone Flow

Mountain-Scale
UZ Flow Modal

Unsaturated
Zone Transport
Submodel
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Climate

11 » Present climate and two future
. - v Present Day states based on paleoclimate
Jod “‘Igﬁiﬁﬁ& T - Yucca Mountain data and modern analogs
. % L2 - :
* o e Timing of climate changes is

fixed based on evaluation of
paleoclimate data

ST e Uncertainty in magnitude of

- Monsoon changes in precipitation and
Lower-bound analog: Yucca Mountain temperature Is included
e aant e e through the infiltration model
than present-day

e Provides

— Mean annual temperature and
precipitation, timing of changes

Glacial Tansition — Water table rise with wetter

Lower-bound analog: Detta, UT climates, shortens transport
Upper-bound analog: Spokane, WA
Higher precipitation and lower path

temperature than present-day

— Increases flow rates for wetter
climate states

abg0063G052 ai
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Infiltration

Crest
* Higher precipitation ,
* Thinner soil Washes/Alluvium
: Hactu_ r?c% b?drock —— » Lower precipitation
oré Infiltration Run-on/Runcff// 4 Evaporation  Faster runoff
e \ Transpiration * Thicker soil

* Deeper bedrock
» Less infiltration

Soil
Drainage

e Infiltration is based on climate model results, site studies, and natural analog data

e Precipitation, temperature, evapotranspiration (evaporation and plant use), insolation
(sun intensity), run-off and water pooling, and soil storage are also taken into account

Department of Energy ® Office of Civilian Radioactive Waste Management www.ocrwm.doe.gov
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Mountain Scale Unsaturated Zone Flow

SURFACE REPOSITORY WATER TABLE
PRESENT DAY INFILTRATION (mm/year) TOTAL FLUX AT REPOSITORY LEVEL (mm/year) TOTAL FLUX AT WATER TABLE (mm/year)
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e Site characteristics and experimental results are used to create
infiltration maps

e Three-dimensional modeling allows estimation of water movement at
repository level as well as at water table

Department of Energy ® Office of Civilian Radioactive Waste Management www.ocrwm.doe.gov
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Information Flow Diagram for Drift Seepage and
Condensation

YMAndrews_NWTRB_092004.ppt

Drift-Wal

EBS Thermal-
Hydrologic
Environment
Submodel

Drift

Drift-Wall

Seepage |Condensation
Submodel | Submodel

EBS Flow
Submodel
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Integration Between Drift Seepage Model and

EBS Thermal-
Hydrologic

Environment
Submodel

YMAndrews_NWTRB_092004.ppt

TSPA Model

Drift Seepage Submodel

+ Three-Dimansional, Steady-
State, Isothermal Model

* Fracture-Flow-Only Flow Model
+ Heterogeneous Permeability Field
+ Eslimate of Flow Focusing
Above Drifts
+ Effects of Drift Degradation and
Thermal Hydrology
EBS Thermal-Hydrologic
Environment Submode EBS Flow Submodel
« Temperature of r . * Seepage Flow Rate
Drift Wall Y “iag + Fraction of WP Locations.
« Percolation Flux at That Have Seepage
the Base of the PTn

+ Data From Exploratery Studies
Facility
= Air Permeability Measurements
— Niche Seepage Tests
— Evaporation Rate M

+ Natural Analogues

+ Systematic Testing in ECRB

* Drift-Scale Thermal Test

Model Confidence Foundation
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Drift Drift-Wall
Seepage |Condensation
Submodel Submodel

EBS Flow
Submodel

www.ocrwm.doe.gov

37



Integration Between Drift-Wall Condensation Model

and TSPA Model

Drift-Wall Condensation Submodel
* In-Drift Natural Convection and

Condensation Mode!
+ (Gas-Phase Dispersive Transport
of Moisture
+ Transfer of Water from
Unsaturated Zone through
Invert to Drift
EBS Thermal-Hydrologic
Environment Submodel EBS Flow Submodel
. Tefnpamium of . : + Condensation Flow Rate
Drift Wall np + Fraction of WP Locations
* Percolation Flux with Dripping Condensation
at the Base of the PTn

+ Data From Exploratory Studies
Facility

+ ECRB Cross-Drift
Bulkhead/Moisture Monitoring

+ Atlas Facility Tests

Model Confidence Foundation

00318DC_075h.ai g

EBS Thermal-
Hydrologic
Environment

Submodel

Drift-Wall
Condensation
Submodel
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Water Seepage Into Drift

e Water flow through fractures
IS calculated, including flow-
focusing effects, and effects
from the degrading of the drift
ceiling by rock falls

e This modeling requires
knowing thermal hydrology,
drift design, and rock
properties

e Calculations give a seepage
fraction (percent of repository
seeing drips) and seep rate
(with uncertainty) for different
regions in the repository,
taking into account waste
package environments and
infiltration rates

00185DR_Figure_5.ai

Department of Energy ® Office of Civilian Radioactive Waste Management www.ocrwm. doe.gov
YMAndrews_NWTRB_092004.ppt 39



Seepage Into Drifts - During and After

“Thermal Pulse”

Time when drift-wall boiling ceases for the pwr1-2
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Information Flow Diagram for Engineered Barrier
System Thermal-Hydrologic Environment

l . Mountain Scale % 3 1|\f|tl1.lltiscahled -
UZ Flow Model ermohydrologic
Model
EBS Chemical

B8 EBS Thermal-Hydrologic Ervi .
Environment Submodel AL
Submodel

Waste Package 75| >\ Waste Form
and Drip Shield A==\l Degradation
"y and Mobilization

Degradation

Drift Engineered
Barrier System

Seepage ¥ Flow andy

Submodel Transport

.

