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APPENDIX A
ANALYSIS OF DOE-OWNED FUELS

A-1. SOURCE TERM FOR DOE SNF
A-1.1 WASTE FORM CATEGORIES

The U.S. Department of Energy (DOE) has categorized all of its spent fuel into performance
assessment categories that were developed based on fuel composition and characteristics
(Stroupe 1997). The primary concern in grouping the spent fuels was assigning every fuel to a
category and making certain that all of the spent fuels fit into a specific category. The grouping
of spent fuels into categories is dependent on the analyses that will be preformed using a
representative spent fuel from that category. For example, the spent fuels are grouped differently
for conducting a Total System Performance Assessment (TSPA) than they are for conducting -
criticality analyses because different attributes of the fuel are important in performing different
analyses. The DOE Spent Nuclear Fuel (SNF) categories for TSPA are shown in Table 6A-1.
Category 14, Sodium-bonded spent fuel was not analyzed because treatment is expected for this
category of spent fuel.

The physical properties of a spent fuel category are assumed to be bounded by the properties of a
specific spent fuel or combination of several spent fuels in that category depending on the type of
analyses that are being performed using these data (i.e., performance assessment or criticality).
Table 6A-2 shows the 15 categories of DOE spent fuel that were analyzed and the typlcal fuel
that was used to bound the physical properties of that category.

The data for the Categories of DOE SNF, except for Category 15, were provided by the National
Spent Nuclear Fuel Program (Stroupe 1998). These data consisted of the amount of spent fuel,
the radionuclide inventory, packaging, and physical properties for each category of DOE SNF.
The total amount of DOE SNF in the 15 categories is approximately 2,496 metric tons having
metal (MTHM) (Table 6A-2). About 85% of this spent fuel is represented by Category 1, with
the majority of the metallic fuel in the category being from N reactor. Table 6A-3 also shows the
amount of fuel in each category for the modified inventory of DOE SNF. For the modified
inventory the total amount is reduced by approximately 7% to reduce the inventory to 2,333
MTHM. Data for Category 15 spent fuel were provided by Bettis Atomic Power Laboratory
(Beckett 1998).

A-1.2 RADIONUCLIDE INVENTORIES

The analyses of the performance of DOE SNF require the determination of the radionuclide
inventory for each category of fuel that is placed in the repository. In this section ORIGEN2 is
referenced only to provide the method that the National Spent Nuclear Fuel Program used to
analyze the radionuclide inventories for the categories of DOE spent fuel that were provided in
Stroupe 1998. These data (Stroupe 1998) were not obtained under the OCRWM Quality
Assurance Program. ‘'The computer code ORIGEN2 (Oak Ridge Isotope Generation) is widely
accepted for calculating spent fuel radionuclide inventories (ORNL no date). An ORIGEN2 run
requires detailed input of data for the fuel core composition, the power history of the reactor, and
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the operating conditions of the reactor. In particular, the nuclear-cross section libraries for each
fuel type are required for the particular reactor, and this library development is a lengthy and
involved task. With rigorous library development and comparison of calculated results to
measured values, the ORIGEN2 model is capable of accuracy sufficient for nuclear reactor
operational support. Such carefully developed nuclear cross-section libraries were not available
for all fuels evaluated in this performance assessment, and some of the input data for the
ORIGEN2 runs had to be estimated.

A conservative approach for the use of ORIGEN2 was adopted to estimate the radionuclide
inventory for each spent fuel category. For categories that contain large amounts of spent fuel
(i.e., Category 1 represented by N Reactor spent fuel), an effort was made to minimize the degree
of conservatism. Minimizing the degree of conservatism for categories containing small
amounts of spent fuel is less important because it is easier to accept the “penalty” of an
overestimate of radionuclides. The dose the overestimate produces is relatively small as .-
compared to the dose from larger amounts of spent fuel in other categories.

