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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor any of their employees, nor any of their contractors,
subcontractors or their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or any third party’s use or the results of such use of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.
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DRAFT DISCLAIMER

This contractor document was prepared for the U.S. Department of Energy (DOE), but
has not undergone programmatic, policy, or publication review, and is provided for
information only. The document provides preliminary information that may change
based on new information or analysis, and is not intended for publication or wide
distribution; it is a lower level contractor document that may or may not directly
contribute to a published DOE report. Although this document has undergone technical
reviews at the contractor organization, it has not undergone a DOE policy review.
Therefore, the views and opinions of authors expressed do not necessarily state or reflect
those of the DOE. However, in the interest of the rapid transfer of information, we are

providing this document for your information, per your request.
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ACRONYMS
ARF airborne release fraction
BWR boiling water reactor
CDE committed dose equivalent
CEDE committed effective dose equivalent
CI/FA curies per fuel assembly
CR cladding release fraction
CSNF commercial spent nuclear fuel
DCF dose conversion factor
DDE deep-dose equivalent
DEP deposition factor
DF damage fraction
DOE U.S. Department of Energy
DSNF DOE spent nuclear fuel
EDE effective dose equivalent
HEPA high efficiency particulate air
LDE lens dose equivalent
NRC U.S. Nuclear Regulatory Commission
PWR pressurized water reactor
RF respirable fraction
SDE skin dose equivalent
SNF spent nuclear fuel
TEDE total effective dose equivalent
WHB Waste Handling Building
YMP Yucca Mountain Site Characterization Project
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8. CONSEQUENCE ANALYSIS

8.1 INTRODUCTION

The consequence analysis demonstrates that the preclosure performance objectives for the
repository operations area, specified in 10 CFR 63.111, have been met. Dose criteria specified in
10 CFR Part 63 and 10 CFR Part 20 (Table 8-1) specify the offsite and worker dose limits during
normal operations and for Category 1 event sequences, and the offsite dose limits for Category 2
event sequences.

In this section, the methodology for calculating offsite doses for Category 1 and Category 2
event sequences and for calculating worker doses for Category 1 event sequences is presented.
Because the regulatory limit for Category 2 event sequences is a total effective dose equivalent
(TEDE) of 5 rem per event (10 CFR 63.111), the doses due to Category 2 event sequences are
calculated on a per event basis. The regulatory limit for Category 1 event sequences is an annual
TEDE of 15 mrem per year (10 CFR 63.111). Therefore, all Category 1 event sequence doses
are calculated on a per year basis. It should be noted that the data presented in Section 8 is
preliminary in nature and should not be interpreted as the final data to be used in the final design.

Four dose measures applicable to Category 1 and Category 2 event sequences include:

e The TEDE-For purposes of assessing doses to workers, the TEDE is equal to the sum
of the deep-dose equivalent (DDE) (for external exposures) and the committed effective
dose equivalent (CEDE) (for internal exposures) (10 CFR 63.2). For purposes of
assessing doses to members of the public, the TEDE is equal to the sum of the effective
dose equivalent (EDE) (for external exposures) and the CEDE (10 CFR 63.2). The
CEDE is calculated using the effective inhalation dose conversion factor (DCF). The
EDE is calculated using the effective air submersion DCF. For normal operations and
Category 1 event sequences, the TEDE also includes ingestion and groundshine doses in
addition to inhalation and submersion doses. In assessing compliance with the
individual radiation protection standard, the DDE is replaced by the EDE per the
U.S. Nuclear Regulatory Commission (NRC) guidance on the use of the DDE and EDE
for external exposure (66 FR 55732).

o The Highest of the Committed Dose Equivalents (CDEs) plus the DDE -The organs
evaluated to determine the highest CDEs are the lungs, breasts, gonads, red marrow,
bone surface, thyroid, and remainder. The remainder is not an organ, but rather a
weighted combination of the five remaining organs or tissues (e.g., liver, kidneys,
spleen, and brain, but excluding skin, lens of the eye, and the extremities) receiving the
highest doses (Eckerman et al. 1988). The DDE, which is added to the highest CDE, is
equal to that used to calculate the TEDE. In assessing compliance with the individual
radiation protection standard, the DDE is replaced by the EDE per the NRC guidance on
the use of the DDE and EDE for external exposure (66 FR 55732).

e Lens of the Eye—In Federal Guidance Report 11 (Eckerman et al. 1988), only one lens

of the eye DCF (i.e., Kr-83m) can be found. The lens dose equivalents (LDEs) are not
calculated using the lens of the eye DCFs, as the lens of the eye DCFs given in Federal
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Guidance Report 11 (Eckerman et al. 1988) are incomplete. However, in NUREG-1567
(NRC 2000), it is stated that compliance with the lens of the eye dose limit is achieved if
the sum of the skin dose equivalent (SDE) and the TEDE does not exceed 15 rem.

¢ Skin and Extremities~The dose to the skin and extremities is only due to the air
submersion pathway. SDEs are calculated using the DCFs for air submersion in Federal
Guidance Report 12 (Eckerman and Ryman 1993).

Table 8-1. Dose Criteria for Category 1 and Category 2 Event Sequences

Event Dose Criteria
Sequence Type Dose Type Worker® Offsite®
Category 1 1. Annual TEDE during normal operations and for - 15 mrem/yr
Category 1 event sequences;
2. Aggregate TEDE for Category 1 event
sequences
Category 1 TEDE 5 remfyr 100 mrem/yr
Category 1 CDE + DDE 50 rem/yr —
Category 1 Lens of the Eye 15 rem/fyr -
Category 1 Skin & Extremities 50 rem/yr —
Category 1 External Dose: Highest of DDE, Skin Dose, or — 2 mrem/hr
Dose to Lens of the Eye
Category 2 TEDE — 5 rem/event
Category 2 CDE + DDE -— 50 rem/event
Category 2 Lens of the Eye —- 15 rem/event
Category 2 Skin & Extremities — 50 rem/event

#10 CFR 20.1201
® 10 CFR 20.1301, 10 CFR 63.111, and 10 CFR 63.204

8.2 EXAMPLES OF SOURCE TERMS
8.2.1 Source Terms for Commercial Spent Nuclear Fuel and Crud

Commercial Spent Nuclear Fuel (CSNF)-Examples of average and maximum source terms for
pressurized water reactor (PWR) and boiling water reactor (BWR) CSNF can be found in PWR
Source Term Generation and Evaluation (CRWMS M&O 1999a) and BWR Source Term
Generation and Evaluation (CRWMS M&O 1999b). Future revisions to these documents
should be referenced as needed.

The SAS2H sequence in SCALE V4.3 (CRWMS M&O 1997) was used to calculate the PWR
and BWR source terms (CRWMS M&O 1999a and 1999b) for selected fuel assemblies as a
function of assembly average burnup and cooling time. The prime functional module of the
SAS2H code sequence utilized is the ORIGEN-S code. This code performs a point depletion and
decay calculation of a selected fuel type with user-specified irradiation conditions and decay

times. The resulting source terms are then extracted from the SAS2H output and used as input to
consequence analysis.
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For preclosure consequence analysis, source terms for PWR and BWR spent fuel assemblies
with four different combinations of initial enrichment, burnup, and decay time should be
considered:

Assembly Percent GWd/MTU Years
Average PWR 4.0 48 25
Maximum PWR 5.0 75 5
Average BWR 3.5 40 25
Maximum BWR 5.0 75 5

Example of Source Term Usage—Average PWR fuel was selected for consequence analysis of
all Category 1 event sequences because it was found to result in a higher offsite dose
consequence as compared to average BWR fuel (BSC 2001). This result is generally attributed
to a higher enrichment, burnup, and concentration of long-lived radionuclides in PWR fuel.

For Category 2 event sequences, either the maximum PWR fuel or the maximum BWR fuel was
used to calculate maximum doses, depending on which source term results in the highest dose.
For events occurring in spent fuel pools, maximum PWR fuel results in the largest offsite dose
due to the larger inventory of radioactive gases compared to maximum BWR fuel (BSC 2001).
For events involving particulate releases in a dry environment (e.g., hot cell), however,
maximum BWR fuel results in a larger offsite dose than maximum PWR fuel because of the
increased crud inventory (BSC 2001). For Category 2 event sequences, mean doses should also
be calculated using the average PWR or average BWR fuel. These mean doses will be compared
with the regulatory dose limits given in Table 8-1.

Radionuclide inventories in curies per fuel assembly (Ci/FA) for each nuclide and fuel type
evaluated are presented in Table 8-2. These radionuclide inventories were used in site
recommendation public and worker dose calculations, and they may be revised later for license
application.

Table 8-2. Example of Pressurized Water Reactor (PWR) and Boiling Water Reactor (BWR)
Spent Nuclear Fuel (SNF) Radionuclide Inventories

Average PWR | Maximum PWR | Average BWR Maximum BWR
Nuclide (CilFA) (CilFA) (CilFA) (CilFA)
Ac-227 1.61E-05 0.00E+00 0.00E+00 0.00E+00
Am-241 1.98E+03 8.71E+02 5.58E+02 2.66E+02
Am-242m 6.39E+00 1.02E+01 2.17E+00 3.40E+00
Am-243 2.20E+01 5.22E+01 5.35E+00 1.93E+01
C-14 3.32E-01 4.89E-01 1.75E-01 3.16E-01
Cd-113m 7.66E+00 3.82E+01 2.26E+00 1.39E+01
Cl-36 6.80E-03 9.69E-03 2.93E-03 4.99E-03
Cm-242 5.27E+00 3.43E+01 1.79E+00 1.13E+01
Cm-243 1.03E+01 3.83E+01 2.48E+00 1.12E+01
Cm-244 1.36E+03 1.12E+04 2.56E+02 3.95E+03
Cm-245 3.07E-01 1.41E+00 4.04E-02 3.54E-01
Cm-246 1.04E-01 8.38E-01 1.45E-02 2.97E-01
Co-60 3.13E+02 5.66E+03 4. 40E+01 8.56E+02
TDR-MGR-RL-000002 REV 00 8-3 February 2002
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Table 8-2.  Example of Pressurized Water Reactor and Boiling Water Reactor Spent
Nuclear Fuel Radionuclide Inventories (Continued)
Nuclide Average PWR | Maximum PWR | Average BWR Maximum BWR
(CilFA) (CilFA) (Ci/FA) (CilFA)
Cs-134 2.52E+01 3.72E+04 6.32E+00 1.16E+04
Cs-135 3.50E-01 5.99E-01 1.39E-01 2.82E-01
Eu-155 5.16E+01 1.68E+03 1.64E+01 6.37E+02
Fe-55 3.47E+00 6.84E+02 1.09E+00 2.35E+02
| H-3 1.14E+02 4. 72E+02 3.95E+01 1.76E+02
1-129 2.20E-02 3.38E-02 7.43E-03 1.36E-02
Kr-85 1.13E+03 5.63E+03 3.81E+02 2.03E+03
Nb-93m 1.30E+01 4.54E+01 4.74E-01 1.22E+00
Nb-94 8.39E-01 1.27E+00 1.87E-02 3.39E-02
Ni-59 2.09E+00 2.78E+00 5.03E-01 7.80E-01
Ni-83 2.52E+02 4.16E+02 5.87E+01 1.16E+02
Np-237 2.47E-01 3.85E-01 6.89E-02 1.33E-01
Pa-231 2.97E-05 4.25E-05 1.39E-05 2.94E-05
Pb-210 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Pd-107 8.41E-02 1.45E-01 2.65E-02 5.70E-02
Pm-147 1.19E+02 2.34E+04 3.98E+01 7.46E+03
Pu-238 2.29E+03 6.16E+03 5.85E+02 2.11E+03
Pu-239 1.77E+02 1.85E+02 5.35E+01 5.36E+01
Pu-240 3.18E+02 3.90E+02 1.14E+02 1.48E+02
Pu-241 2.47TE+04 7.91E+04 6.78E+03 2.25E+04
Pu-242 1.64E+00 3.01E+00 5.09E-01 1.26E+00
Ra-226 0.00E+00 0.00E+00 0.00E+0Q0 0.00E+00
Ra-228 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Ru-106 1.23E-02 1.27E+04 3.00E-03 3.29E+03
Sb-125 9.71E+00 2.05E+03 2.89E+00 6.21E+02
Se-79 4.57E-02 6.95E-02 1.59E-02 2.89E-02
Sm-147 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Sm-151 2.11E+02 3.13E+02 5.39E+01 8.22E+01
Sn-126 3.85E-01 6.28E-01 1.27E-01 2.52E-01
Sr-90 2.72E+04 6.30E+04 - 9.54E+03 2.52E+04
Tc-99 8.99E+00 1.28E+01 3.20E+00 5.35E+00
Th-229 0.00E+00 0.00E+00 0.00E+Q0 0.00E+00
Th-230 1.48E-04 3.56E-05 6.09E-05 2.05E-05
Th-232 0.00E+00 0.00E+00 0.00E+00 0.00E+00
U-232 2.05E-02 5.31E-02 4.64E-03 2.00E-02
U-233 4.07E-05 2.42E-05 1.14E-05 0.00E+00
U-234 6.77E-01 5.46E-01 2.49E-01 2.26E-01
U-235 7.36E-03 4.15E-03 2.62E-03 9.40E-04
U-236 1.72E-01 2.24E-01 6.26E-02 9.55E-02
U-238 1.48E-01 1.43E-01 6.32E-02 6.07E-02
Zr-93 8.94E-01 1.33E+00 3.38E-01 6.03E-01

Source: CRWMS M&0O 1999a; CRWMS M&O 1999b.
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Crud-Crud is a corrosion product that has been found on the exterior surface of spent nuclear
fuel (SNF) assemblies due to irradiation and imperfect water chemistry control in the reactor
coolant system. Crud can be released to the environment during an accident involving CSNF at
the potential repository.

After decaying for five years, the nuclide species that have significant activity in the crud are
Fe-55 and Co-60. Crud activities used for the average and maximum PWR and BWR assemblies
can be based on values recommended in Commercial SNF Accident Release Fractions
(CRWMS M&O 1999c¢). Future revisions to this document should be referenced as appropriate.