Y
Drift-Wall
Condensation
Submodel

/
I 00318DC_115b.ai

www.ocrwm.doe.gov
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Integration Between EBS Thermal-Hydrologic
Environment Model and TSPA Model

Drift Seepage Submodel
+ Percolation Flux at Base of PTn
+ Drift Wall Temperature

EBS Thermal-Hvdrologic Drift-Wall Condensation Submodel
Environments ubmgel + Percolation Flux at Base of PTn
EBS Chemical Environments
« Both Drift-Scale and Submodel
M: in-Scale Effects Included * Rep ive Subregion Typical
Percolation Flux at Base * Waste Package Vanability ngmhmr and Relative Humidity at:
of PTn for 2,874 Locations - Drip Shield
In-drift Thermal-Hydrologic - Waste Package
Environment at 2,874 - Invert
Locations Waste Package and Drip Shield
* Waste Package Temperature Nuto Degradation
and Relative Humidity + Temperature and Relative Humidity at:
* Drip Shield Temperature and - Drip Shield
Relative Humidity - Waste Package
= Drift Wall Temperature
« Invert Temperature, Liquid + Thermal Properties from Waste Form Degradation and
Saturation, Relative Humidity, Laboratory Measurements Mobilization
and Liquid Flux * Single Heater Test * Representative Subregion Typical
= Drift-Scale Test Temperature and Relative Humidity at
* Large Block Test Waste Package

EBS Flow and Transport

+ Representative Subregion Typical
Liquid Saturation In Invert

+ Representative Subregion Typical WP
Temperature and Relative Humidity

+ Representative Subregion Typical
Imbibition Flux in Inven

Model Confidence Foundation
R

6q00BIGA1Tn 2l

EBS Chemical
Environment
Submodel

E8S Thormal-Hydralogic
Environment Submodel

Waste Form
Degradation
and Mobilization

{ i} Seepage
b # Submodel

Drift-Wall
j] Condensation
Submodel
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Thermal Hydrologic Environments

——

water flow

=
heat transfer,
advection + conducti

—
water vapor

Water Vapor Moving
Outward from Drift Area

Dryout Zone

/
[
/ | Water vapor condenses Matrix imbibes

| Water moves downward ‘v water from fracture

: due to gravity

Matrix Temperature uniform
Temperature | : > Ambient
< Boiling Condensation Zone < Boiling
Temperature Dryout Zone
>Boiling ) Water moves downward
Strong CaP‘"haf}‘ due to gravity
pressure enhances
Fracture imbibition from wetter Fracture
condensation zone
Heating Period Cooling Period
50 Years to ~2000 Years >2000 Years

abqD0G3G09%a ai
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Thermal hydrology
modeling evaluates water
chemistry and movement
changes brought about by
heat from the waste
packages

Water evaporates and is
driven away from drifts in
the earlier stages when
much heat is generated

Water returns by gravity
flow later as waste
packages cool

e Chemistry changes occur

with temperature and flow
changes
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Thermal-Hydrologic Processes in the Vicinity of the
Emplacement Drlfts Due to Reposﬂory Heatlng
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Thermal Abstraction

Drift-wall temperature [“C)

~ ~ Cool waste package
—— Auwage waste package
<o Hot wastn package
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Information Flow Diagram for Engineered Barrier
System Environments

Physical and Chemical
Environment Model

=7
R tBS Thermal- SAEN EBS Chemical I Waste Form
ydrologic | w Environment Degradation
¥ Environment N ¢ and Mobilization

Submodel Submodel

N Waste Package Engineered
B and Drip Shield iy Barrier System
Degradation 3 & Wl Flow and
Transport

abq0063G362g.ai

————
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Integration Between EBS Chemical Environments

YMAndrews_NWTRB_092004.ppt

Model and TSPA Model

EBS Chemical Environments
Submodel

+ Evaporative Evolution of Incoming Water
Composition as a Function of Time, Gas,
Peo,, Temperture and Relative Humidity

Phuslcalan - Crown Seepage Waste Form
C:ﬁﬂ?:ala d - Invert Imbibition Water Degradation and
Environment Model Mobilization
- |r|°°ming Water + lonic Strength in Invert
Composition Look-up * pH in Invert
Tables * Pco; in Invert and WP
* Incoming Gas Peo, WP
and DS
fookty [ables : Degradation
EBS ‘nputs m + pH of Crown Seepage
Thermal-Hydrologic and Dust Deliquescence
Environment + NO3™ of Crown Seepage
Submodel and Dust Deliquescence
+ Waste Package and - Drift Scale Test (DST) * CI" of Crown Seepage
Invert Temperature - Analog studies and Dust Deliquescence
+ Waste Package and + Mineralogy * NOg'/CI” of Crown
Invert Relative + Thermochermical Seepage and Dust
Humidity Laboratory Experiments Deliquescence

* Thermochemical Databases

Model Confidence Foundation®
% J

Department of Energy ® Office of Civilian Radioactive Waste Management

Physical and Chemical
Environment Madel

' -
£ f\ EBS Thermal. EBS Snemical I Waste Form
/ \ EYd!"’"‘E"‘_' Erdironment | Degradation
\ 1 S:\l;lr:}o-lgzlﬂm Submodel - and Mobilization
o