The radionuclides included in the performance assessment are based on screening that was
conducted for TSPA-1993 (Andrews et. al. 1994). The screening was done in two ways. First,
radionuclides were screened using the ratio of their inventory to EPA Table 1 release limits
(EPA 1985). The ratio of the weighted average inventories of specific radionuclides were
determined for spent commercial fuel corresponding to the EPA Table 1 values for 1,000,
10,000, 100,000, and 1,000,000 years. The fractional contribution of each isotope to release at a
time of 1,000, 10,000, 100,000, and 1,000,000 years was calculated assuming a combination of
delay due to waste package lifetime and retarded transport of 1,000 to 1,000,000 years. Isotopes
which contributed at least a fraction (0.01%) of the EPA release limit at any of the selected times
passed this screening. The entire decay chain for daughters that contributed greater than 107 of
the EPA release limit at anytime were also included (Andrews et al. 1994).

Second, the screening was also conducted using dose for the same time periods. The waste form
was assumed to alter at a rate of 10”° of the total inventory per year. The isotopes were assumed
to dissolve, as they were made available by the assumed waste form alteration rate, at the
maximum solubility according to the National Research Council (NAS) (1983), Electric Power
Research Institute (EPRI) (1992), and Barnard et al. (1992). The advective, downward flux in
groundwater moving through the unsaturated zone was assumed to occur at 0.1 mm/yr over the
footprint of the repository. On arrival at the saturated zone, the isotopes were assumed to mix in
the saturated zone with a flow rate of 10,000 m*/yr. Ingestion of 700 liters/year by a person
using this groundwater was assumed. The ingested dose was calculated using the maximum
effective (whole body) dose conversion factor from DOE (1988), Nuclear Regulatory
Commission (NRC) (1981), or EPA (1988). The fractional contribution of each isotope to total
dose at times of 1,000, 10,000, 100,000, and 1,000,000 years was determined. For radionuclides
with two or more isotopes present in the waste, the solubility limit was set for the element (i.e.,
all isotopes) and then proportioned between the individual isotopes by the mass fraction present
at the corresponding time. All isotopes contributing less than 10 of total dose at any time
period were eliminated from the inventory unless they were in the decay chain for daughters that
contributed 10 of total dose at any time. This process yields 39 radionuclides. The process of
using the maximum dose conversion factor is sufficiently conservative that a change in flux
would not yield additional radionuclides to the 39 being considered.
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In order to estimate the 39 radionuclides needed as input to the performance assessment,
ORIGEN?2 was used to model the fuel types in a given category of spent fuel (in the National
Spent Fuel Data Base). The ORIGEN2 analyses that were conducted to obtain the radionuclide
inventory for each DOE SNF category are presented in Table 6A-4. Spreadsheets were prepared
to merge the results (radionuclide concentrations) from the ORIGEN2 runs into a composite
radionuclide inventory for each category. For each fuel entry selected in the category, a
representative ORIGEN2 run was made. The inventory was then calculated as a scaled amount
based on Uranium content of each fuel type in the category. Totals were then calculated for each
~ of the 39 radionuclides. ’

The packaging of the fuel was calculated separately, as described in Section Al.3. The
cumulative curie count for each category was divided by the total packages in the category to .
arrive at the mean inventory for each package. The fuel inventories used in this study were
based on the National Spent Fuel Data Base (DOE 1996), which was used as the authority to
resolve any discrepancies in other data.

Composite spreadsheet totals of the curies in a particular category were apportioned equally
across the total number of canisters in that category. This results in a mean value per canister,

but does not consider that canisters within a category are of different size. For instance, no
distinction in curie inventory was made between the different diameter fuel canisters, or for
different canister lengths.

The analyses resulted in the radionuclide inventories that are presented in Table 6A-5 (as
mentioned previously, data presented in this table was supplied by the National Spent Nuclear
Program in Stroupe, 1998, and was not obtained under the OCRWM Quality Assurance
Program). The radionuclide inventory for each category of DOE spent fuel is presented in the
units of CVMTHM for ease in comparison of radionuclide content among categories. The
radionuclide inventory for Navy spent fuel is not presented because that information is classified.
The radionuclide inventory for commercial spent fuel, the surrogate DOE SNF, and HLW used
in the TSPA-VA base case is presented in Table 6A-6. The release term for Category 15 (Navy)
spent fuel at the boundary of a failed waste package is presented in Table 6A-7.