CSNF fuel assemblies have the following initial crud activities at the time of discharge from the
reactor:

Radionuclide PWR (uCilcm?) BWR (1Cifcm?)
Co-60 140 1254
Fe-55 5002 7415

These crud activities are bounding estimates based on analysis in Commercial SNF Accident
Release Fractions (CRWMS M&O 1999c¢).

The crud surface activity for a given assembly is a function of time after discharge from the
reactor. The time-dependent crud surface activity is based on the radioactive decay equation
given in CRWMS M&O 1999a, Section 5.6. The radioactive decay equation is: N(t) = N(0) exp
(-t x 1n 2/ t12), where N(t) is the crud activity at time t, N(0) is the crud activity at time 0, tiis
the radionuclide half-life in years, and t is the decay time in years.

The crud source term (Ci/FA) released to the environment, on a per assembly basis, is calculated
as follows:

ST,

crud

=SA_,4 % Agpy X CONV (Eq. 8-1)
where

ST. . = Crud source term (Ci/FA)

crud

SA_., = Crud surface activity (uCi/em’)
Ay, = Surface area per assembly (cm?/FA)
conv = Conversion factor (1 0 Ci/uCi)

CSNF fuel assemblies have the following surface areas, A, :

PWR = 449,003 cm’/assembly
BWR = 168,148 cm?/assembly

These surface areas are bounding estimates based on the assemblies with the highest known

surface areas, a South Texas PWR assembly (CRWMS M&O 1999a) and an ANF 9x9 JP-4
BWR assembly (CRWMS M&O 1999b).
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Crud source terms for Category 1 event sequences were based on average PWR fuel with a

25-year decay time (BSC 2001). An example of crud source term calculations is given in
Table 8-3.

Table 8-3. Example of Category 1 Crud Source Term Calculations

Fe-55 Included In Crud Calculation. (Y/N): Y

Crud Decay Time (years): 25

Fe-55 PWR Surface Activity (uCifcm?) = 10.3°
Fe-55 BWR Surface Activity (uCilcm?) = 13.0°
Co-60 PWR Surface Activity (uCifcm?) = 2.6°
Co-60 BWR Surface Activity (uCilem?) = 23.4°
Bounding PWR Surface Area (cmz) = 449,003
Bounding BWR Surface Area (cm?) = 168,148
Co-60 Half Life 5.271 yrs
Conversion factor (Bq per uCi) = 3.70E+04
Conversion factor (rem per Sv) = 100

Crud Source (CifFA)
Fe-55 PWR 4.60E+00
Fe-55 BWR 2.20E+00
Co-60 PWR 1.20E+00
Co-60 BWR 3.90E+00

? Values are corrected for half-life and average surface activity
if there is more than one FA.

8.2.2  Source Terms for U.S. Department of Energy Spent Nuclear Fuel

The US. Department of Energy (DOE) SNF  isotopic  compositions,
(DTN: MO0001SPADBE00.001) currently provided by the National Spent Nuclear Fuel
Program for over 250 fuel types, are given in terms of the entire fuel inventories scheduled to be
disposed of at the proposed repository. For example, if a fuel inventory were made up of
400 canisters, the isotopic data provided would be for all 400 canisters. Since the entire
inventory of a given fuel type would not be involved in a potential canister breach event, a
scaling factor should be used to adjust the total isotopic inventory to the amount involved in the
event. The use of a scaling factor results in an average source term.

The National Spent Nuclear Fuel Program is developing average and bounding source terms for
over 250 DOE fuel types using a template methodology (INEEL 2000). The bases for the
template methodology are templates consisting of radionuclide inventories that have been
precalculated using validated calculational methodologies for specific reactor types, fuel types,
burnups, and decay times. The templates are first segregated by reactor and fuel type, which
includes reactor moderator type, fuel cladding, fuel enrichment, and the fuel's beginning-of-life

TDR-MGR-RL-~000002 REV 00 8-6 February 2002



Preclosure Safety Analysis Guide

heavy metal constituents. For each reactor and fuel type, a family of templates may be
developed by parametrically varying burnup and decay times. Each template will be based on a
depletion calculation with a given set of input conditions and assumptions that can be
conservatively mapped to a fuel’s reactor moderator type, fuel type, burnup value, and decay
time. After choosing an appropriate template based on reactor and fuel type, one selects the
specific template that bounds the burnup and decay time. The template radionuclides are then
scaled to account for the fuel's mass and, if necessary, its burnup, in order to conservatively
estimate the radionuclide inventories for the fuel.

8.2.3 Source Terms for Vitrified High-Level Radioactive Waste

Post-irradiated isotopic concentrations for high-level radioactive waste forms from the Savannah
River Site, Hanford, West Valley, and Idaho National Engineering and Environmental
Laboratory are presented in Table 8-4. The isotopic concentrations in Table 8-4 were provided
by the waste generators and documented in several topical reports. These data were used in site
recommendation public and worker dose calculations, and they may be revised later for license
application if the designs change. The methodology for calculating the HLW isotopic

concentrations will not be discussed in this section.
82.4 Source Terms for Plutonium Disposition Waste Form

The DOE plutonium disposition waste form program is currently on-hold and there is no
decision regarding the final disposition of a small amount of plutonium that cannot be made into
mixed oxide reactor fuel. Therefore, no source terms or dose calculations will be discussed in
this section.

8.3 CATEGORY 1 OFFSITE DOSES
83.1 GENII-S Dose Calculation Methodology

The annual doses to a hypothetical subsistence farmer at the site boundary due to Category 1
event sequences and normal operational releases are calculated using the GENII-S (Leigh et al.
1993) dose calculation methodology described in BSC (2001, Attachment IV). Offsite public
dose calculations for Category 1 event sequences consider all of the potential exposure pathways,
including inhalation, ingestion, submersion, and groundshine.
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Table 8-4. Example of High-Level Radioactive Waste Activity (Curies Per Canister)

Source: CRWMS M&O 1899d, Attachment VI. The most recent revision to this calculation should be referenced.

Isotope SRS Hanford West Valley INEEL
Ac-227 0.00E+00 0.00E+00 9.07E-03 0.00E+00
Am-241 2.28E+01 5.72E+02 2.10E+02 2.61E+00 —
Am-242m 0.00E+00 0.00E+00 1.23E+00 0.00E+00
Am-243 0.00E+00 0.00E+00 1.36E+00 0.00E+00
Cd-113m 0.00E+00 1.18E+01 6.75E+00 0.00E+00 —
Ce-144 1.16E+02 3.50E+02 0.00E+00 1.23E+02
Cm-243 0.00E+00 0.00E+00 4.67E-01 0.00E+00
Cm-244 8.89E+01 1.03E+01 2.48E+01 5.48E-01 —
Co-60 8.80E+01 0.00E+00 1.67E+00 0.00E+00
Eu-154 4.14E+02 2.24E+02 2.51E+02 1.54E+02
Eu-155 2.40E+02 0.00E+00 0.00E+00 0.00E+00 —
Np-237 0.00E+00 2.00E-01 9.22E-02 0.00E+00
Pa-231 0.00E+00 0.00E+00 5.97E-02 0.00E+00
Pm-147 6.46E+03 1.06E+04 0.00E+00 4.09E+03 -
Pu-238 1.43E+03 7.40E-01 3.14E+01 8.60E+01
Pu-239 1.29E+01 1.41E+00 6.38E+00 8.92E-01
Pu-240 8.70E+00 5.46E-01 4.67E+00 8.27E-01 —
Pu-241 1.32E+03 2.03E+01 2.50E+02 1.61E+02
Th-228 0.00E+00 0.00E+00 3.43E-02 0.00E+00
U-232 0.00E+00 0.00E+00 2.68E-02 0.00E+00 -
1-129 0.00E+00 1.63E-05 0.00E+00 0.00E+00
Cs-134 6.28E+01 2.23E+02 3.78E+00 7.85E+02
Cs-137 3.87E+04 4.54E+04 2.52E+04 1 48E+04 -
Ru-106 7.40E+01 1.64E+02 1.82E-03 4.07E+01
Sr-90 4.28E+04 3.82E+04 2.41E+04 1.52E+04
Y-90 4.28E+04 3.82E+04 2.41E+04 1.52E+04 -

NOTE: SRS = Savannah River Site; INEEL = Idaho National Engineering and Environmental Laboratory.

The total Category 1 annual dose is based on contributions from three sources: Category 1 event
sequences, normal operational (routine) releases from the Waste Handling Building (WHB), and

normal operational releases from the subsurface repository. The total Category 1 annual dose
(mrem/yr) is generally described by the following equation:

10T _ yDBEs WHB Sub
DCal.l - DCat.l + DNO + DNO

(Eq. 8-2)

where

D,y = Annual dose due to all Category 1 event releases (mrem/yr)

D" = Annual dose due to normal operational releases from the WHB (mrem/yr)
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DS = Annual dose due to normal operational releases from the subsurface repository
(mrem/yr)

DR DI and vaz,” are calculated using GENII-S. The radiological release (Ci/yr) estimates

for each of these three components are used as input to GENII-S dose calculations. The annual

releases due to normal operations in the WHB and normal operations in the subsurface repository

have been obtained from CRWMS M&O (2000a and 2000b). Current references for annual

releases should be used as appropriate. The annual release due to all Category 1 event sequences
is calculated using the following equation:

R =R . (Eq. 8-3)
f=1
where
i = Index for a given Catégory 1 event sequence (i= 1, 2,...n)
n = Total number of Category 1 event sequences
RPPE = Radiological release due to event sequence i (Ci/event)
f, = Frequency of event sequence i (events/yr)

To show compliance with 10 CFR 63.111, the calculated annualized (aggregate) dose, DR, is
compared with the regulatory dose limit of 15 mrem per year. In addition, the calculated TEDE
due to each Category 1 event sequence and a combination of Category 1 event sequences that
can occur in one single year are also compared with the regulatory dose limit of 15 mrem per
year.

The external doses calculated using the GENII-S semi-infinite or finite plume model will be used
to estimate the dose rates due to external exposures. The calculated dose rates will be compared
with the 2 mrem per hour dose rate limit given in Table 8-1.

8.3.2 Dose Conversion Factors

For Category 1 dose assessment, inhalation DCFs are derived by the GENII-S code based on the

dosimetric methodology from International Commission on Radiological Protection Publication
30 (ICRP 1979).

External DCFs for air submersion, water surface, soil surface, deep soil, and buried waste, used
by GENII-S to calculate doses for Category 1 event sequences, are taken from input file
GRDF.15 (BSC 2001, Attachment IV, Figure 3). This file is a modification to the original
GENII-S input file GRDF.DAT, and incorporates the latest data from Federal Guidance Report
No. 12 (Eckerman and Ryman 1993) and DTN: MO9912RIB00066.000.

Internal and external DCFs used in GENII-S were evaluated in Dose Conversion Factor
Analysis: Evaluation of GENII-S Dose Assessment Methods (CRWMS M&O 1999%¢). This
analysis found that, as compared to Federal Guidance Report No. 11 (Eckerman et al. 1988),
GENIIL-S overestimates internal doses from some radionuclides and underestimates internal
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doses from others, but concluded that the differences are acceptable considering the level of
uncertainties inherent in the dose assessment process.

8.3.3 Atmospheric Dispersion Factors

Atmospheric dispersion factors are taken from Calculations of Acute and Chronic “Chi/Q”
Dispersion Estimates for a Surface Release (CRWMS M&O 1999f). Normal operational
releases are modeled as chronic releases while Category 1 event releases are modeled as acute
releases. The acute exposure x/Q is based on a 2-hr exposure at the Exclusion Area Boundary
(Regulatory Guide 1.145), which corresponds to the site boundary for the purpose of
consequence analysis. The chronic exposure is based on the annual average, best-estimate
exposure at the site boundary, in accordance with Regulatory Guide 1.111. Stack releases are
not assumed in either the acute or chronic exposures.

The 50 percent acute /Q and chronic %/Q are evaluated at either 8 km for subsurface releases or
11 km for surface releases. These distances should be reviewed and modified as necessary for
the design used in license application.

A site boundary distance of 11-km should be used to calculate doses due to radiological releases
from the WHB. This distance corresponds to the distance from the WHB ventilation exhaust
shaft to the nearest point on the proposed Yucca Mountain Site Characterization Project (YMP)
Withdrawal Area boundary (to the West) (DTN: MO0001YMP00001.000), which is the closest
point that any member of the public could be standing or living at the time of a postulated
radiological release. It is assumed that no persons will be allowed to live within the YMP
Withdrawal Area and that administrative controls will be in place to evacuate any members of
the public that could potentially be located within the YMP Withdrawal Area but outside of the
Preclosure Controlled Area Boundary following an event sequence.

A site boundary distance of 8-km should be used to calculate potential doses due to radiological
releases from the subsurface repository. This distance corresponds to the approximate distance
between the potential repository and the nearest point of public access on the proposed
YMP Withdrawal Area boundary (to the West) (DTN: MO0001YMP00001.000).

Atmospheric dispersion factors of 2.98 x 107 sec/m> and 1.99 x 107 sec/m> have been used to

calculate offsite doses at 8 km and 11 km, respectively, due to chronic (normal operational)
releases.

Atmospheric dispersion factors may be revised later for license application if the decision to use
more recent meteorological data (up to 2001) is made. Most recent atmospheric dispersion data
should be used in dose calculations for license application.

8.3.4 Breathing Rate
A breathing rate of 2.662 x 10™* m’/s (266.2 cm?/s) is used by GENII-S to calculate Category 1

doses. This breathing rate is the GENII-S input parameter for reasonable representation cases
(BSC 2001, Attachment IV, Figure 2).
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8.3.5 Category 1 Event Sequences

The Category 1 dose assessment includes contributions from three sources:
e Routine radiological releases from the surface facilities
o Routine radiological releases from the subsurface facility

e Category 1 event sequences — event sequences expected to occur one or more times
before permanent closure (i.e., frequency > 1072 per year).