Y Degradation Flow and
Transport
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General EBS Design Features and Materials,
Water Movement, and Drift Degradation

Seepage
(Including
Groundwater &=, Ground Support
Colloids) Steel Sets
o P (No Barrier to Flow)

Gas

(H,0, Oy, CO,, N2) Basket Materials

(Carbon Steel/Aluminum)

Drip Shield
(Titanium) S—
astle rorm
(Spent Fuel
and/or HLW Glass)
Waste Package
(Alloy 22,
Stainless Steel) s
eepage

(Including
Groundwater

Invert ‘
invert Colloids)
Tuff - :
' ; _ S . Corrosion
5 & Products
Invert Water // : : = 4
; .. . Invert Beam

(Carbon Steel)

Invert
Imbibition

Emplacement
Pallet (Stainless
Steel and Alloy 22)

Waste Package

Leakage
(Radionuclides Adsorbed
on Colloids)
EBS Radionuclide Release 00318DC_O51e.ai

Department of Energy ® Office of Civilian Radioactive Waste Management
YMAndrews_NWTRB_092004.ppt

mm.do..gw48



E ‘ E ﬁ
8 - ® wWo * W4 mWws 1.E+01 % == ean Seepage Flux
g 1E01 - I A W6 H WO o 1.E+00 ? = = Evaporated Brine Flux
g Z :
z 1 S 1.E-013 L L S 6 e meom i amiom =8
8 1.E-02 1 EE:’ 3 i
s ; > 1.E-027 o
O % @ @ @ ® é = r—l
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2 1E-03 ﬁ 1&g 3§
o . . . . R [l
5 1.6-04 3
1.E-04 + . . . . 1.E-05 ] T T T
0 2000 4000 6000 8000 10000 0 2000 6000 8000 10000
Time, years Time, years
Seepage Compositions Brine Compositions

Time Cl NO3 NO,/Cl Cl NO; NO,/CI

years millimolal millimolal mole ratio molal molal mole ratio

650 0.73t03.3 0.13t00.31 0.07t0 0.42 7.2 5.9 0.81

1500 0.73t0 1.3 0.131t0 0.31 0.10t0 0.42 7.0 4.1 0.59

5200 0.73t0 1.3 0.131t00.31 0.10t0 0.42 3.2 0.58 0.18

9200 0.60t0 3.3 0.04 t0 0.10 0.03t0 0.09 2.7 0.15 0.06

]

Aqueous Chemistry Evolution After the
“Thermal Pulse”
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Information Flow Diagram for the Drip Shield and
Waste Package Degradation Abstraction Models

Waste Package
and Drip Shield
Degradation Model

A Waste Form
Waste Pacl:cage 3 Degradation
Degradation ¥ and Mobilization
- Submodel
Engineered :

Barrier System
Environment

Drip Shield
Degradation EBS Flow
Submodel oy and Transport

~ abqO063G395k.ai
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Integration of Drip Shield Degradation Model

Engineared
Barrier System
Environment

‘ Degradation Y and Mobilizs i
.( ‘) Submodel ~— N

and TSPA Model

Drlnp Shéeld
Degradation Submodel

= Titanium Grade 7 Degradation
— General Corrosion

General Corrosion

Rate

- Topside of Drip Shield 44tk
+ Underside of Drip Shield

EBS Flow Submodel

. = Time of Failure
+ Number of Patch

Breaches/Failed DS

+ Short- and Long-Term
Corrosion Testing

+ Standard Approaches to
Corrosion Modeli

* Materials Science Literature

+ Field Data

Model Confidence Foundation

Waste Package
and Drip Shield
Degradation Model

Nasto - i Wasta Form
okl ABGS Degradation

Drip-Shield
Degradation EBS Flow
Submodel and Transport
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Integration of Waste Package Degradation Model

and TSPA Model

Waste Package
Degradation Submodel
« Alloy 22 Degradation EBS Flow Submodel
- General Corrasion and MIC « Number of Patch
5 2 Coruaca Caaung, Breaches/Failed WP
~ WP Early Failure
EBS Thermal-Hydrologic : * Number of SCC Crack
E 5 é': o ogc ~ Localized Corrosion (LC) Breaches/Failed WP
«Temperature * Number of Early Failed WPs
+Relative Humidity * Number of LC Failed WPs
EBS Chemical Envi nt
Submodaerr S Waste Form Degradation
+Dust Deliguescence and Mobilization
Chemistry * Time of Failure
+Seepage Chemistry + Number of Failed WPs
General Corrosion Rate EBS Transport
Localized Corrosion Rate Submodel
* Time of Failure
Stress Profiles + Short- and Long-Term Corrosion + Number of Patch
Stress Intensity Factor i ;,emm P k :Tm;&"g:“
Profiles Corrosion Modeling .
+ Nuclear Industry Experience Breaches/Failed WP
Closure Weld Defects Data | . paterials Science Literature * Number of Early Failed WPs
* Field Data *+ Number of LC Failed WPs

Model Confidence Foundation

AbU0BICA10q 3l

Waste Package
and Drip Shield
Degradation Model

. - Waste Form

Waste Package Degradation
Degradation and Mobilization

Submodel

Engineerad
Bar ystem
Environment

Drip Shield
Degradation EBS Flow
Submodel and Transport
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Waste Package and Drip Shield
Degradation Process