A-13 WASTE PACKAGE TYPES AND LOADING

The fuel loading configurations for the analyses of DOE SNF are based on the co-disposal
approach for high-and medium-enriched fuels prevalent in the DOE spent fuel inventory. In the
absence of complete, definitive criticality analyses for each fuel type, the amount of U-235 for
high-enriched fuel (i.e., enrichment greater than 20 percent U-235) was restricted to
approximately 14.4 kg per package (Research Reactor Spent Nuclear Fuel Task Team, 1996). A
maximum fissile content of 14.4 kilograms per package of U-235 or equivalent was assumed for
the high-enriched spent fuel and 44 kilograms per package of U-235 or equivalent was assumed
for medium enriched spent fuel. However in most cases, the volume of the spent fuel dictates
the amount that can be placed in a package. These assumptions were made to reduce the
potential for criticality by limiting the fissile mass content of each package based on its
enrichment. In the co-disposal packages high-level waste glass canisters are considered to be
emplaced in the same package with the spent fuel. The co-disposed spent fuel is assumed to be
in four canister high-level waste (HLW) packages and co-disposal packages.
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The DOE SNF is assumed to be contained in 432 mm (17 inch) and 632 mm (24 inch) diameter
canisters (Duguid et. al. 1997). Co-disposal in a HLW package is achieved by substitution of a
canister of spent fuel for one of the canisters of HLW glass (a 3 x 1 package). In the package
nomenclature used in this report, the first number refers to the number of HLW canisters and the
second number refers to the number of spent fuel canisters in the package (i.e., a 3 x 1 package
would contain three canisters of HLW and one canister of spent fuel). The co-disposal package
contains five canisters of HLW and a central 432-mm (17-inch) canister of spent fuel. Hence,
using the waste package nomenclature, a co-disposal package is 2 5 x 1 package (Stroupe, 1998).

Low-enriched spent fuel (N Reactor), is assumed to be disposed in four canister HLW package
with no canisters of HLW, and are referred to as 0 x 4 packages. The N Reactor spent fuel is

being treated and packaged in a Multi-Canister Overpack (MCO) for interim storage. The MCO

has an external diameter of 25.31 inch (about 643 mm), and is assumed to fit into a HLW
canister position. The Savannah River spent fuel (Categories 6 and 7) is being placed in 432-mm
(17-inch) canisters and it is assumed to be disposed in co-disposal packages. The Idaho National
Engineering and Environmental Laboratory (INEEL) spent fuel dimensions and fissile content
allows most of the fuels to be contained in 432-mm (17-inch) canisters. For the INEEL spent
fuels, the 610-mm (24-inch) canister was used for fuel of large dimensions (Stroupe, 1998).

Table 6A-8 shows the waste package configurations for each category of spent fuel for the total
inventory of DOE SNF. Based on Table 6A-8, the number of HLW canisters needed for co-
disposal of the high- and medium-enriched DOE SNF are shown in Table 6A-9. Co-disposal of
high- and medium-enriched spent fuel in the total inventory of DOE SNF (2496 MTHM)
requires 7,240 short canisters (3.05 m or 10 feet) and 7,836 long canisters (4.57 m or 15 feet) of
HLW. This is equivalent to 18,994 short canisters of HLW. Assuming that each short canister
of HLW contains 0.5 MTHM, it takes 9,497 MTHM of HLW to co-dispose the high- and
medium-enriched DOE SNF.

Table 6A-10 shows the number and types of waste packages needed to dispose of the modified
inventory of DOE SNF (2,333 MTHM). This packaging information was used to develop the
number of HLW canisters needed to co-dispose the modified inventory of DOE SNF
(Table 6A-11). The number of equivalent short HLW canisters necessary to co-dispose the high-
and medium enriched spent fuel in the modified inventory is 17,796. Thus, co-disposal of the
high- and medium-enriched spent fuel in the modified inventory, under the current packaging
assumptions, would require 8,898 MTHM of HLW. v

A-1.4 PHYSICAL PROPERTIES OF DOE SNF

Fuel properties were determined by the judgement of those personnel most familiar with the fuel
inventory, and a consensus on the values was gained by review among the local spent fuel
programs at the DOE sites (Cresap 1997). The grouping of fuel into categories, based on
chemical fuel form, aided in assigning common properties to each of the categories. The
physical properties that are used in the performance assessment are presented in Table 6A-12 for
each category of DOE spent fuel.