The total annual release from annual surface and subsurface routine releases (Ci/yr) and
annualized releases from Category 1 event sequences should be calculated. The total annual
release is then input to the offsite dose calculation performed using the GENII-S code
(BSC 2001, Attachment IV).

8.3.6 Uncertainty in Consequence Analysis

Consequence analysis performed for normal operational releases and Category 1 event sequences
will use either average or best-estimate input parameter values. The reasons for using average or
best-estimate values are normal operations and Category 1 event sequences are expected to occur
several times a year and aggregate doses are calculated for a combination of Category 1 event
sequences that could occur in one single year. Therefore, each consequence analysis input
parameter should be an average value that represents a waste form with different burnup values,
a range of waste form damage conditions, or a range of weather conditions over one year period.
For example, average source terms, annual average, best-estimate atmospheric dispersion factors,
best-estimate release fractions, and best-estimate annual food consumption rates for a real
member of the public will be used for Category 1 event sequences. Uncertainty analysis will not
be performed for normal operational releases and Category 1 event sequences.

8.3.7 Category 1 Dose Calculation Examples

The offsite dose consequences for Category 1 event sequences are based on the methodology
described in Section 8.2.1.

Example of Calculating Annualized Releases—The total estimated release from the surface
facilities (4,010 Curies per year) is due entirely to Kr-85 releases from the WHB. This release
was estimated based on the postulated failure of PWR and BWR spent fuel assemblies during
normal handling operations (CRWMS M&O 2000a). The Waste Treatment Building is not
expected to generate significant radiological emissions, based on current, best-available
information (CRWMS M&O 2000a).
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The total estimated releases from the subsurface facility, due to normal operations, are shown in
Table 8-5 below:

Table 8-5. Example of Annual Releases from the Subsurface Due to Normal Operations

Routine Release -

Subsurface (Cilyr) Half Life (T4,2)
Activated Air
N-16 2.909E-3 7.13 sec
Ar-41 5.728E+1 1.82 hr
Activated Dust
N-16 1.189E-8 7.13 sec
Na-24 6.471E-3 14.96 hr
Al-28 3.863E-3 2.25 min
Si-31 7.170E-4 2.62 hr
K-42 8.041E4 12.36 hr
Fe-55 1.492E-4 2.73yr

This release was estimated based on the postulated activation of air and dust in the subsurface
facilities during normal operations (CRWMS M&O 2000b). Subsurface releases are due to
radionuclides generated by activation of air (Ar-41 and N-16) and dust (N-16, Na-24, Al-28,
Si-31, K-42 and Fe-55). Nitrogen-16, Aluminum-28 and Potassium-42 are not considered in the
GENII-S dose assessment because they are not included in the default GENII-S radionuclide
libraries. However, their releases and half-lives are so small that their annual offsite dose
contributions are insignificant. Iron-55 (Fe-55) is the only subsurface radionuclide released that
has a half life measured in years (2.73), but its total Curie release (1.492 x 10™) is insignificant
compared to Curie releases from Category 1 event sequences (BSC 2001, Attachment IX).

Fourteen Category 1 event sequences for CSNF have been identified (BSC 2001, p. IX-2). The
Category 1 event frequency calculations were performed in BSC (2001, p. VII-5). Category 1
event releases are calculated based on the event frequencies (events per year) and event source
terms (Ci/event) as described in BSC (2001, Attachments VII and VIII, respectively).
Radiological releases due to Category 1 event sequences are annualized by multiplying the
expected release from each event by the event frequency, as indicated in Equation (8-3). An
example of annualized release calculations is shown in Table 8-6 for Cs-137.
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Table 8-6. Example of Calculating Annualized Cesium-1 37 Release for Category 1 Event Sequences

Frequency Source Term Annualized
Event No. (events/yr) (Cilevent) Release (Cilyr)

o) (2) (3) =(2) x (3)
1-01 2.34E-01 0 0
1-02 3.90E-02 0 0
1-03 4.22E-02 0 0
1-04 1.92E-01 0 0
1-05 4.10E-02 0 0
1-06 4,10E-02 Y 0
1-07 4. 10E-02 0 0
1-08 410E-02 0 0

1-09 4.10E-02 0 0

1-10 4.10E-02 3.28E-01 1.36E-02
1-11 4.10E-02 6.59E-01 2.70E-02
1-12 2.34E-01 1.65E-01 3.85E-02
1-13 2.34E-01 8.25E-02 1.93E-02
1-14 2.34E-01 1.65E-01 3.85E-02
Total 1.37E-01

The calculations shown in Table 8-6 should be repeated for all radionuclides in spent fuel or
waste form of interest.

Example of GENII-S Dose Calculation—Using the aforementioned annual releases as input to
GENII-S, the annual offsite TEDE dose is calculated for a receptor at the offsite boundary using
the methodology described in BSC (2001, Attachment IV). An example for GENII-S dose
calculation for normal operational releases or Category 1 event sequences from the surface or
subsurface facility can be found in BSC (2001, Attachment IV). For these event sequences, the
GENII-S input parameters are documented in BSC (2001, Attachment IV).

Because no more than 25 radionuclides can be input to GENII-S, the source term inputs must be
divided into four computer runs. The source terms for four computer runs PRCHGS, PRCHP1,
PRCHP2, and PRCHP3 are given in Table 8-7.

The GENII-S input data are taken as a reasonable representation case from biosphere analysis
model reports. The GENII-S default parameters for the reasonable representation case can be
found in BSC (2001, Attachment IV).

This calculation example used subsistence farmer's food consumption rates (BSC 2001,
Attachment IV). A subsistence farmer is defined as the maximally exposed individual of the
critical group who grows all of their own food using irrigation water from a well. An individual
lives in the vicinity of Yucca Mountain and draws untreated ground water for drinking water
supply. This individual also uses the ground water to irrigate crops and lawns and raise
livestock. It was assumed that the groundwater is not contaminated during the preclosure period.
Consequently, this individual will not be exposed to radiation resulting from ingestion of ground
water. However, this individual will consume locally produced food; inhalation of resuspended
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Table 8-7. Example of Source Terms for GENII-S Computer Runs

TDR-MGR-RL-000002 REV 00

GENII-S Run Radionuclide Air Release (Cilyr)
PRCHSF Kr-85 4.01E+03
PRCHSB Na-24 6.471E-03

Si-31 7.17E-04
Ar-41 5.728E+01
Fe-55 1.492E-04
PRCHGS H-3 1.46E+02
Kr-85 1.45E+03
1-129 2.82E-02
PRCHP1 Cl-36 3.39E-09
Fe-55 7.72E-02
Co-60 1.9656E-02
Se-79 2.28E-08
Zr-93 4.46E-07
Nb-93m 6.49E-06
Nb-94 4.19E-07
Ru-106 6.14E-09
Pd-107 4.20E-08
Cd-113m 3.82E-06
Sb-125 4.85E-06
Sn-126 1.92E-07
Pm-147 5.94E-05
Sm-147 0
Sm-151 1.05E-04
Eu-154 3.35E-04
Eu-155 2.57E-05
Ra-226 0
Pb-210 0
Ra-228 0
Cm-242 2.63E-06
Cm-244 6.79E-04
Cm-245 1.53E-07
Cm-246 5.19E-08
Cm-243 5.14E-06
PRCHP2 C-14 1.66E-07
Ni-63 1.26E-04
Sr-90 1.36E-02
Tc-99 4.49E-06
Cs-137 1.37E-01
U-232 1.02E-08
U-234 3.38E-07
U-236 8.58E-08
8-14
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Table 8-7. Example of Source Terms for GENII-S Computer Runs (Continued)

GENII-S Run Radionuclide Air Release (Cilyr)

PRCHP2 Pa-231 1.48E-11
Ac-227 8.03E-12

Np-237 1.23E-07

U-233 2.03E-11

Th-229 0

U-238 7.39E-08

Pu-238 1.14E-03

Pu-240 1.59E-04

Am-241 9.88E-04

Am-243 1.1E-05

Pu-239 8.83E-05

Ni-59 1.04E-06

Cs-134 8.38E-05

Cs-135 1.16E-06

Th-230 7.39E-11

Th-232 0
U-235 3.67E-09
Am-242m 3.19E-06
Pu-242 8.18E-07
PRCHP3 Pu-241 1.23E-02 |

Cs-134 8.38E-05

dust; and direct external exposure to contaminated soil. Domestic water was assumed to come
from a well.

Data can be entered into GENII-S software through a series of interactive data input screens and
by modifying input data files located in GENII-S directory. The GENII-S input parameters for
this calculation were based on output data from the TSPA-VA (CRWMS M&O 1998), five Data
Tracking Numbers (DTNSs), and other source documents shown below:

e MOO003RIB00061.001. Input Parameter Values for External and Inhalation Radiation
Exposure Analysis. '

e MO9911RIB00064.000.  Environmental Transport Parameter Values for Dose
Assessment.
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e MO9912RIB00066.000. Parameter Values for Internal and External Dose Conversion
Factors.

e MO9912SPAINGO06.033. Ingestion Exposure Pathway Parameters.
e SN0002T0512299.003. Revised Leaching Coefficients for GENII-S Code.

e CRWMS M&O 1998. “Biosphere.” Chapter 9 of Total System Performance
Assessment-Viability Assessment (TSPA-VA) Analyses Technical Basis Document.
B00000000-01717-4301-00009 REV 01.

o CRWMS M&O 1999f.  Calculations of Acute and Chronic "Chi/Q" Dispersion
Estimates for a Surface Release. TDR-MGR-MM-000001 REV 00.

e CRWMS M&O 2000a. Estimated Annual MGR Normal Radiological Release. Input
Transmittal RSO-SUF-99389.T .a.

e CRWMS M&O 2000c. Non-Disruptive Event Biosphere Dose Conversion Factors.
ANL-MGR-MD-000009 REV 00.

Three data files in GENII-S were modified to accommodate the results of site-specific studies on

the GENII-S input parameters. The original names of these three files are FTRANS.DAT,
DEFAULT.IN, and GRDF.DAT.

FTRANS.DAT is the default GENII-S food transfer and soil leaching factor library. The soil
leaching factors are important parameters for determining radionuclide buildup in soil. The food
transfer factors relate concentrations of elements in soil to concentrations in farm products grown
in that soil and concentrations in animal feed to concentrations in animal products.
FTRANS.DAT was used in computer runs PRCHSF, PRCHGS, and PRCHP1. An updated

FTRANS.DAT, renamed as FTRANRR.TXT, was developed and used in computer runs
PRCHP2 and PRCHP3.

Examples of the GENII-S input parameters, the FTRANRR.TXT file, the food transfer and soil
leaching factor library, the DEF_RR.TXT file, and the GRAF.15 file can be obtained from BSC
(2001, Attachment I'V). These files were used in GENII-S dose calculations.

8.4 CATEGORY 2 OFFSITE DOSES

Only inhalation and air submersion doses are considered in calculating offsite doses from
Category 2 event sequences. The ingestion pathway, if it occurs, is a slow-to-develop pathway
and is not considered an immediate threat to an exposed population in the same sense as airborne
plume exposures. Therefore, the ingestion pathway is not included in the calculation of the

radiological doses resulting from Category 2 event sequences for comparison against the dose
criteria given in Table 8-1.

Exposure through the ingestion pathway occurs when radioactive materials that have been

deposited offsite are ingested, either by eating crops grown in contaminated soil, or through
inadvertent ingestion of trace amounts of contaminated soil, or through ingestion of
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contaminated drinking water. Potential doses from the ingestion pathway are not included in the
comparison to the regulatory dose limits because during the preclosure operations period there
would be interdiction programs in place (to be established in a DOE emergency response
program) to prevent the ingestion of contaminated food and water in the event of a Category 2
event sequence. The U.S. Environmental Protection Agency provides protective action guides
for radiological protection guidance for federal, state, and local government in the Manual of
Protective Actions for Nuclear Incidents (EPA 1980) that may be used for responding to a
nuclear incident or radiological emergency. Protective action guides are defined as the projected
dose to a standard man from an unplanned release of radioactive material at which a specific
protective action to reduce or avoid that dose is warranted. The protective actions recommended
to avoid or reduce the radiation dose are based on exposure pathway (i.e., inhalation, plume,
ground deposition) and incident phase (i.e., early, intermediate, late). The Criteria for the
Preparation and Evaluation of Radiological Emergency Response Plans and Preparedness in
Support of Nuclear Power Plants (Podolak et al. 1988) provides a basis for NRC licensees and
state and local governments to develop radiological response plans and improve emergency
preparedness. In this report it is stated that the basis for the choice of protective actions will be
established. Further, the protective measures to be used will be established for the ingestion
pathway, including the methods of protecting the public from consumption of contaminated
foodstuffs. It is also stated that the plan shall identify procedures for detecting contamination,
for estimating the dose commitment consequences of uncontrolled ingestion, and for imposing
protection procedures such as impoundment, decontamination, processing, decay, product
diversion, and preservation. Category 2 event sequences result in acute releases over a period of
a few hours and the doses from these pathways (i.e., ingestion via crops, soil, or water) may be
controlled by interdiction as needed, thus precluding ingestion, water immersion and
contaminated soil (groundshine) source term pathways.

Two methods can be used to calculate offsite doses for Category 2 event sequences. The first
method uses GENII-S to calculate the offsite doses for Category 2 event sequences. However,
the code does not calculate the SDE or the LDE. Therefore, separate spreadsheet calculations for
the SDE and LDE are needed. The methodology for calculating the SDE and LDE is discussed
in Section 8.4.1. The Category 2 event sequence dose calculations using GENII-S are similar to
the Category 1 event dose calculations discussed in Section 8.3.7, except for the ingestion
pathway input data. As discussed above, the ingestion dose is not calculated for Category 2
event sequences.

The second method uses the spreadsheet calculations entirely to calculate TEDE, CDE+DDE,
SDE, and LDE. The methodology for calculating these doses is presented in the following
sections.