' a% g,‘;"\‘\l{‘I:D rift [

~ Therma -ﬁydrolody
~ Environment
In-Drift Physical 4 W NP
Chemical Environment

Drip Shield Waste

i Package
Degradation Degradation

o Comprehensive testing of metals and alloys gives indication of
behavior of these materials under anticipated and unanticipated
conditions
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Corrosion Resistance of Alloy 22

3 NO6022 ASW MCA in
/ 10,12,18 m CaCL, + I ‘ l
4000 / . = 0.5 m Ca(NO3), -
| o Boiling 25 < NO,/CL=0.05 1
. g § Green Death Solution " I:l NO,/CL =0.15
> 1l _ | (11.5% H,SO, + 1.2% HCl| — g N =0.
g‘ 3000 @ +1% FeZ)Cl3 + 1% CuCl, P 2 O Dot 0o
PR | 5 § O
o] o i -
‘f_} 2000 — B EEEEEEE R E %
2 ] Sl — 10E o 18] T
o b c J
S0l UM = S NoyeL=005°
— <
O N et
1 © 8 § 0 | B
S5 g8 © : _,_8#”” O
0 Ll l—o0 =222 b b5 B - NO,/CL = 0.15 o 4
Alloys PR YT
- s NO,/CL = 0.5
g L N N
100 120 140 160
Solution Corrosion Rate (um/yr.) Temperature (°C)
NO /CI Total Temperature °C
3 Molality 120 140 160 220
0.05 8.4
0.31 21.2
0.5 6.7
6.7 9.6

* Exposure time: 157 days
# Exposure time: 130 days

[] These Na and K base environments cannot exist
under Yucca Mountain conditions
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Information Flow Diagram for In-package Waste Form
Degradation and Radionuclide Mobilization Models

YMAndrews_NWTRB_092004.ppt

Waste Form
Degradation

and Mobilization

Radionuclide
Inventory

In Package

CSNF Cladding

Degradation

CSNF Matrix
Degradation

pO; pH XCOs | DSNF Matrix

Chemistry

EBS Thermal-
Hydrologic
Environment
Submodel

Degradation

HLW Matrix
Degradation

it
CSNF Waste Form
¥ Rind Water Volume

£
i

W Corrosion Products
Water Volume

HLW Waste Form
Rind Water Volume

Department of Energy ® Office of Civilian Radioactive Waste Management
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pH, |, Pco,

EBS Chemical

pH, |
Colloidal
Radionuclide
Concentration
in Waste Package

Dissolved
Radionuclide
Concentration

in Waste Package

Environment
Submodel

Colloidal
Radionuclide
Concentration
in Invert

@ Dissolved
e Radionuclide
g Concentration
in Invert

EBS Transport
Submodel

e L DDBIGIA K i
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Integration Between In-Package Waste Form Degradation
and Radionuclide Mobilization Model and TSPA Model

Initial Conditions for:
+ Cladding Damage
Time Varyi
Conditions for:

+ Radioisctopic Inventory

Parameter Values:

+ High-Level Waste (HLW) Degradation
Dissolved : e £ !

- Colloidal Radionuclide Concantration
+ Waste Form Rind Water Volume

+ Caolloid Sorption Coefficients (-_r-'

Waste Form Degradation and
Radionculide Mobilization

+ Radioisotope Inventory
+ In Package Chemistry (including Inner

Container Suppoert and Corrosion)

+ Cladding Failure Degradation

+ Commercial Spent Nuclear Fuel
(CSNF) Degradation

+ DOE Spent

Nuclear Fuel (DSNF) Degradation

Limits

EBS Transport Submodel

+ Agueous Radioisotope
Concentration

+ |rreversible Colloid Fraction

+ Reversible Colloid Fraction

~@-

. O Rates of G Tests on CSNF
+ Dissolution Tests on HLW
200 Dasxol Material - Dissolution on DSNF

+ Specific Surface Areas of

= Literature and Data on Cladding Failure
* Calioid Measurements

* Solubility Tests and Literature

. C ison with Lab E

¥
and Man-Made Analog Materials on Chemistry

Model Confidence Foundation
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CSNF Waste Form Degradation Process

at Various Scales

Initially perforated

at time of Splitting after
emplacement perforation and
waste package

failure

Cross-Section
(meter-scale) PWR Fuel Assembly

Radionuclide Inventory
» Gap & grain boundary
» UO: matrix
Transport Pathways

* Advective
* Diffusive >

@ (centimeter-scale)

v Alteration of UO;
CSNF Fuel Pellet Degradation causing splitting
and Radionuclide Mobilization of cladding and

s formation of rind
(millimeter-scale)

Unaltered

Department of Energy ® Office of Civilian Radioactive Waste Management
YMAndrews_NWTRB_092004.ppt

' CSNF Fuel Rod with Cladding

UO; matrix
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Information Flow Diagram for the EBS Flow and
Transport Abstraction

EBS Flow
and Transport

EBS Thermal-
Hydrologic EBS
Environment ; Transport
Submodel Submodel

Drip Shield &
Waste Package
Degradation

EBS Flow
Submod
Drift
Seepage
Submodel TTE Waste Form
o Degradation
and Mobilization

Drift-Wall
Condensation
Submodel

— .
ffxwﬂaﬁa‘ﬁﬁﬁaez??'h_a.