The prior performance assessments (i.e., TSPA-1995) have compiled the physical properties for
commercial spent fuel, and these values were adopted or used as a beginning point for estimating
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values for the DOE spent fuel categories. For instance, some fuel categories use the same value
for dissolution rate as commercial fuel, others use the commercial rate scaled by an appropriate
factor, and still others use entirely different models. Using existing models wherever possible
simplified the approach for both data generation by the National Spent Nuclear Fuel Program
and modeling done in this performance assessment. The effect of a range of physical properties
of the fuels on performance is examined in Section A-3, Evaluation of Sensitivity and
Uncertainty.

Table 6A-12 provides estimates of fuel dissolution rate, surface area, cladding failure, free
radionuclide inventory, gap radionuclide inventory, fuel area, and fuel volume. The fuel area
and volume are the current fuel meat area perpendicular to ground-water flux and the current fuel
meat volume.

The dissolution under wet oxic conditions is taken from the dissolution models that are described
in Section A-1.5 or as some fraction of the results of these dissolution models. For dry oxic
conditions, the dissolution rate is assumed to be zero, as in the case for commercial spent fuel.
Surface area for DOE fuels was based on the area and weight of the fuel meat (unclad fuel) itself.
Calculations were simplified by the fact that the chemical form of the fuel meat within each
category was the same. Where different geometry’s or dimensions contributed to the same
category, a dominant type was selected or average values were used. Conservative estimates
were made of the fraction of fuel cladding that has failed. These numbers are typically high,
reflecting the approach that little, if any, credit is claimed for fuel cladding as a barrier to
releases from DOE SNF. The value glven is an estimate of the initial condition at the time of
waste package failure, and normal corrosion processes would proceed after that time. In the
analyses reported in this document, no credit is taken for the cladding of DOE SNF and the
results are compared to equivalent amounts of unclad commercial spent fuel.  The assumption of
unclad commercial spent fuel was made to determine if it could serve as a conservatwe bound
for the DOE SNF.

Two columns of Table 6A-12 provide the free and gap radionuclide inventory that has been
released from the fuel, but is still contained in the disposal package until the time the package is
breached. It is then available for immediate release. Since the fuel in most cases has been stored
a long time prior to repository package emplacement, most of the inventory available for
immediate release would already be gone prior to sealed containment in a canister. After the
canister is sealed for repository disposal, conditions in it are benign, and not likely to facilitate
degradatlon of the fuel. For these reasons, the free fraction of the inventory is low. The gap
referred to in the gap inventory is between the fuel meat and the cladding. The mventory is the
fraction of radionuclides that has migrated from the fuel meat to the gap and is available for
immediate release when the cladding is penetrated. This inventory may be specified separately
for different isotopes (i.e., C-14). Some of the DOE spent fuels are physically constructed so as
to eliminate a gap that could accumulate radionuclides. For example, the N Reactor fuel meat is
co-extruded with the cladding that eliminates the presence of a gap. Thus it has no gap inventory
(Table 6A-12). '
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A-1.5 WASTE FORM DISSOLUTION MODELS