8.4.1 Category 2 Event Dose Calculation Methodology

In Category 2 event sequences, radioactive materials are assumed to be released as a ground-
level radioactive plume, which is dispersed en route to the site boundary and results in a 2-hr
acute individual exposure. All potential radiation doses from inhalation and air submersion
pathways are considered for Category 2 event sequences.
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The TEDE dose measure is expressed as:

TEDE = CEDE+EDE =Y D% .. +> D™ . (Eq. 8-4)
J J
where
TEDE = TEDE (rem)
CEDE = CEDE (rem)
EDE = EDE (rem)

Dj.','fﬁec,,w = Whole body effective inhalation dose from the jth isotope (rem)

DY e = Whole body effective submersion dose from the j™ isotope (rem)

The CDE+DDE dose measure is expressed as:
CDE, + EDE, = ZD;"’,': + Z DJ‘.",,f’ where k = effective or skin (Eq. 8-5)
J J

where

CDE, = CDE to the k organ (rem)

D j”i’ = Radiation dose from the j™ isotope to the k™ organ due to inhalation (rem)
D J’",f’ = Radiation dose from the j™ isotope to the k* organ due to air submersion (rem)
k = Organ index, where organs are gonads, breast, lungs, red marrow, bone

surface, thyroid, and remainder

The inhalation and air submersion doses shown above can be further expressed as:

D™ = ST, x FAx —g—-x BRx convx DCF (Eg. 8-6)
D™ = ST, x FAx -g_ x convx DCF % (Eq. 8-7)
where
ST, = Inventory source term release per FA or per canister for the j™ isotope
(CV/FA or Ci/canister)
FA = Number of fuel assemblies or canisters involved in the release (# FAs or
# canisters)
—g = Atmospheric dispersion factor (s/m>)
BR = Breathing rate (m3 /s)
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DCF J"}f' Inhalation DCF of the jth isotope for the k™ organ (Sv/Bq) (Eckerman et al.

1988)

DCF f’;” = Air submersion DCF of the j" isotope for the k™ organ
[(Sv—m3)/(Bq-s)] (Eckerman and Ryman 1993)

conv = DCF unit conversion factor: 3.7 x 107? (rem-Bq)/(Ci-Sv)
(Eckerman et al. 1988)

The SDE is equal to
SDE =3 D}y, (Eq. 8-8)
J
where
SDE = SDE (rem)
Djf’s’}dn = Radiation dose from the j™ isotope to the skin due to air submersion (rem)

In NRC 2000, it is stated that compliance with the LDE limit is achieved if the sum of the SDE
and the TEDE does not exceed 15 rem. Therefore, the LDE may be expressed as

LDE =TEDE + SDE (Eq. 8-9)

where
LDE = LDE (rem)

8.4.2 Dose Conversion Factors

DCFs for inhalation are dependent on the chemical form of the radionuclide, which is
represented by the lung clearance class (D = daily, W = weekly, Y = yearly) and the fractional
uptake from the small intestine to blood (f1). Some isotopes have only one lung clearance class
(e.g., H-3), whereas others have multiple lung clearance classes (e.g., Pu-239). For Category 2
inhalation dose assessment of radionuclides with multiple lung clearance classes, the lung
clearance class corresponding to the oxide form of the radionuclide (Eckerman et al. 1988) is
assumed. The inhalation DCFs utilized for Category 2 dose assessment are from Table 2.1 of
Federal Guidance Report No.11 (Eckerman et al. 1988). The air submersion DCFs for gonads,
breast, lungs, red marrow, bone surface, thyroid, remainder, effective (i.e., whole body), and skin
for Category 2 dose assessment are from Table 1II.1 of Federal Guidance Report No. 12
(Eckerman and Ryman 1993). The inhalation and submersion DCFs used for Category 2 dose
assessment are listed in BSC (2001, Attachment VIII).

8.4.3 Atmospheric Dispersion Factors
Atmospheric dispersion factors are taken from Calculations of Acute and Chronic “Chi/Q”
Dispersion Estimates for a Surface Release (CRWMS M&O 1999f). Category 2 event releases

are modeled as acute releases. The maximum sector 99.5 percentile acute
(0.5 percent exceedance) ¥/Q values are used to calculate the maximum doses and the
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50 percentile acute x/Q values are used to calculate the mean doses. The selection of the
maximum sector 99.5 percent %/Q value is based on it being larger than the 95 percent overall
site ¢/Q value, per Regulatory Guide 1.145.

Atmospheric dispersion factors of 2.94 x 107 sec/m® and 2.17 x 10° sec/m’® were used to
calculate the maximum offsite doses (BSC 2001) at 8 km and 11 km, respectively, due to acute
(Category 2 event) releases. These y/Q values are based on the 99.5 percentile values at each
distance, which corresponds with Wind Sector 14 (West-Northwest to East-Southeast). The
maximum doses can be used to account for the uncertainty/variability of the input parameters

(see Section 8.4.6). The mean doses based on 50 percentile acute %/Q values should also be
calculated.

Atmospheric dispersion factors may be revised later for license application if the decision to use
more recent meteorological data (up to 2001) is made. Most recent atmospheric dispersion data
should be used in dose calculations for license application.

8.4.4 Breathing Rate

For calculating offsite doses due to acute releases (Category 2 event sequences), a reference man
breathing rate of 3.3 x 10 m%/s should be used (ICRP 1975).

8.4.5 Category 2 Event Sequences

Thirteen Category 2 event sequences for the surface facilities and one Category 2 event for the
subsurface facility have been identified (BSC 2001, p. X-2). The Category 2 event frequency
calculations were performed in BSC (2001, p. VII-5).

The Category 2 TEDE dose (Equation 8-4) to an individual receptor at the offsite boundary is
calculated based on the methodology in Section 8.4.1. Category 2 doses are calculated on a per

event basis for each of the Category 2 event sequences. Details of the Category 2 dose
calculations are provided in BSC (2001, Attachment X).

8.4.6 Uncertainty in Consequence Analysis

Uncertainty analysis should be performed to account for uncertainty and variability in input

parameter values. Three methods are used in the determination of uncertainty in consequence
analysis.

Method of Stacking of Conservatism - The first method uses conservative or bounding values
for all input parameters, which stacks conservatism on top of conservatism. This ensures that the
calculated public and workers doses are conservative. For example, bounding event sequences,

bounding source terms, and 99.5 percent maximum sector acute %/Q values can be used to
calculate offsite doses for Category 2 event sequences.

Using GENII-S - The second method is the GENII-S Monte Carlo method. The “S” in the name
of this consequence analysis code stands for SUNS (Sensitivity and Uncertainty Analysis Shell).
For each of the variable input to GENII-S, a range of parameter values and distribution types are
specified. The available distribution types in GENII-S include fixed, normal, lognormal,
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triangular, uniform, and empirical. Sampling from the ranges and distributions assigned to the
variable input is performed within a GENII-S routine using the Monte Carlo sampling technique.
GENII-S variable input parameter ranges and distribution types are documented in
CRWMS M&O (1998, Table 9-3). A GENII-S statistical run generates mean, minimum, and
maximum values, as well as standard deviation for each output variable. The graphical output
includes cumulative distribution functions, complementary cumulative distribution functions,
and histogram. These features of GENII-S provide insights into the significance of uncertainties
in consequence analyses. The GENII-S output variables include organ doses, total inhalation
EDE, total ingestion EDE, internal EDE, external dose, and annual EDE. The mean doses
calculated by GENII-S will be compared with the regulatory dose limits in Table 8-1.

Running GENII-S includes the following input information provided by the analyst:
e Scenario options — near-field or far-field; population or individual dose; acute or chronic
e Transport options — air; surface water; biotic; waste form degradation

e Exposure pathways and options — external (immersion in finite or infinite plume, ground
exposure); inhalation; ingestion

e Select radionuclides - select up to 25 from a built-in radionuclide library
o Run options — select deterministic or statistical output
e Correlations between variables.

GENII-S input variables and values are discussed in Section 8.7.3.

Using Excel with @RISK — A spreadsheet model is created to multiply the factors such as
source term, airborne release fraction (ARF), respirable fraction (RF), breathing rate, DCFs, and
atmospheric dispersion factors. An uncertainty distribution is assigned to each factor in the
consequence model. The @RISK program is used to perform a Monte Carlo or Latin Hypercube
simulation to propagate all of the uncertain variables to the output. The results are tabular giving
the mean, median, standard deviation, and percentiles. The results may be plotted as probability
distribution functions, cumulative distribution functions or histograms using Excel graphics.

8.4.7 Category 2 Dose Calculation Example

An example of Category 2 dose calculation is Event No. 12, Shipping Cask Drop into Cask
Unloading Pool (BSC 2001, Attachments X). An example of inhalation dose calculation for this
event sequence is shown in Table 8-8.
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Table 8-8. inhalation Dose Calculation Example
Source Breathing Offsite

Term # of Release | Mitigation Rate xQ Dose % of

Group {rem/FA) FA's Fraction Factor {m°lsec) (secim®) (rem) Total

Particulates | 1.90E+12 68 1.50E-07 1.0E-02 3.3E-04 2.17E-05 | 1.38E-03 5.96

Noble Gas 1.36E+04 68 3.00E-01 1.0E+00 3.3E-04 2.17E-05 | 1.99E-03 8.57

Cesium 1.77E+09 68 2.00E-04 1.0E-02 3.3E-04 217E-05 | 1.73E-03 7.43

Strontium 6.03E+09 68 1.50E-07 1.0E-02 3.3E-04 2.17E-05 | 4.41E-06 0.02
Crud 1.24E+07 68 3.00E-01 1.0E-02 3.3E-04 2.17E-05 | 1.81E-02 | 78.02
Total 2.32E-02 | 100.00
NOTE: Inhalation dose to the whole body. Event: 2-12, Shipping cask drop into cask unloading pool. Fuel

type: maximum BWR

In Table 8-8, source term (rem/FA) to each organ, for each nuclide group, are calculated by
multiplying the crud inventory (Ci/FA) or the inventory in Table 8-2 by its respective inhalation
DCF for the organ taken from Federal Guidance Report 11 (Eckerman et al. 1988). For example,
in Table 8-8, the crud group includes Co-60 and Fe-55. Therefore, the crud source term
(rem/FA) is equal to: ’

Crud source term (rem/FA) = Co-60 inventory (Ci/FA) x inhalation DCFc,.60 (Sv/Bq) x conv
+ Fe-55 inventory (Ci/FA) x inhalation DCFpe.s5 (Sv/Bq) % conv

where conv is the DCF unit conversion factor: 3.7 x 1072 (rem-Bq)/(Ci-Sv) (Eckerman et al.
1988). The 56 radionuclides listed in Table 8-2 are divided into four groups: particulates, noble
gas, cesium, and strontium. The noble gas group includes H-3, 1-129, and Kr-85. The cesium
group includes Cs-134, Cs-135, and Cs-137. The strontium group includes Sr-90. The rest of
radionuclides in Table 8-2 are included in the particulates group. The release fraction for each
group is taken from CRWMS M&O (1999c). The mitigation factor is discussed in Section 8.7.

An example of an air submersion dose calculation including only H-3 and Kr-85 is shown in
Table 8-9.

In Table 8-9, air submersion dose rates (rem-m>/FA-s) to each organ, for H-3 and Kr-85, are
calculated by multiplying the inventories (Ci/FA) of H-3 and Kr-85 in Table 8-2 by its respective
air submersion DCF for the organ taken from Federal Guidance Report 12 (Eckerman and
Ryman 1993).

An example of a dose summary table is given in Table 8-10.
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Table 8-9. Submersion Dose Calculation Example

Submersion Dose (Due to Noble Gases H-3 and Kr-85 Only)

Event: 212 Shipping Cask Drop Into Cask Unloading Pool
Fuel Type: Maximum BWR
Maximum BWR
Submersion Dose Release | Mitigation wQ
Rate (rem-m°/FA-s) | # of FA's | Fraction Factor (sec/m®) Offsite Dose (rem)
(Column No.) ) 2 (3) ) () ©)=(1"(2)*(3)"(4)*(5)
Gonad 8.79E-01 68 3.00E-01 | 1.00E+00 2.17E-05 3.89E-04
Breast 1.01E+00 68 3.00E-01 | 1.00E+00 2.17E-05 4.45E-04
Lung 8.58E-01 68 3.00E-01 | 1.00E+00 2.17E-05 3.80E-04
R Marrow 8.19E-01 68 3.00E-01 | 1.00E+00 2.17E-05 3.62E-04
B Surface 1.65E+00 68 3.00E-01 | 1.00E+00 2.17E-05 7.31E-04
Thyroid 8.86E-01 68 3.00E-01 | 1.00E+00 2.17E-05 3.92E-04
Remainder 8.19E-01 68 3.00E-01 | 1.00E+0C 2.17E-05 3.62E-04
Whole Body 8.94E-01 68 3.00E-01 | 1.00E+00 2.17E-05 3.96E-04
Skin 9.91E+01 68 3.00E-01 | 1.00E+00 217E-05 4 39E-02
Eye Lens 0.00E+00 68 3.00E-01 | 1.00E+Q0 2.17E-05 0.00E+00
Table 8-10. Example of Dose Summary Table
Summary of Inhalation and Submersion Dose Calculations
Event: 2-12 l ' Shipping Cask Drop Into Cask Unloading Pool
Fuel Type: Maximum BWR )
Dose Term Dose Term | Sum of Inhalation
Inhalation for Submersion for and Submersion | Dose Term for
Organ Dose (rem) | Regulation | Dose (rem) | Regulation (rem) Regulation
Gonad 5.43E-03 3.89E-04 5.82E-03
Breast 8.95E-03 4.45E-04 9.40E-03
Lung 1.10E-01 <MAX CDE 3.80E-04 1.10E-01 <MAX CDE
R Marrow 1.03E-02 3.62E-04 1.04E-02
B Surface 2.75E-02 7.31E-04 2.82E-02
Thyroid 1.98E-02 3.92E-04 2.02E-02
Remainder 1.57E-02 3.62E-04 1.61E-02
Whole 2.32E-02 <CEDE 3.96E-04 <DDE 2.36E-02 <TEDE=CEDE
Body +DDE
Eye Lens N/A 0.00E+00 <EYE
Skin N/A 4.39E-02 <SKIN
1.10E-01 <MAX CDE +
DDE

NOTE: The maximum organ inhalation dose (CDE) is to the Thyroid.
Bolded results are added together to calculate TEDE (CEDE + DDE).
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RESULTS:
Offsite Dose
Dose Term (rem)
TEDE = 2.36E-02
Max. CDE + DDE = 1.10E-01
Eye = 0.00E+00
Skin = 4.39E-02

8.5 CATEGORY 1 WORKER DOSES AND EXPOSURES

The expected annual dose to a non-involved worker located 100 meters from the release point is
calculated for all Category 1 event releases, including normal operational releases from the
surface and subsurface facilities. The dose calculation for the non-involved worker assumes that
a single worker receives a chronic exposure, at a distance of 100 m from the release point, from
potential Category 1 event sequences and normal operational releases in a single year. No credit
is taken for worker training, administrative controls, or emergency response procedures to
minimize worker exposures to Category 1 event sequences. In general, the annualized worker

doses are based on following assumptions:
e Chronic exposure over a period of one year.
¢ Frequency weighted dose contributions from Category 1 event sequences.
e Only inhalation and submersion pathways are considered. Ingestion and ground

contamination pathways are not included because there will be no crops produced onsite

and the radiation protection program will prevent worker exposures to contaminated
soil.

e Mitigated (high efficiency particulate air [HEPA]-filtered) particulate releases from the
surface facilities.