Department of Energy ® Office of Civilian Radioactive Waste Management
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Integration Between EBS Flow Abstraction

Department of Energy ® Office of Civilian Radioactive Waste Management

YMAndrews_NWTRB_092004.ppt

and TSPA Model

Drift Seepage Submodel

- Seepage Flux to EBS

« Eraction of WP that have EBS Flow Submodel
Seepage + One-Dimensional,

- i Quasi-Steady Flow in EBS
g:;tm‘J::l;lCondensaUM e
- Condensation Flux to EBS Package
« Fraction of WP with Dripping + Effects of Drip Shield and

Condensation Waste Package Degradation

EBS Thermal-Hydrologic

Environment Submodel

+ Temperature, Relative
Humidity, Imbibition Flux

Drip Shield and Waste
Package Design

EBS Transport Submodel
» Flow through WP and Invert

Outputs Waste Form Degradation
and Mobilization

+ Thermal and Mechanical Sl traug i

e EBS Q -Scale T
= uarter- e Tests

Drip Shield and Waste - Condensation on Drift Walls

Package Degradation - Flux Through Drip Shield

» Timing, Size, and Location of * Thermal Properties of Crushed Tuff
Patches, and Stress Corrosion
Cracks in the Drip Shield and ) Model Confidence Foundation
Waste Package

Invert Material Properties

+ Hydrologic Properties
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Integration Between EBS Transport Abstraction
and TSPA Models

EBS Transport Submodel

+ One-Dimensional Advective and Diffusive
Transport Through the EBS

- Retardation of Dissolved Species
- Calfoid Transport Included
::‘c‘k:::’"gh " - Liquid Films Always Allow Diffusion
5 ive Fiux From EBS Through WP Stress Corrosion Cracks
Flow Submodel

EBS Thermal-Hydrologic
Environment Submodel

Radionuclide Mass
Released Rate to the

= Temperature and Saturation Unsaturated Zone

in the Invert = Advective and Diffusive
Waste Form Degradation Ivl'::tel Fo:,.‘lm?hzzgh
and Mobilization :

1 ot the Waste Package and

+ Dissolution Rates, Solubility Invert, and Into the

Limits of Radionuclides, and Unsaturated Zone

Caoncentration of Colloids Beneath the Drift
Invert Ir!atarial » Laboratory Data for Diffusivity
Properties of Unsaturated Crushed Tuff

+ Porosity and Diffusion * Process-Level Modeling of
Coefficients in Crushed Tuff EBS Response

Model Confidence Foundation

EBS Mow

and TranSgort

EBS Thermal-
Hydrologic
Environmental
Submodel

Drip Shield &
Waste Package

Degradation E Mass Release

EBS Transport - Rate of RNs

Submodel to UZ
EBS Flow
Submodel

Waste Form
Degradation
and Mobilization
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Radionuclide Transport Process in the Drift

e Engineered barrier system
flow takes into account
thermal hydrology, seepage,
and waste package condition

e Engineered barrier system
L Gy chemistry evaluates water
e g chemistry, flux, and
temperature

e Engineered barrier system
transport takes into account
ability of water to enter waste
packages and movement of
radionuclides with flowing
water and by diffusion in non-
flow conditions

2 \‘.,'1,5%* Department of Energy ® Office of Civilian Radioactive Waste Management WWW.ocrwm.doe.gov
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Information Flow Diagram for Unsaturated Zone
Transport

Mountain-Scale
UZ Flow Model

UZ Transport SZ Flow

Submodel g4 and Transport

EBS Transport
Submodel

abg0063G370e. ai
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Integration Between Unsaturated Zone Transport
and TSPA Model

Unsaturated Zone
Transport Submodel

Three-Dimensional Particle-
Tracking Model

+ Steady-State Water Flow Between
Climate Changes

Dual-Continuum Transport Model
Active Fracture Mode/

Reversible And Irreversible Colloids

Mountain-Scale

UZ Flow Model

* Mountain-Scale Unsaturated
Zone Flow Fields

Waste Package and Drip

Shield Degradation

» Number of Failed
Waste Packages

Waste Form Degradation
and Mobilization

Saturated Zone
Flow and Transport
. + Radionuclide Mass
11ip Flux at Water Table
: + Radionuclide Mass
Release Rate to

- Colloid Size Distribution for Saturated Zons
Irreversible Colloids
+ Laboratory Sorption Experiments
EBS Transport Submodel | -, | o atory Diffusion Experiments
* Radionuclide Mass Release - Hydrochemical Data
Rate to Unsaturated Zone s Cote Data
* Mineralogic Description
* Literature Data
* Colloid Measurements
Model Confidence Foundation

abq0063G407Tg.ai o

Mountain-Scale
UZ Flow Model§
UZ Transport SZ Flow
Submodel and Transport
EBS Transport
Submodel
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Unsaturated Zone Transport Processes

Welded Tuff Units
Dissolved radionuclides
vweea move through fracture flow
Mountain = Radionuclides sorb
onto colloids that

TCw o -

PTn M : move in fracture flow
TSw : i
= d ’ LX)

|=ﬁ> Radionuclides

Topopah Spring
Welded (TSw)

Topopah Spring Topopah
Welded, Vitric (TSw) Spring (TSw)
Basal Vitrophyre
Nonwelded Tuff Units

Dissolved radionuclides diffuse
into matrix pore space.
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Information Flow Diagram for the Saturated Zone
Flow and Transport Model
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Integration Between Saturated Zone Flow and
Transport and TSPA Model

Saturated Zone
Flow and Transport
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= Solute Transport
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* Literature Data
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Conceptualization Saturated Zone Transport
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Saturated Zone Flow and Transport

D01850F Figuie 3.ai

Process model calculates site-
scale flow

Transport is calculated taking
Into account sorption, reversible
and irreversible colloids

Flow and transport includes
climate effects and accounts for
radioactive decay and ingrowth

Output to the biosphere model
gives the amount of annual
radionuclide mass (activity)
crossing compliance boundary
as a function of time
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Information Flow Diagram for the Biosphere Model
Component of TSPA-LA Model and TSPA-LA Model
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Integration of Biosphere Model in TSPA

Biosphere

* Groundwater Exposure Case
= Volcanic Ash Exposure Case

; il
7 m
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Igneous Intrusion Scenario
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Information Flow in Igneous Intrusion
Groundwater Transport Model
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Characteristics (EBS, WP, WF)
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Integration of Igneous Intrusion Groundwater
Transport Model in TSPA

* Expert Elicitation of
Probability

* Temperature of
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Expert Elicited Distributions of an Unlikely Igneous
Dike Intersecting the Repository Footprint
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Volcanic Eruption Scenario
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Flow of Information Within TSPA Volcanic
Eruption Modeling Case
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Integration of Volcanic Eruption
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Modeling Case in TSPA
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Unlikely Volcanic Eruption at Yucca Mountain,
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Seismic Scenario Class
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Information Flow of Seismic Scenario Class in TSPA

Repository Re:
Seismic Hazards (WP, DS, Clad,
Seepage, EBS

Engineerad
Barrier System
Environment

Seismic Damage
to Waste Packages
and Drip Shields

Waste Form Degradation
and Mobilization

Engineered
Barrier System Flow
and Transport

Groundwater Transport
of Radionuclides
Using Nominal Scenario
Class Models

Annual Dose 4 Nominal Scenario Class
Calculation g Biosphere Model

00318DC_020e.ai

Department of Energy ® Office of Civilian Radioactive Waste Management
YMAndrews_NWTRB_092004.ppt

www.ocrwm.doo.gwsz



Integration of Seismic Scenario
Class Model in TSPA

Seismic Scenario Class

« Probability

* Seismic Hazards

+ Damage to WP, DS, and Spent
Fuel Cladding

+ Changes fo Seepage Flux

+ Change to EBS Flow

Seismic Damage Release

* Ground Motion and
Fault Displacement
Hazard Curves
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* Independent Technical Review

+ Conservative Seismic Failure Criteria
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Seismic Scenario Class Model
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flux
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Summary Model Changes for TSPA-LA

Model Component

Principal Change

Climate and Infiltration

Unsaturated Zone Flow

No major change

No major change

Seepage

Additional test data in lower lithophysal unit

Flow focussing factor based on analyses of heterogeneous permeability
Incorporate drift collapse effects for seismic events

Incorporate above boiling vaporization barrier effect

Thermal Hydrology

Include uncertainty in thermal conductivity

Include drift-wall condensation effects

Use full heat up and 1 year of cool down from DST for model validation
Revise based on LA repository footprint

Update hydrologic properties from UZ calibration

Thermal Chemical

Include uncertainty in initial pore water chemistry

Use full heat up and 1 year of cool down from DST for model validation
Update chemical evolution of waters in low saturation blocks nearest drifts
Include uncertainty in in-drift thermal hydrology

Include uncertainty in deliquescent salts in dusts

Remove cementitious materials

Waste Package Corrosion

In-Package Chemistry/Waste Form

Include 5-year weight loss data and temperature dependence

Use localized corrosion initiation model based on T, pH, NO3, Cl and NO,/Cl ratio based on
Ecorr and Ecrit data from crevice corrosion tests

Update stress calculations due to laser peening of outer closure lid and no stress relief for
middle closure lid

Revised weld flaw treatment

Update threshold stress intensity factor

Update in-package chemistry assuming either liquid water or water vapor
Update colloid fractions
Re-evaluate actinide solubility models based on thermodynamic data including uncertainty

Department of Energy ® Office of Civilian Radioactive Waste Management
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Summary of Model Changes for TSPA-LA

(continued)

Model Component

Principal Change

EBS transport

Update model for sorption onto degraded waste package and basket materials and invert

Unsaturated zone transport
Saturated zone transport

Biosphere transport

Update matrix diffusion model in FEHM particle tracker
No major changes

Modify eruptive biosphere dose conversion factor model

Igneous Events

Include uncertainty in in-drift chemistry and percolation flux for intrusive case

Modify distributions of number of waste packages intersected by eruptive and intrusive events
Revise wind distribution used in Ashplume analyses

Incorporate ash redistribution following eruptive event

Revise inhalation dose parameters

Evaluate effect of backfill in aceess mains on magma flow between drifts

Seismic Events

Use range of peak ground velocities and accelerations from low probability initiating events
Include thermal effects following seismic-induced drift collapse

Include mechanical effects of waste package and drip shield damage

Include drift collapse possibility

Include fault displacement damage

YMAndrews_NWTRB_092004.ppt
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Summary

TSPA process, approach, and methodology has been well
established and confirmed through multiple iterations and
external reviews

Model abstractions to support TSPA are based on multiple
lines of evidence (data, process and alternative models,
analogs) and have been through multiple external reviews

TSPA analyses have been used for multiple purposes,
Including gaining risk insights

TSPA results will be used to evaluate compliance with
regulatory requirements
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Post Closure Performance Objectives

o § 63.113 Performance objectives for the geologic repository after
permanent closure.