-o Chronic %/Q evaluated at a distance of 100 m from the WHB (surface release) or the
subsurface facility (subsurface release) to the nearest non-involved worker.

An example of Category 1 non-involved worker dose calculations can be found in BSC
(2001, Attachment V).

The occupational dose limits for adults are specified in 10 CFR 20.1201, which include:
¢ An annual limit of either (whichever is more limiting): TEDE of 5 rem, or the sum of
the DDE and the CDE to any individual organ or tissue, other than the lens of the eye, of

50 rem.

¢ Annual limits to the lens of the eye and to the skin: an LDE of 15 rem, and a SDE of
50 rem.

The calculated worker doses should be compared with the above regulatory dose limits.
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8.6 RELEASE FRACTIONS
8.6.1 Commercial Spent Nuclear Fuel Release Fractions

The total release fraction is defined as the fraction of total inventory of a given radionuclide that
is released to the environment from a waste form following an event sequence (e.g., drop of a
fuel element). The release fraction for CSNF is primarily a measure of the inventory of fuel
particulates, gases and volatile species present in the plenum region (ak.a. gap release) of a
breached fuel element.

The total release fraction for calculating the source term released from Category 1 event
sequences is a function of the cladding damage fraction (DF), cladding release fraction (CR),
ARF, RF, and the local deposition factor (DEP):

Total Release Fraction = DF x CR x ARF x RF x DEP (Eq. 8-10)

The DF is the fraction of fuel rods that are assumed to fail by cladding breach during a event
sequence. The CR is the fraction of the total radionuclide inventory in the gap between fuel
elements and cladding. The ARF is the fraction of the total radionuclide inventory in damaged
fuel rods that is released from breached cladding and is suspended in air as an aerosol following
an event. The RF is the fraction of airborne radionuclide particles having an aerodynamic
equivalent diameter of 10-pm and less, which can be transported through air, inhaled into the
human respiratory system, and contribute to the inhalation dose. The DEP is the fraction of the
ARF that reaches the ventilation system after local deposition (i.e., plate-out and gravitational
settling) within the WHB. The mitigation factor is the fraction of radionuclides that is released
to the environment after escaping from the HEPA filters in the WHB ventilation system.

The ARF and RF parameters for Category 1 event sequences involving CSNF releases in air
were based on Commercial SNF Accident Release Fractions (CRWMS M&O 1999¢). The only
exception for releases in air is the RF for Category 1 releases. In this case, a RF of 1.0 is
assumed, which means all particle sizes are included in the dose calculation for the ingestion
pathway. Particle sizes larger than respirable sizes could deposit on the ground and contribute to
radiation doses through the ingestion pathway (i.e., human consumption of crops, fruits, and
vegetables grown on the contaminated soil).

For events occurring in a spent fuel pool, an ARF equal to zero (ARF =0) is assumed for all
particulate and volatile species. In these events, only the noble gases are’released from the pool.
The release fractions for CSNF releases in air and water for Category 1 and Category 2 dose
assessments are shown in BSC (2001, Attachments IX and X, respectively).

The CSNF release fractions in air, for Category 2 dose assessment, are shown in Table 8-11.

It should be noted that the release fractions given in Table 8-11 are very conservative (e.g., crud
release fraction of 0.3) and they are being revised to reduce conservatism.
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Table 8-11. Example of CSNF Release Fractions in Air for Category 2 Event Sequences

Airborne Release Effective Release
Nuclide Fraction RF Fraction
H-3 0.3 1.0 0.3
Kr-85 0.3 1.0 0.3
1-129 0.3 1.0 0.3
Cs 2.0E-04 1.0 2.0E-04
Sr 3.0E-05 5.0E-03 1.5E-07
Ru 3.0E-05 5.0E-03 1.5E-07
Crud 1.0E+00 3.0E-01 3.0E-01
Fuel Fines 3.0E-05 5.0E-03 1.5E-07

NOTE: These release fractions are conservative estimates based analysis in
Commercial SNF Accident Release Fractions (CRWMS M&O 1999c).

8.6.2 U.S. Department of Energy Spent Nuclear Fuel Release Fractions

There are a large number of DOE spent nuclear fuels (DSNFs) with different characteristics.
These fuel types are placed in six event groups: stable metal, intact; stable metal, not intact;
non-metal, intact; non-metal, intact; other, intact; other, not intact (CRWMS M&O 1999g).
Since each event group has different physical and chemical characteristics, the release fractions
are assigned to each event group. For each of these groups, a bounding fuel that bounds the
offsite dose consequences of all fuels in that group was selected (CRWMS M&O 1999g).
Screening analysis, to identify bounding event sequences from a list of Category 2 event
sequences, has been performed in CRWMS M&O (1999h). To make the consequence analysis
tractable, only event sequences involving bounding fuels in canisters were analyzed.

ARFs and RFs for DSNF can be found in CRWMS M&O (1999¢ and 1999g). Credit for a
reduction in DSNF source terms due to retention of radionuclides in canisters can be taken by
use of the canister leakpath factor. Canister leakpath factors for DOE SNF can be found in
CRWMS M&O (2000d).

8.7 MITIGATION FACTOR

The mitigation factor refers to the mitigation of particulates provided by HEPA filters that are
present in the WHB ventilation system. A mitigation factor of 0.01 should be applied to all
particulate releases to calculate offsite doses. The mitigation factor of 0.01 corresponds to a
particulate removal efficiency of 99 percent, which is consistent with the NRC-recommended
credit for accident dose evaluations in Regulatory Guides 1.140 and 1.52.

Due to the high reliability of the WHB Heating, HVAC system, all event sequences that involved

a failure of the HVAC system have been found to be beyond Category 2 event sequences
(BSC 2001).
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BI Birmbaum Importance
EF error factor
FV Fussell-Vesely importance

M importance measure
LA license application

LB lower bound
LN lognormal
NRC U.S. Nuclear Regulatory Commission
PDF probability density function

PLC programmable logic controller

PRA probabilistic risk analysis

PSA preclosure safety analysis

RAW risk-achievement worth

RRW risk-reduction worth

SSC structures, systems, and components
UB upper bound
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9. UNCERTAINTY AND SENSITIVITY ANALYSIS, GENERAL CONCEPTS,
AND METHODS

9.1 INTRODUCTION

This section provides guidance on methods for identifying, quantifying, propagating, and
interpreting uncertainties in event sequence frequency and consequence analyses. The material
provides general concepts and methods for qualitatively and quantitatively assessing
uncertainties associated with event sequence frequency analysis, or radiological consequence
analysis.

9.2 OVERVIEW OF APPROACH

Two primary sources were used to develop this section: the PRA Procedures Guide (NRC 1983,
Chapter 12) and the CPQRA guidelines (AIChE 1989). Additional information has been
incorporated from several sources including Regulatory Guide 1.174, NUREG-0800 (NRC 1987,
Chapter 19), and NUREG/BR-0184 (NRC 2001).

Calculations of probabilities, frequencies, source terms, and doses used in preclosure safety are
often expressed as single numbers (i.e., point values) for simplicity and convenience of
presentation. It is generally understood, however, that virtually every input parameter and every
output value has uncertainty associated with it. When the point value represents the mean or
expectation value of the quantity, it is often a sufficient parameter for decision making or
compliance evaluation because the mean value represents a probability-weighted integration over
the uncertainty range. When the mean of an output quantity like event sequence frequency is far
(e.g., an order of magnitude or more) from a decision point like the frequency boundary between
Category 1 and Category 2, then the analyst and U.S. Nuclear Regulatory Commission (NRC)
has confidence that the sequence is properly categorized. But when the mean is only a factor of
two or so from the boundary, the shape and range of the uncertainty distribution come into
question. The probability that the true value of the frequency is in the other category may be
unacceptable. In either case, an expression of uncertainty distribution is needed to support the
decision-making. This section describes the process.

The geologic repository is a first-of-a-kind facility. There is no prototype or repository-specific
test facility from to derive equipment performance information. The PSA must rely on generic
or surrogate information. The application of such information to the repository introduces
uncertainty because the exact equipment represented in information bases may not be used, and
the physical and operational environments at the repository may not be represented in the
surrogate information. Further, portions of the facility design may not be mature or finely
detailed at the time of license application (LA). Such issues are sources of uncertainty.

Section 7.5 describes the processes for defining the uncertainty distributions for parameters that
are inputs to the PSA fault-tree and event-tree modeling. Therefore, these sources of uncertainty
are briefly mentioned in this section. This section concentrates on how uncertainties are
identified, propagated through the analyses, and examined through sensitivity analyses.

Mathematically, the uncertainty in an input parametef is expressed by a probability distribution
that represents the probability that a given value of, for example, an event sequence frequency, is

TDR-MGR-RL-000002 REV 00 9-1 February 2002



Preclosure Safety Analysis Guide

the true frequency. Each input parameter is expressed in terms of a probability density function
(PDF) that represent the uncertainty in that parameter, and the calculation of an event sequence
frequency requires the multiplication and addition of scores of input parameters. The output of
the frequency quantification is also represented as a PDF that reflects not only the product or
sum of all of the input median (or mean) values, but also the uncertainty distributions of all of
the input PDFs. This effect is termed propagation of uncertainties.

The propagation of uncertainties can be performed by hand under certain conditions. Generally,
the solution is too complex, however, so computer solutions are used. For the PSA, therefore,
the Monte Carlo of Latin Hypercube methods will be used for most of the uncertainty analyses of
event sequence frequencies. These techniques are embedded in the SAPHIRE workstation, but
can also be performed in a Microsoft Excel spreadsheet using the @RISK add-in. In this regard,
much of the real effort in uncertainty analysis is that of identifying and quantifying the sources of
uncertainty and representing it as an appropriate, quantitative PDF.

In some instances, the source of uncertainty may not be amenable to being expressed as a PDF.
For example, there may be uncertainty regarding the presence of a certain operational or
environmental condition, or a design feature (e.g., does the power supply system have redundant
trains?). In such cases, a sensitivity analysis may be performed to explore the significance of
assuming one condition over another (e.g., calculate the event frequency with single-train and
with two-train redundancy to evaluate the significance of the alternative design on the results).

Many of the concepts and methods of uncertainty analysis have been developed around the
statistical properties of the Normal distribution. Section 7.5 describes other distributions that
serve significant roles in the ability to quantify and propagate uncertainty. In particular, the
lognormal (LN) distribution has become the workhorse for uncertainty analysis in probabilistic
risk analysis (PRA) and, likewise, will have substantial application in the PSA.

Subsection 9.4 presents the details of the approach.

9.3 DETAILS OF APPROACH

This section describes the basic approaches for applying and interpreting measures of uncertainty
in the PSA. The discussion will include identification of sources of uncertainty and means to
evaluate and interpret uncertainty, both qualitatively and quantitatively. The discussion includes

guidance on when to use sensitivity analysis and importance analysis as means to evaluate the
significance of sources of uncertainty.

9.3.1 Background

The well known bell curve of the Normal Distribution is a typical example of an expression of
the uncertainty, or variability, that is known to be present in a measured parameter. The bell
curve is a PDF. Such variability is known as random or chance errors. There is a true, or most
representative, value of some parameter (e.g., the tensile strength) of a certain kind of steel.
Results of repeated tensile tests on several specimens are expected to give slightly different
values, some above and some below some central value. The statistical analysis produces an
expected value (the mean) and a measure of the dispersion, characterized by the variance (or the
standard deviation). More recently, such chance variability is termed aleatory uncertainty.
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Most analysts are familiar with basic statistical concepts that express random variability in
measured parameters in terms of the number standard deviations from the mean, or the 95%
confidence level. In risk analysis, the ratio of the 95th percentile to the median (which is also the
mean for the normal distribution) is termed the error factor (EF). For the LN distribution, the
mean is not equal to the median but is readily calculated from the median and the EF.

Similarly, most analysts are familiar with the concept of propagating uncertainties through any
calculations that use two or more uncertain parameters (e.g., in adding two quantities, the
standard deviation of the sum is calculated value as the root-of-sum-of-squares as the standard
deviation of each input parameter, while the mean of the sum is the sum of the means of the
input parameters). The greater the number of uncertain variablés that are combined, the wider
becomes the dispersion (uncertainty) in the output.

In fault tree and event sequence quantification, however, the end result may involve sums and
products of many quantities having different kinds of probability distributions, other than the
normal. These facts make the propagation of uncertainty more difficult and usually not
amenable to an analytic (i.e., closed form) solution. Therefore, alternative methods must be
applied, including approximations and computer simulation (e.g., Monte Carlo analysis).

The concept of epistemic uncertainty and means of dealing with it are not as well known to most
analysts. The term encompasses many forms of knowledge uncertainty that can be considered in
assessing the frequency and consequences. Epistemic uncertainties include, for example, model
uncertainties, applicability of generic information and parameters, and effects of environmental
factors, and human error rates. '

For the PSA, analysts will have to make judgements on how to apply information (e.g., failure
rates for equipment, human error rates, and radionuclide release fractions) that are adapted from
various sources. The analysts must decided on whether or not to adjust the best-estimate value

(mean or median) to suit repository conditions, alter the EF, or pool information from multiple
sources.

Many of the parameters used in the PSA modeling are not amenable to direct physical
measurement as in a laboratory, but are derived from operational (field) data in many instances.
The parameters needed include equipment failure rates, human error rates, and equipment repair
times. For example, to estimate a failure rate for a component or system like a gantry crane, the
kind of information used is 1) a count of the number of failures and 2) the time in which the
failures occurred. For most industrial components or systems, the information gathered is
imprecise and subject to considerable uncertainties (i.e., the information is not collected during
controlled experiments). The raw information may involve scouring operating logbooks,
maintenance records, and estimates - of operational time. Generally, there are only a few
components of a given type at a given plant in the sample. Results of several different failure
modes may be intermixed in the information. The preclosure safety analyst must establish some
expression of uncertainty for the derived failure rate and its applicability to repository operations.
The uncertainty in this instance will include aleatory and epistemic uncertainty (see Section 7.6).

In a few cases, component failure rate may be developed from reliability tests conducted by
manufacturers or the military. For example, a large lot of solid-state devices are subjected to
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operational tests. The number of failures is precisely known and the time-on-test is precisely
known. Further, post-test examinations can reveal the precise mode or cause of each failure. In
such instances, the variability in derived failure rate is aleatory uncertainty.

When the source of uncertainty cannot be described as a PDF, such as uncertainty in a design

configuration, then sensitivity analyses may be used to examine the effect of alternative
configurations.

With such PDFs defined for all parameters in the event probabilities in fault tree or fault tree
models, the uncertainty can be propagated quantitatively by one of the various methods. In this

guide, the Monte Carlo-Latin Hypercube computer-based approach is the primary method. Other
methods are described.

9.3.2 Identifying Sources of Uncertainty in Models and Input Information

Until the mid-1990s, uncertainty in risk analysis was considered to arise from three sources:
parameter uncertainty, model uncertainty, and completeness uncertainty. In more recent risk
analysis literature, the terms aleatory (chance) uncertainty, and epistemic (knowledge)
uncertainty have been introduced. However, these terms are essentially a re-packaging of the
prior concepts. These newer terms are not used in this section unless the distinction is important.

The parameter uncertainty is further divided into 1) randomness inherent in any measured
quantity, and 2) applicability uncertainty (e.g., using generic failure rate data to a specific
facility). Both of these sources of uncertainty can be quantified and propagated through
frequency and consequence analyses. Further, the significance of such uncertainties can be

evaluated through sensitivity analyses (e.g., by letting a given parameter go to an extreme value)
and importance analyses.

Model uncertainty is treated more philosophically, wherein the analyst recognizes that models
are abstractions of reality, and therefore quantification was limited. Model uncertainty for
systems safety include the use of event trees and fault trees that may not realistically model
dependent failures (e.g., by using a simple beta-factor model) or human interactions. Event free
and fault free modeling are generally accepted methods and will not be subjected to any
uncertainty analysis with respect to alternative models. The logic models will be checked for
accuracy.  Uncertainties in specific modeling elements, such as mapping the physical
configuration of equipment or systems into the logic models and treatment of dependent failures,
can be subjected to sensitivity analysis, as needed. Further, use of exponential failure model
(constant failure rate) in estimating event probabilities and various human reliability models are
abstractions that introduce uncertainty. These methods are generally accepted and are not
subjected to uncertainty analysts. Modeling uncertainties in consequences include the source
term, damage mechanisms, release fractions, and leak-path mechanisms, as well as
environmental transport. These factors can be evaluated by sensitivity analyses.

Completeness uncertainty is also treated philosophically. It is the residual, or unknown, that may
remain after performing an exhaustive, structured PSA. After examining the preclosure
operations using the risk triplet questions (see Section 4) by a cognizant team of safety analysts
and designers, such uncertainty should be low. The LA will represent to a high level of
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confidence that credible Category 1 and Category 2 event sequences have been identified and
treated. Further, the LA can discuss event sequences identified as Beyond Category 2 with
respect to modeling assumptions and parameters used. This will provide more transparency to
reviewers (e.g., the NRC) who can perform their own sensitivity analysis, if desired, to assure
themselves that the list of credible sequences is complete.

Finally, it is possible that differences between analysts introduce another source of uncertainty.
The application of this Guide, however, and associated Yucca Mountain Project procedures
should essentially eliminate this source of uncertainty from the PSA.

9.3.2.1  Uncertainties in Input Parameters

Section 7.5 discusses three sources of uncertainty that are associated with the input information
used to quantify event probabilities and frequencies: random variability, uncertainty associated
with information source, and uncertainty associated with applicability to repository facilities.

Similar types of parameter uncertainty are associated with consequence analyses.
Other sources of uncertainty in input parameters include the waste stream year-to-year loadings.

Such sources of uncertainty are amenable to quantification and propagation through the event
sequence frequency and consequence analyses.

9.3.2.2  Uncertainties in Model Inputs and Modeling

Uncertainty in model inputs relates to the level of detail on design and operations that is
available. For the LA for construction authorization, it is anticipated that the level of detail will
be limited. Principal operations and associated equipment will be defined, along with the degree
of redundancy, dependence on power supplies, spatial relationships, and anticipated human
interactions. Therefore, the PSA will require some imagination on the part of analysts, with
concurrence of design personnel, to define potential hazards and event sequences, and to
synthesize system fault trees and event sequences. This lack of certainty in design and
operations becomes a source of modeling uncertainty, described below. The PSA to support the
LA to Receive and Process will not have this source of uncertainty.

Uncertainties in modeling stem from generic and specific causes. The generic uncertainties stem
from use of standard event probability models, such as constant failure rate, repair models,
common-cause failure models, and human reliability models. In general, such sources of
uncertainty will not be addressed in the PSA unless such modeling effects appear to affect the

PSA results. If deemed necessary, sensitivity analyses must be performed to examine the results
with alternative models.

Repository-specific modeling uncertainties stem from the representation of reality in the event
sequence and fault tree logic models. For example, event sequence (event tree) analysis
(Sections 7.1 and 10.1) may include dependencies between events whose conditional
probabilities are estimated. The presence and nature of the dependency may be uncertain, and
the associated conditional probability may be an assumption. Similarly, a fault tree models of a
control systems might include a redundant train and might include components like PLCs that
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are expected to be used, but which have not been completely specified in design documents.
Such models may include a common-cause failure model for redundant components. Such
modeling is potentially a source of significant uncertainty and stems, in part, from the
uncertainty in the model inputs and level of design detail. For these kinds of modeling

uncertainties, sensitivity analysis should be performed to demonstrate how significantly they
affect the PSA results.

All bases for modeling will be documented so that design-dependent issues and

assumption-dependent uncertainties can be identified and appropriate sensitivity analyses
performed as necessary.

9.3.3 Representing Uncertainties in Input and Output Variables

For the PSA, particularly for the LA for construction authorization, it is recommended that all
event probabilities and frequencies be treated as LN distributions, except in cases where a
normal distribution is more appropriate. The LN is a good fit to the distribution that result when
several distributions are multiplied, as in an event sequence quantification. As described and
illustrated in Section 7.5, the LN in inputs can be converted back and forth to other distributions
that are better to work with analytically in event probability estimation (e.g., in an empirical
Bayesian analyses). Further, the parameters of the LN are readily associated with the properties
and tabulations of the normal distribution. The principal properties of the LN and normal
distributions used in the PSA are described in the following subsections.

9.3.3.1 Uncertainty Interval and Bounds

The uncertainty in a variable x is described by a PDF that gives the probability p(x)dx that the
true value of the variable is within the dx about x. The cumulative probability function is given
as P(xp), defined as the probability that the true value of the variable is less than or equal to xp.
P(xp) 1s the integral of p(x)dx between the lower limit of the distribution and the value xp. The

cumulative probability function, P(xp), is used to define the confidence interval, or range, for the
input variable or calculated value.

Unless otherwise specified or required, uncertainty on input variables and calculated outputs of
event sequence frequencies and consequences will always imply a 90 percent confidence interval
(range). This means that 10 percent of the values of inputs or of results can fall outside of the

interval. Generally, the PSA will use conference intervals that span the range from the
5" percentile to the 95™ percentile.

The bounding, or limiting, values that define the 90 percent confidence interval of a variable x
are the values of xo .05 and xo.95, where P(xp) = 0.05 and 0.95, respectively. The median value of
distribution occurs at the value xo s where P(xp) = 0.5. The EF is defined as the ratio xq .95 / X0 5.

These definitions apply irrespective of the particular form of PDF that is used. The following
subsections describe how these definitions are applied to normal and LN distributions.
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9.3.32  Properties of the Normal and Lognormal Distributions

Normal Distribution—For a variable y, the properties of the normal distribution apply. The
normal distribution is a symmetric ranging from - = to +e. The measures of central tendency are
numerical equal: mean (y) = median (y) = mode (y). Dispersion about the mean (1) is described
by the variance (02) or the standard deviation (o).

The normal distribution is often expressed in normalized form in terms of a variable:

z=[y-uJo

The PDF for z has a mean value of 0.0 and a standard deviation of 1.0. The cumulative
probability of the normal distribution from - « to a value z = Z, sometimes termed the normal
curve of error function for Z, is amenable to direct integration and has been extensively tabulated
and built into spreadsheet programs like Microsoft Excel. In the normalized form, the
percentiles of the cumulative distribution are given as:

Zys = |0 median (and mean)

Zo.05 = | -1.64 5th percentile

Zosa = | 1.00 84th percentile

Zo.gs = | 1.64 95th percentile

Zogs = | 233 99th percentile.

Note: For brevity, the Z values are shown only to

two decimal places. For hand calculations,
at least three to four places should be used.
When using Microsoft Excel or SAPHIRE,
the functions are built in and will display as
many places as selected.

From the definition of z, the corresponding values of the variable y are given as:

Yo.50 =lu median (and mean)
Yo.05 = | n-1.64c 5th percentile

Yos4 = | n+1.00c 84th percentile
Yo.gs = | n+1.640 85th percentile
Yo.99 = | u+2330 99th percentile.

The parameters 1 and o characterize the normal distribution. 1 may be considered a location
parameter (defines the central value) and ¢ may be considered a shape parameter that describes
the degree of spreading or peaking in the distribution of the variable x. The larger the value of o,
the wider the distribution and the greater the uncertainty.

For the normal distribution, the EF, as defined above becomes:
EFnorma] = 1 + 1.640/u.

The EF is not often directly used with the normal distribution. The application of the EF comes
when estimating uncertainty ranges and assuming distributions.
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For example, if the analyst (supported by design or vendors) believes that 90 percent of a failure
rate for some component lie between a lower bound (LB) of 1 x 10 and an upper bound (UB) of

5 x 107, and are normally distributed. Using the relationships above, the statement of belief
gives the following:

LB =y =1x102 = pu-164c
UB = ys =5x10° = u+1l.64o
which yield
n o= 3x10°
c = 12x103

The EF becomes 1.67 (5 x 107/3 x 107%), but is a derived quantity in this example. The EF has a
more fundamental role for the LN distribution, however.

The properties of the normal can be applied to a lognormally distributed variable as described
below.

Lognormal Distribution—The properties of a LN distribution for a random variable x is
developed from the properties of the normal distribution for the transformed variable y = In(x),
where In(.) is the natural logarithm. The LN distribution on x, the non-transformed variable is

not symmetric. It ranges from x =0 to x = +e. The mean value of x is not equal to the median or
mode.

Mathematical expressions for the parameters of the LN are somewhat complex, but they are
derived from the properties of the normal distribution for the transformed variable y.

To describe a LN distribution, the analyst needs only two values such as the median value of
x and a value for EF, or the median and UB, or the UB and LB. The latter is the 90 percent
confidence range on x. The following relationships apply:

M(x) =xgso = UB/EF =LB x EF = (UB x LB)"?
EF =UB/M=M/LB = (UB/LB)"?

These expressions relate to parameters for the distribution of the non-transformed variable, x.

When the variable is transformed to y = In(x), the parameters for the normal distribution on y, are
derived as follow:

pn = In(M), the location parameter (mean of the y distribution)
o’in = In(EF)/Zys = In(EF)/1.64
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With these parameters so defined, the mean of the LN distribution of the non-transformed
variable, x, becomes:

mean(x) =x = exp[un + %2 Oun],
which can be expressed alternatively as:
mean(x) =x =M x [EF]?, where a = 1/(2 Zgs) = 1/(3.29).

For example, the analyst (supported by design or vendors) believes that 90 percent of a failure
rate for some component lies between a LB of 1 x 10* and a UB of 1x107 and it is
lognormally distributed (this range covers two orders of magnitude). Using the relationships
above for the LN, the statement of belief gives:

LB = xp05 = 1x10*
UB = xp95s = 1x10?

which yield

M(x) =x050=(UBxLB)"?=(1x10%)(1 x 104" =1 x 10"
EF =UBM=1x10%1x107=10

mx  =In(M) =In(1 x 107) = -6.907

Ain = In(EF)/1.64 = In(10)/1.64 = 1.40

X = exp[uwn + % 0%n] = exp[-6.907 + (1.40)"%] = 3.3 x 10°.

In this case, with an EF of 10, the mean x is a factor of 3.3 greater than the median. The UB is a
factor of 3 above the mean.

The LN distribution is asymmetrical and, because the variable may range over several decades,
the distribution presents interesting properties with respect to the relationship of mean to median,
and mean to the upper 95 percent confidence limit. Table 9-1 illustrates how the parameter orn
varies with the EF (note that an EF of 30 indicates a factor of 900 for the ratio of UB/LB). The
table also shows how the ratio of mean/median, mean/UB, and UB/mean vary with EF. It is
noted that the ratio of mean/median ranges from about 1.1 to 8.5 for the range of EF shown.
This indicates that the mean is within a factor of three or less of the median for EF less than 10.
The ratio of UB/mean indicates that the mean is within a factor of about 2 to 4 of the upper
bound over the range of EF shown.