(a) The geologic repository must include multiple barriers, consisting of both
natural barriers and an engineered barrier system.

(b) The engineered barrier system must be designed so that, working in
combination with natural barriers, radiological exposures to the reasonably
maximally exposed individual are within the limits specified at § 63.311 of
subpart L of this part. Compliance with this paragraph must be demonstrated
through a performance assessment that meets the requirements specified at §
6&%_.114 of this subpart, and 88 63.303, 63.305, 63.312 and 63.342 of Subpart L of
this part.

(c) The engineered barrier system must be designed so that, working in
combination with natural barriers, releases of radionuclides into the
accessible environment are within the limits specified at § 63.331 of subpart L
of this part. Compliance with this paragraph must be demonstrated through a
performance assessment that meets the requirements specified at § 63.114 of
this subpart and 88 63.303, 63.332 and 63.342 of subpart L of this part.

(d) The ability of the geologic repository to limit radiological exposures to the
reasonably maximally exposed individual, in the event of human intrusion into
the engineered barrier system, must be demonstrated through an analysis that
meets the requirements at 88 63.321 and 63.322 of subpart L of this part.
Estimating radiological exposures to the reasonably maximally exposed
individual requires a performance assessment that meets the requirements
specified at § 63.114 of this subpart, and 88 63.303, 63.305, 63.312 and 63.342
of subpart L of this part.

7 Department of Energy s Office of Civilian Radioactive Waste Management wwwoc.wm doe gov
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§ 63.114 Requirements for performance assessment

Any performance assessment used to demonstrate compliance with
§ 63.113 must:

(a) Include data related to the geology, hydrology, and geochemistry (including
disruptive processes and events) of the Yucca Mountain site, and the
surrounding region to the extent necessary, and information on the design
of the engineered barrier system used to define parameters and conceptual
models used in the assessment.

(b) Account for uncertainties and variabilities in parameter values and provide
for the technical basis for parameter ranges, probability distributions, or
bounding values used in the performance assessment.

(c) Consider alternative conceptual models of features and processes that are
consistent with available data and current scientific understanding and
evaluate the effects that alternative conceptual models have on the
performance of the geologic repository.

(d) Consider only events that have at least one chance in 10,000 of occurring
over 10,000 years.

(e) Provide the technical basis for either inclusion or exclusion of specific
features, events, and processes in the performance assessment. Specific
features, events, and processes must be evaluated in detail if the magnitude
and time of the resulting radiological exposures to the reasonably maximally
exposed individual, or radionuclide releases to the accessible environment,
would be significantly changed by their omission.

Department of Energy ® Office of Civilian Radioactive Waste Management
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§ 63.114 Requirements for performance assessment

(continued)

Any performance assessment used to demonstrate compliance with
§ 63.113 must: (continued)

(f) Provide the technical basis for either inclusion or exclusion of degradation,
deterioration, or alteration processes of engineered barriers in the
performance assessment, including those processes that would adversely
affect the performance of natural barriers. Degradation, deterioration, or
alteration processes of engineered barriers must be evaluated in detail if the
magnitude and time of the resulting radiological exposures to the reasonably
maximally exposed individual, or radionuclide releases to the accessible
environment, would be significantly changed by their omission.

(g) Provide the technical basis for models used in the performance assessment
such as comparisons made with outputs of detailed process-level models
and/or empirical observations (e.g., laboratory testing, field investigations, and
natural analogs).

4 \ Department of Energy ® Office of Civilian Radioactive Waste Management
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§ 63.115 Requirements for multiple barriers

Demonstration of compliance with § 63.113(a) must:

(a) Identify those design features of the engineered barrier system, and natural

features of the geologic setting, that are considered barriers important to
waste isolation.

(b) Describe the capability of barriers, identified as important to waste isolation,
to isolate waste, taking into account uncertainties in characterizing and
modeling the behavior of the barriers.

(c) Provide the technical basis for the description of the capability of barriers,
identified as important to waste isolation, to isolate waste. The technical
basis for each barrier’s capability shall be based on and consistent with the
technical basis for the performance assessments used to demonstrate
compliance with § 63.113(b) and (c).

Y¥.; Department of Energy  Office of Civilian Radioactive Waste Management www.ocrwm.doe.gov
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§ 63.303 Implementation of Subpart L

DOE must demonstrate that there is a reasonable expectation of
compliance with this subpart before a license may be issued. In
the case of the specific numerical requirements in § 63.311 of this
subpart, and if performance assessment is used to demonstrate
compliance with the specific numerical requirements in §8863.321
and 63.331 of this subpart, compliance is based upon the mean of
the distribution of projected doses of DOE’s performance
assessments which project the performance of the Yucca
Mountain disposal system for 10,000 years after disposal.




§ 63.304 Reasonable Expectation

e Reasonable expectation means that the Commission is satisfied
that compliance will be achieved based upon the full record before
It. Characteristics of reasonable expectation include that it:

(1) Requires less than absolute proof because absolute proofis impossible to
attain for disposal due to the uncertainty of projecting long-term performance;

(2) Accounts for the inherently greater uncertainties in making long-term
projections of the performance of the Yucca Mountain disposal system;

(3) Does not exclude important parameters from assessments and analyses
simply because they are difficult to precisely quantify to a high degree of
confidence; and

(4) Focuses performance assessments and analyses on the full range of
defensible and reasonable parameter distributions rather than only upon
extreme physical situations and parameter values.