The last column in Table 9-1, CDF(Mean), is the value of the CDF of the LN evaluated at the
mean. This column indicates, somewhat paradoxically, that as the uncertainty increases,
characterized by the EF ranging from 2 to 30, the probability that the true value exceeds the
mean actually decreases. For example, for an EF of 2, the CDF is 0.54, meaning that there is
0.54 probability that the true value is less than or equal to the mean, and a probability of 0.45 that

TDR-MGR-RL-000002 REV 00 9-9 February 2002



Preclosure Safety Analysis Guide

the true value exceeds the mean. By contrast, for an EF of 10, the CDF is 0.84 and the
complement probability is 0.16.

Because of the characteristics of the LN, the mean value is a suitable measure for binning event
sequence frequencies or for evaluating consequences against regulatory limits.

9.3.3.3  Comparison of Qutput Values with Limits

The PSA will calculate two kinds of output quantities that must be used in the risk-informed
performance-based compliance with 10 CFR Part 63. These variables represent frequency and
consequence, respectively. Limits on frequency relate to the boundaries between Category 1 and
Category 2, and between Category 2 and Beyond Category 2. Limits on consequences relate to
the respective dose limits for the public and workers defined in 10 CFR 63.111.

The PSA will use mean values of frequency and doses. Thus, if the mean value of a dose is
4 rem total effective dose equivalent and therefore less than the limit of 5rem, the result is
compliant with the regulations.

Similarly, if the mean value of the frequency of an event sequence is less than 1x107 per yr, the
sequence is considered to be Category 2. If the mean value of the frequency of an event
sequence is less than 1x10° per yr, the sequence is considered beyond Category 2.

The uncertainty factors associated with frequency and consequence analyses should be
quantified, however. If the PDF for the frequency or consequences of a given event sequence is
shown to be lognormally distributed. Table 9-1 illustrates that the mean value is within a factor
of 2 to 4 of the 95th percentile upper confidence bound. Therefore, there is confidence that event
sequences will be appropriately categorized with respect to frequency.

As noted is Section 3, the LA for CA will use one-half the regulatory limit as guidance for
estimating dose consequences. Therefore, if the mean value of an estimated dose is less than or
equal to one-half of the regulatory limit, and the uncertainty in dose is shown to be lognormally
distributed, there will be low probability of exceeding the regulatory limits.

Table 9-1 Properties of the Mean of a Lognormal Distribution

EF Mean/Median Mean/UB UB/Mean CDF(Mean)
2 1.09 0.55 1.83 0.54
3 1.25 0.42 2.40 0.59
5 1.61 0.32 3.10 0.68

10 2.66 0.27 3.75 0.84

30 8.48 0.28 3.54 0.98

9.3.4 Propagating Uncertainties in Frequency and Consequence Analyses

This subsection describes the principal means for propagating uncertainties. The discussion is
based on frequency analyses. Consequence analyses are treated similarly.
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The PRA Procedures Guide (NRC 1983) and CPQRA Guidelines (AIChE 2000) describe several
methods that could be used for propagating uncertainties. It is noted that direct (analytical)
integration of the multivariable probability distribution is generally not possible. Therefore, the
favored techniques are numerical integration, which includes the discrete probability method and
Monte Carlo simulation, and moments methods. For complex analyses, the moments methods
also appear to be untractable unless the output moments are approximated by using a Taylor
series expansion where only second-order terms are retained.

Since current desktop software like SAPHIRE, GENII-S, and Microsoft Excel with an @RISK
add-in can perform Monte Carlo simulation, or the similar Latin Hypercube Analysis.
Numerical analysis will be the primary technique to be used in frequency and consequence
analysis for the PSA. The SAPHIRE workstation permits eleven forms of distribution functions
for uncertainty.

The analyst must specify the mean and one other parameter, depending on the distribution
selected. However, for some purposes, including checking of results, a Taylor-series
approximation could be used. The following describes the basic steps for sequence uncertainty
analysis. The users’ manual for the particular program (e.g., SAPHIRE) should be consulted.

9.34.1 Sequence Uncertainty Analysis

The following are the principal steps for developing an event sequence analysis that includes
propagation of uncertainty:

1. Construct the logic models (event tree, fault tree, and human reliability) for the
initiating events and systems (see Sections 7.1, 7.2, and 7.3)

2. Obtain and quantify input information for each basic event and initiating event used in
the logic models, including quantification of uncertainty distribution (see Section 7.5)

3. Perform sequence quantification analysis to generate minimal cutsets and point
estimates (see Section 7.1)

4. Select method for uncertainty analysis. For simple sequences, it may be appropriate to
use Microsoft Excel with the @RISK add-in.

If the event sequence quantification is performed in a program like SAPHIRE
(Smith et al. 2000), however, it will be more efficient to use the uncertainty propagation that is
built in. The analysis may be performed on individual sequences, group, or family. For
example, it may be necessary to add the frequencies of two or more Category 1 sequences for the
same or different initiating events for a given repository operations area. For either @RISK or
SAPHIRE, the analyst must select either Monte Carlo or Latin hypercube, number of trials, and
random number seed.

1. Obtain tabular and graphical outputs of uncertainty analysis. The output of sequence
uncertainty analysis typically includes: mean, median, standard deviation, 5th and
95th percentiles, maximum and minimum (for the run of N samples), seed number,
and sample size.
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2. Interpret results. Examine acceptability of results and identify dominant contributors
to sequence frequency and uncertainty in results

The sequence uncertainty analysis will be used primarily to generate the mean and EFs to
evaluate sequence categorization and to demonstrate compliance with 10 CFR Part 63. Where
appropriate, sequence sensitivity analysis will be performed.

9.3.4.2  System (Fault Tree Top Event) Uncertainty Analysis

The steps for evaluating system uncertainty are essentially the same as for the event sequence
uncertainty analysis, and are not repeated here.

The system uncertainty analysis will be used primarily to generate insights into the dominant

contributors to system reliability and safety performance. Where appropriate, system sensitivity
analysis or IM will be obtained.

9.3.4.3  Uncertainties in Consequences

Section 8 describes the approach to consequence analyses for the PSA. Analyses for Category 1,

Category 2, and Beyond Category 2 event sequences are described. The bases for identifying
and treating uncertainties are discussed, including the use of conservative or bounding values,
where appropriate.

9.3.5 Uncertainty Analysis versus Sensitivity Analysis

Some sources of uncertainty cannot be analyzed by assigning a PDF, but insights on their
significance may be investigated quantitatively through sensitivity analysis.

A sensitivity analysis for event sequence frequency analysis is performed by changing features
of logic models, human reliability models, input parameter values, or the features of the physical

facility or operations. In general, a sensitivity analysis examines rather large-scale changes such
as:

¢ Changing the redundancy of a system (i.e., adding a train or deleting a train)

e Changing the probability of a basic event (hardware, software, or human failure) from a
best-estimate probability to a bounding value (i.e., to 1.0 or to 0.0)

e Changing the failure logic by adding or deleting elements, such as adding or deleting an
alarm that alert the human operator to take action (e.g., using AND logic).

Such changes are made one at a time in fault tree and event sequence quantification so the output
can be compared to the baseline result.

In addition, a sensitivity analysis can be used the effect of changing the assumed probability
distribution for an input parameter. If it is uncertain, for example, whether to use a LN or a

normal distribution for a particular input, the alternative distributions.are used and results
compared.
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A sensitivity analysis of consequences is performed by changing source term parameters
(i.e., age and burnup, and fraction of inventory that is released) and the presence of mitigating
features (i.e., high-efficiency particulate air filters and deposition). The process is essentially the
same as for frequency analysis.

9.3.6 Importance Measures Analysis

Importance analysis may be regarded as a special form of sensitivity analysis. There are several
standard definitions of IMs that have been applied in PRAs and regulatory evaluations. An IM
analysis can be performed on fault trees or event sequence frequency quantification. Analysis of
the standard IMs are performed automatically by programs such as SAPHIRE. Therefore, the
discussion here is brief.

In fault tree analysis for a system, the top event represents the probability that the defined event
will occur (e.g., HVAC fails to run and filter particulates for at least 24 hours). Suppose the fault
tree analysis shows the mean probability is 1 x 10, and lists all of the cutsets (products of basic
event probabilities) above a cutoff probability of 1 x 10”7, The value for all of the cutset and top
event probabilities are subject to the values input for basic event probabilities.

The IM can be used to analyze the sensitivity of the result to the inputs in the following way:

1. The risk-achievement worth (RAW) of every basic event, with respect to output, is
calculated by setting the probability of each basic event to 1.0 one-at-a-time while
holding the baseline values of probabilities of all of the other basic events. The
analysis program then produces a table, which ranks every basic event according to its
RAW value. The RAW for a given structure, system, or component (SSC) represents
the increase in system failure probability if the SSC is removed from the system
model. The RAW, like the Birmbaum Importance (BI), may be interpreted as a
measure of the margin of safety contributed by proper operation of the model element
(ie., the SSCs). The RAW process is similar to the take-away process described in
Section 12.

2. The risk-reduction worth (RRW) of every basic event, with respect to output, is
calculated by setting the probability of each basic event to 0.0 one-at-a-time while
holding the baseline values of probabilities of all of the other basic events. The
analysis program then produces a table, which ranks every basic event according to its
RRW value. The RRW for a given SSC represents the decrease in system failure
probability if the SSC is perfectly reliable.

3. The Bl is calculated, in essence, by taking the difference between the RAW and RRW
for each basic event. The analysis program produces a table, which ranks every basic
event according to its BI value. The BI is interpreted as a measure of the margin of
safety contributed by proper operation of the model elements (i.e., the SSCs). The BI
is sometimes interpreted as the maintenance importance for a given SSC (i.e., the
importance of keeping it operational). Because the RRW is usually small compared to
the RAW, the BI is usually quite close to the RAW numerically.

TDR-MGR-RL-000002 REV 00 9-13 February 2002



Preclosure Safety Analysis Guide

4. Fussell-Vesely Importance (FV) is calculated, in essence, by taking the product of
each basic event probability time its BI (there are other, more fundamental definitions —
of FV). The analysis program produces a table, which ranks every basic event
according to its FV value. The FV illustrates the fraction of current risk (or top event
probability) involving the failure of the model element (i.e., a particular SSC). The BI —
portion of the product gives the relative magnitude of the risk achievement by the
presence of the model element and the event probability in the product gives a weight
of the relative likelthood of having the SSC fail to achieve the risk reduction. -

Such IMs provide insight to the dominant contributors to system failure and can be used to

develop risk-informed maintenance, Quality Assurance, and training programs. Further, IM can —
be used to scope an uncertainty analysis where more attention is given to identifying and
quantifying uncertainties in the basic events that have the dominant IMs.

When sequence quantification is performed by the fault-tree linking method (see Sections 7.1

and 7.2), the top event becomes the frequency that the sequence occurs. All of the sequence

cutsets include the initiating event frequency times one or more basic event probabilities. Since —
the initiating event frequency is common to all, it can be set equal to 1.0 and the IMs of the
remaining cutsets are evaluated as described above.

The application of IMs has been described in Regulatory Guide 1.174. In those applications, the

baseline risk is a measure of integral risk like core-damage frequency of a reactor core damage

that stems from multiple event sequences. The change in core-damage frequency is calculated —
using the RAW, RRW, BI, and FV. At the present, the PSA for the repository will not employ

an integral risk measure. Therefore, the application of IMs will be limited to developing insights

on SSC risk significance from fault-tree analysis and event sequence analysis.

9.3.7 Examples of Uncertainty Analyses
Information for this section is under development and will be provided later.
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10. EXTERNAL EVENTS

This section provides a bridge between the external events hazards analysis and the design basis
such that no credible event sequences which do not meet 10 CFR Part 63 performance objectives
can occur. Each section may have a different scope, approach, and length depending on the
topic.

The sections will provide means to (a) identify those structures, systems, or components (SSCs)
that need to withstand credible external events and thereby prevent a radiological release; and
(b) describe methods to develop controls that prevent a credible release scenarios given the
occurrence of the initiating event.

10.1 SEISMIC ANALYSIS
10.1.1 Introduction

This section describes the bases and methods for analyzing the design of surface and subsurface
repository facilities and waste package design for potential vulnerability to seismically-induced
event sequences that could potentially lead to a criticality or radiological release. The safety
strategy includes the prevention of any credible scenarios that could potentially lead to
consequences that exceed the performance requirements of 10 CFR Part 63. This guide defines
the steps in the analyses that, in many cases, link to other portions of the Preclosure Safety
Analysis (PSA) and to the seismic design strategy that has been presented to the U.S. Nuclear
Regulatory Commission (NRC) in a series of seismic topical reports.

Examples presented are based on hypothetical situations. None of the values of event sequence
frequencies on doses should be taken as results applicable to a repository.

10.1.2 Overview of Approach

10.1.2.1 Background

Precedents from Nuclear Power Plants—The licensing basis for the repository, with respect to
seismic design, adapts the principal tenets of regulatory precedence that the NRC has applied to
nuclear power plants (NPPs) (which are regulated per 10 CFR Part 50). The fundamental
licensing concept for NPPs includes the definition of a design basis earthquake (termed a safe

_shutdown earthquake [SSE]) and requirements stipulating that important to safety SSCs must be

designed to withstand the vibratory motions associated with that earthquake. These important to
safety SSCs are classified as a single category termed Seismic Category 1 SSCs.

The SSE is specified by the peak ground acceleration (PGA) and other characteristics of the
vibratory ground motion, such as spectral acceleration and time-history, that become input
parameters to the design of SSCs important to safety. Approved regulatory guides and industry
codes and standards are applied in the design. Itis deterministically argued that, for the NPPs, as
long as an earthquake of intensity greater than the SSE does not occur at the site, there will be no
seismically-induced accident sequences that cannot be prevented or mitigated such that the plant
cannot be brought to a safe condition. Design principles and approaches for seismic hardening
are provided in sections of the NPP standard review plan (NRC 1987).

TDR-MGR-RL-000002 REV 00 10-1 February 2002



Preclosure Safety Analysis Guide

The PGA and other parameters have previously been defined based on the largest historical
earthquake for the site. Although the return period of the SSE for power plants can be defined, it
was not used in the initial licensing basis for most NPPs. In more recent regulatory practices for
NPPs, however, probabilistic seismic hazard analysis have been used to define the return period
for the design basis earthquake and its vibratory motion characteristics. Seismic probabilistic
risk assessments (PRAs), for example, use the return period or the frequency of exceedence of a
spectrum of earthquakes as input to the risk analysis. The characteristics of the SSE are included
in the spectrum of earthquakes. Instead, the risk analysis determines the annual probability (or
frequency) of a seismically initiated sequence of events that cannot be brought to a safe

condition (i.e., for NPPs, the core damage frequency that is attributed to seismic events is
calculated).

Monitored Geologic Repository Preclosure Seismic Strategy—The precedent seismic design
principles for NPPs have been adapted for the repository by requiring that all SSCs important to
safety must withstand a design basis earthquake. The adaptation of this deterministic principle to
the repository licensing basis is more complicated because it is applied in a two-tiered, risk-
informed, performance criteria.

Seismic Topical Report No. 2 (YMP 1997), submitted by the DOE and tentatively approved by
the NRC pending their receipt and approval of Topical Report No. 3, describes the rationale for
this approach as well as design principles to be applied to surface facility SSCs, waste package
SSCs, subsurface openings and ground support SSCs, and other SSCs in the subsurface facility.
With certain exceptions as noted in Topical Report No. 2, the design of surface and subsurface
SSCs will apply the principles of the Standard Review Plan for the Review of Safety Analysis
Reports for Nuclear Power Plants (NRC 1987).

The two-tiered design basis earthquake approach, however, leads to several departures from a
strict carryover of analyses from the power plant precedent and becomes somewhat more
complex when applied to items important to safety that have been classified into three categories
of quality level QL-1, QL-2, and QL-3 (see Section 12). Because of the two-tiered, risk-
informed, approach, two design basis earthquakes are defined. For the repository, the PGA and
ground motion characteristics are to be defined (via the forthcoming Topical Report No. 3) based
on the probabilistic seismic hazards analysis (PSHA) for site-specific earthquakes having return
periods that correspond to Frequency Category (FC)-1 and Frequency Category 2 (FC)-2 as
defined in Topical Report No. 2 (YMP 1997). The design basis earthquake to be applied to the
design of a given SSC depends on the magnitude of potential radiological exposures to the public
or workers with respect to compliance with 10 CFR 63.111.

The safety case for the repository will be based on deterministic design basis applied to the
repository SSCs. In this licensing basis, a specific SSC designed to withstand one of the
respective design basis earthquakes is assumed able to perform its safety function during
earthquakes of magnitudes up to, and including, that magnitude specified as the design basis
carthquake for that SSC. However, the SSC is assumed to fail with a probability of 1.0 in the
event of an earthquake that exceeds the magnitude of the design basis earthquake for that SSC.
This approach may be characterized as assigning a step-function fragility factor to each SSC
(i.e., the conditional probability of the SSC failing, given the occurrence of an earthquake, is 0.0
up to, and including, the vibratory ground motion (VBM) associated with the design basis
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earthquake; however, the probability becomes 1.0 for higher VBMs). As described in Topical
Report No. 2 (YMP 1997), however, it is implicit that there will be margins in the design of the
SSC such that the actual probability of failure, given a design basis earthquake, will be a factor
of 0.1 or less. This margin provides assurance, for example, that in the event of a FC-2 design
basis earthquake at 1 x 10 per year, the annual probability of an offsite dose that exceeds the
limits of 10 CFR 63.111(b) will be less than 1 x 107 per year. Although this probability is not
demonstrated to be below the 1 x 10" per year probability threshold for screening out events, it
is in accordance with regulatory precedence.

It is expected that additional analyses will be required, such as SSC fragility analyses or SMAs,
as well as associated uncertainty analyses to demonstrate that high-consequence
seismically-induced sequences are beyond design basis. It is further expected that this
demonstration can be provided for a limited number of sequences and a limited number of SSCs;
therefore, it will not be necessary to perform a comprehensive seismic PRA.

10.1.2.2 Summary of Approach

The PSA will address potential seismically-induced radiological release events through a
comprehensive hazards analysis and limited event sequence analysis as a means to identify the
SSCs important to safety that are required to withstand the vibratory ground motions associated
with the respective FC-1 or FC-2 design basis earthquake for those SSCs.

The following analysis steps will be applied:
e Review available design descriptions and drawings.

e Review available hazards, event sequences, criticality scenarios, and consequence
analyses for events initiated by internal events, internal fires, and internal floods.

e For each of the repository operational areas, define the scenarios by which radionuclides
could be released, or a critical condition could result, due to events initiated by an

earthquake as a result of the direct or indirect effects of seismically-induced failure of
the SSCs.

e Use mean values for source terms to calculate the offsite and worker dose that could
result from each hypothetical seismic scenario and the postulated failure of a given SSC.
Calculate the dose with and without mitigation features, if mitigation is currently used in
the design, or could be applied.

e Determine the design basis earthquake frequency category to apply to each SSC based
on the approach described in Topical Report No.2 (YMP 1997). Event sequence
evaluations should include the considerations of potential criticality events, the
importance of ensuring waste isolation, the importance of ensuring the ability to retrieve
waste packages, and ALARA (i.e., as low as is reasonably achievable) principles and
practices.
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Several issues regarding this approach have not been resolved at this time. The detailed
discussion of the approach identifies some of these issues.

10.1.3 Details of Approach
10.1.3.1 Design Requirement per Seismic Topical Report 2

The DOE and NRC have established the principles for the seismic design of items important to
safety in the repository in a topical report, Preclosure Seismic Design Methodology for a
Geologic Repository at Yucca Mountain (YMP 1997) (otherwise known as Topical Report
No. 2). The report provides design principles for the following categories of SSCs: surface
facilities, underground openings, other underground SSCs, and waste package. Seismic design
principles are provided for both vibratory ground motion and ground fault displacement.

A project position paper, Monitored Geologic Repository Seismic Design Requirements Strategy
(CRWMS M&O 1998), provided a method for applying the principles of Topical Report No. 2 to
the design of the repository for SSCs that were previously classified as important to radiological
safety. Although Topical Report No.2 was written by the DOE and reviewed by the NRC
according to the regulations of 10 CFR Part 60, the fundamental approach can be adapted to

address 10 CFR Part 63, since the two-tiered Category 1 and Category 2 event sequence structure
has been retained in 10 CFR Part 63.

The principle difference between 10 CFR Part 60 and 10 CFR Part 63 is the change from
prescriptive requirements to performance-based requirements. Section 10.1.4.2 summarizes the
impact of moving from 10 CFR Part 60 to 10 CFR Part 63. It has been concluded that the
change has little substantive effect on the requirements for seismic design for preclosure safety.

Previously SSCs classified as important to safety (i.e., preclosure radiological safety) were
designated by a single quality assurance classification level (QA-1). The application of Topical
Report No. 2 required that each of the QA-1 SSCs be able to withstand a FC-1 or FC-2 design
basis earthquake, depending on the potential magnitude of the resultant radiological doses. The
process for the quality assurance classification of items important to safety has been revised to
include three levels of QL-1, QL-2, and QL-3 (as described in Section 12). The application of
Topical Report No. 2 becomes somewhat more complex because each SSC will carry a QL
designation as well as a seismic classification (i.e., FC-1 or FC-2).

The seismic design requirements are expressed in terms of two design basis earthquakes that are
characterized by their mean frequency (or return period) labeled as FC-1 and FC-2, respectively.
For the vibratory ground motion design basis earthquakes, FC-1 is defined as having a mean
annual probability of 1 x 10™ per year, and FC-2 is defined as having a mean annual probability
of 1 x 10 per year. The determination of the parameters associated with the intensity of the
respective design basis earthquakes will be the subject of the forthcoming Topical Report No. 3.
Topical Report No.3 will provide the information associated with the intensity and
characteristics such as peak acceleration and the resulting ground motion response spectra. This

information is required to ensure that the structural design of SSCs can withstand the dynamic
loads resulting from an earthquake.
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In addition, for fault displacement design basis earthquakes, FC-1 is defined as having a mean
annual probability of 1 x 107 per year, and FC-2 is defined as 1 x 107 per year. The principal
design defense against fault displacement is fault avoidance as described in Topical Report No. 2
(YMP 1997).

Guidance from prior regulatory positions, such as the Standard Review Plan for Spent Fuel Dry
Storage Facility (NRC 2000a), requires that subcriticality be maintained for all normal event,
abnormal events and postulated accidents. These events include the effects of natural
phenomena. Therefore, SSCs that might lead to criticality events were assigned the FC-2 design
basis earthquake. Furthermore, the FC-2 design basis earthquake was assigned to SSCs that
could significantly impair the ability of the repository to retrieve waste packages or degrade
waste if the SSCs were damaged.

The principles of ALARA and defense-in-depth are addressed in the consideration of seismic
classification. The final step in the seismic classification process provides a catch all where
prudence or engineering judgement may dictate a more stringent seismic design, commensurate
with cost-benefit considerations or throughput/availability considerations that may be more
limiting than the radiological safety considerations.

10.1.3.2 Impact of 10 CFR Part 63

The principal difference between 10 CFR Part 60 and 10 CFR Part 63 is the change from
prescriptive requirements to risk-informed, performance-based requirements. However, 10 CFR
Part 63 retains the requirement stipulating that credible natural phenomena must be considered in
the design of the repository. After comparing the respective requirements of the two regulations,
it is concluded that there is no substantive difference in regulations that affect the requirements
for seismic design for preclosure safety. Topical Report No. 2 remains applicable but regulatory
references in Topical Report No. 2 will have to be updated to refer to the appropriate sections of
10 CFR Part 63 instead of 10 CFR Part 60. For example, the radiological performance
requirements are now provided in 10 CFR 63.111 and references to 10 CFR Part 60 definitions
for important to safety and the design basis event frequency categories (with their corresponding
dose limits) must be replaced by counterpart references to 10 CFR Part 63.

A change in these regulations that may affect the application of Topical Report No. 2 involves
the requirement that states that doses from Category 1 event sequences must be less than, or
equal to, the final Environmental Protection Agency criteria for Yucca Mountain (15 mrem total
effective dose equivalent (TEDE)-per year). It was previously assumed in the preclosure Seismic
Strategy that the 10 CFR Part 20 dose limit of 100 mrem would be applied to determine which
SSCs are required to withstand a FC-1 design basis earthquake.

10.1.3.3 Process for Assigning Design Basis Earthquake
The following steps are applied to assign the appropriate design basis earthquake to SSCs:

1. Define the scenarios by which radionuclides could potentially be released by event
sequences initiated by an earthquake. The postulated scenarios include the failures of
SSCs directly associated with the handling, storing, or containment of radioactivity of
high-level radioactive waste forms, SSCs that could interact with those SSCs
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associated with the handling or storage of waste forms; the failure of fire protection
systems, and radiation waste treatment systems.

2. The analysis may build on prior hazards analyses or event sequence analyses that have
been developed for internal events, internal fires, internal floods, and criticality
scenarios. As appropriate, to aid in identifying potential seismic scenarios, seismic
event trees (SET's) may be constructed as described in Section 10.1.6.

3. Calculate the offsite dose that could result from each postulated failure of a given SSC
and the resulting radiological release. Calculate doses with, and without, mitigation
features, if mitigation is currently used in the design or could be applied.

4. Subject each SSC to the following dose comparisons:

a. If the individual offsite dose is greater than or equal to the 10 CFR 63.111(b)(2),
then the SSC must be designed to withstand the vibratory ground motion of a
FC-2 design basis earthquake. One guideline from 10 CFR 63.111(b)(2) is a dose
less than 5 rem TEDE for the public.

b. If, however, the offsite dose is less than 10 CFR 63.111(b)(2) limits but greater
than or equal to 10 CFR 63.111(b)(1) [which in turn references 10 CFR
63.111(a)] then the SSC must be designed to withstand the vibratory ground
motion of a FC-1 design basis earthquake. The guidelines of 10 CFR 63.111(2)
for Category 1 event sequences include paragraph (1), which requires meeting
10 CFR Part 20 -limits. These limits include worker dose limits (per
10 CFR 20.1201) and annual doses of less than 100 mrem to the public, and

paragraph (2) which presents a limit of an annual TEDE of less than 15 mrem to
the public.

c. If both the offsite doses and worker doses are less than the 10 CFR 63.111(a)
requirements for both workers and the public, then the SSC may be designated as
non-seismic and designed accordingly (e.g., to the Universal Building Code).

5. For SSCs designated as non-seismic or as FC-1, examine the SSCs and determine if
there are any radiological exposure, waste retrieval, or waste isolation issues that
suggest designing to a more stringent category earthquake. If, after a cost analysis, it
is shown that with only a small increase in costs that it is reasonable to design an SSC
to a more stringent category earthquake and the redesign results in a reduction in dose,
then this approach should be taken to promote ALARA.

The QA requirements associated with the seismic design will be considered at a later date as the
graded QA program is developed.

10.1.4 Examples of Application of Seismic Analyses

The seismic methodology is demonstrated by application to a conceptual repository surface
facility design. The first example is a scoping calculation applied to the structure of the Waste
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Handling Building (WHB). The other examples represent conceptual handling and operations in
the WHB.

The examples presented here (Section 10.1.5) are based on a evaluation of an earlier conceptual
design. The examples are intended to illustrate how seismic classifications are assigned to SSCs.
To support the LA submittal, however, the evaluations must be performed in a structured and
thorough manner to ensure that potentially significant seismic vulnerabilities are identified. The
SET described is one approach that will aid in the structured analysis. As noted, the seismic
classification analysis should draw from prior analyses, including existing event trees
non-seismic initiating events that can be modified to include seismic effects.

10.1.4.1 Consequences of Hypothetical Waste Handling Buil