§ 63.305 Required Characteristics of the Reference
Biosphere

(a) Features, events, and processes that describe the reference biosphere must
be consistent with present knowledge of the conditions in the region
surrounding the Yucca Mountain site

(b) DOE should not project changes in society, the biosphere (other than climate),
human biology, or increases or decreases of human knowledge or technology.
In all analyses done to demonstrate compliance with this part, DOE must
assume that all of those factors remain constant as they are at the time of
submission of the license application.

(c) DOE must vary factors related to the geology, hydrology, and climate based
upon cautious, but reasonable assumptions consistent with present
knowledge of factors that could affect the Yucca Mountain disposal system
over the next 10,000 years

(d) Biosphere pathways must be consistent with arid or semi-arid conditions

Y¥.; Department of Energy  Office of Civilian Radioactive Waste Management www.ocrwm.doe.gov
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8 63.311 Individual Protection Standard after
Permanent Closure

DOE must demonstrate, using performance assessment, that there
IS areasonable expectation that, for 10,000 years following
disposal, the reasonably maximally exposed individual receives no
more than an annual dose of 0.15 mSv (15 mrem) from releases
from the undisturbed Yucca Mountain disposal system. DOE’s
analysis must include all potential pathways of radionuclide
transport and exposure.

E Department of Energy ® Office of Civilian Radioactive Waste Management www.ocrwm.doe.gov
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§ 63.312 Required Characteristics of the Reasonably
Maximally Exposed Individual

The reasonably maximally exposed individual is a hypothetical person
who meets the following criteria:

(a) Lives in the accessible environment above the highest concentration
of radionuclides in the plume of contamination;

(b) Has a diet and living style representative of the people who now
reside in the Town of Amargosa Valley, Nevada. DOE must use
projections based upon surveys of the people residing in the Town of
Amargosa Valley, Nevada, to determine their current diets and living
styles and use the mean values of these factors in the assessments
conducted for 88 63.311 and 63.321;

(c) Uses well water with average concentrations of radionuclides based
on an annual water demand of 3000 acre-feet;

(d) Drinks 2 liters of water per day from wells drilled into the ground
water at the location specified in paragraph (a) of this section; and

(e) Is an adult with metabolic and physiological considerations
consistent with present knowledge of adults.




§ 63.331 Separate Standards for Protection
of Ground Water

DOE must demonstrate that there is a reasonable expectation that,

for 10,000 years of undisturbed performance after disposal,
releases of radionuclides from waste in the Yucca Mountain
disposal system into the accessible environment will not cause the
level of radioactivity in the representative volume of ground water
to exceed the limits in the following

Table 1: — LIMITS ON RADIONUCLIDES IN THE REPRESENTATIVE VOLUME

Combined beta and photon emitting
radionuclides

or any organ, based on drinking 2 liters of water
per day from the representative volume.

Radionuclide or type of radiation emitted Limit Is natural background included?
Combined radium-226 and radium-228 5 picocuries per liter Yes
Gross alpha activity (including radium-226 | 5 picocuries per liter Yes
but excluding radon and uranium).
0.04 mSv (4 mrem) per year to the whole body No

YMAndrews_NWTRB_092004.ppt
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§ 63.332 Representative Volume

(a) The representative volume is the volume of ground water that would be
withdrawn annually from an aquifer containing less than 10,000 milligrams of
total dissolved solids per liter of water to supply a given water demand. DOE
must project the concentration of radionuclides released from the Yucca
Mountain disposal system that will be in the representative volume.

DOE must use the projected concentrations to demonstrate a reasonable
expectation that the Yucca Mountain disposal system complies with § 63.331.
The DOE must make the following assumptions concerning the representative
volume:

¢+ (1) Itincludes the highest concentration level in the plume of contamination in the
accessible environment;

+ (2) Its position and dimensions in the aquifer are determined using average
hydrologic characteristics which have cautious, but reasonable, values
representative of the aquifers along the radionuclide migration path from the
Yucca Mountain repository to the accessible environment as determined by site
characterization; and

¢+ (3) It contains 3,000 acre-feet of water
(about 3,714,450,000 liters or 977,486,000 gallons).

4 A" Department of Energy ® Office of Civilian Radioactive Waste Management
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8 63.341 Projections of Peak Dose

To complement the results of § 63.311, DOE must calculate the
peak dose of the reasonably maximally exposed individual that
would occur after 10,000 years following disposal but within the
period of geologic stability. No regulatory standard applies to the
results of this analysis; however, DOE must include the results and
their bases in the environmental impact statement for Yucca

Mountain as an indicator of long-term disposal system
performance.
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§ 63.342 Limits on Performance Assessments

e DOE’s performance assessments should not include consideration
of very unlikely features, events, or processes, i.e., those that are
estimated to have less than one chance in 10,000 of occurring
within 10,000 years of disposal. Unlikely features, events, and
processes, or sequences of events and processes shall be
excluded from the assessments for the human intrusion and
ground water protection standards upon prior Commission
approval for the probability limit used for unlikely features, events,
and processes. In addition, DOE’s performance assessments need
not evaluate the impacts resulting from any features, events, and
processes or sequences of events and processes with a higher
chance of occurrence if the results of the performance
assessments would not be changed significantly.
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