Dissolution models for metallic, carbide, ceramic, and oxide (commercial) spent fuel and for
HLW glass are presented below. The metallic and carbide models were taken from the analyses
of DOE SNF conducted by Sandia National Laboratories (Rechard, 1995), the models for
commercial spent fuel and HLW were used in TSPA-1995 (Andrews et al., 1995), and the
ceramic model was used in the evaluation of plutonium waste forms (Duguid et al., 1996).
These dissolution models were also used in the assessment of the performance of INEEL spent
fuels (INEEL Task Team on Spent Nuclear Fuel, 1997). A comparison of the glass and spent
fuel dissolution models that are described below is presented in Figure 6A-1. This figure
indicates that the largest dissolution rate over time is for metallic spent fuel and the slowest is for
carbide spent fuel. The dissolution rates in order from fastest to slowest are metallic spent fuel
under wit oxic conditions, metallic spent fuel under humid oxic conditions, oxide spent fuel,
HLW glass, ceramic, and carbide spent fuel. The change in rate over time is caused by the build
up of corrosion products on the surface of the waste form, which slows the rate of dissolution.
Initially there are about seven orders of magnitude difference between the fastest and the slowest
waste form dissolution rate (i.e., metallic and carbide), and after 100,000 years there are about
five orders of magnitude difference in dissolution rate between these models.

A-1.5.1 Metallic Spent Fuel
See Section 6.3.2.1.1.
A-1.5.2 Silicon Carbide Spent Fuel

The model for silicon carbide spent fuel was taken from the 1994 performance assessment of
DOE SNF (Rechard 1995). The 1994 assessment used a dissolution model that is based on the
following equation: . ’

M=Ae®T(t,° 4,°) (DX E x Miyyer)
For fuel particles with silicon carbide coatings,

mass of layer corroded in a time step (kg),
3x 1072/ sec,

0,

1,

time (sec),

1 which is assumed to be conservative,
0.2, and

jayer = the mass of the layer at time zero.

ZHmO-S0w» g
!

This equation can be used to calculate the mass of corroded silicone carbide fuel at any time step.
In order to obtain the dissolution rate, the mass of the layer at time zero and the surface area must
be known. For silicone carbide spent fuel, the surface area of thg silicone carbide is assumed to
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be 1325 m® and the mass of the layer (Myayer) is assumed to be 126 kg. The surface area is not
used to evaluate the mass release, but was used to estimate the initial mass of the coatings. This
dissolution model only applies to carbide fuel that has silicone carbide coatings on the carbide
fuel particles (Category 8, high integrity Uranium-Thorium carbide spent fuel), and does not
represent the dissolution of the fuel itself. Once the coating has failed the fuel reacts rapidly with
water releasing the radionuclide inventory of the fuel particles. This is the reason for using the
metallic dissolution for Categories 9 and 10 and applying a factor of ten and one hundred to the
dissolution rate, respectively (Table 6A-10). Categories 9 and 10 are both low integrity carbide
fuels that are expected to dissolve rapidly in the presence of water (they do not have silicone
carbide coated fuel particles). B

A-1.5.3 Ceramic
The dissolution model for ceramic was taken from Lappa (1995). The composition of the

ceramic was assumed by Lappa to be similar to that of Synroc-C, a titanate ceramic. Reeve et al.
(1989) proposed that the cumulative release from Synroc to be:

Q=Qo+6+SFrA

where

Q = release rate per unit surface area (g/m>),

Qo = instantaneous release from grain boundaries and metastable phases (g/m?),

© = isa kinetic function that accounts for ionic diffusion, selective matrix attack,
etc (g/m?), -

S = solubility of the matrix (g/m?),

F = groundwater flow rate (m’/ day),

A = isthe surface area (mz), and

T = time (days).

Lappa states that it is likely that the long-term release from the Synroc is controlled by the third
term of the equation. Existing data indicate that S is less than or equal to 0.007 g/m’ based on a
long-term leaching rate of less than or equal to 10™ g/m%/day when SA/C is 10 m™ at 70 degrees
Centigrade in deionized water (Lappa 1995). The leaching rate also increases with increasing
‘temperature (Ringwood et al. 1988). This temperature effect is described by:

R =@ 10°81000D

where

R = leaching rate (¢/m’ day),
T =  temperature in degrees K, and
aand B=  are constants.
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Based on the Synroc data of Ringwood et al (1988), B ~ 1.0 and o ~ 0.082 g/m*/day when SA/C
is 10 m™ at 70 degrees Centigrade. These are the same conditions that were assumed in TSPA
1995 for HLW glass. The release rate can be calculated by multiplying R by the surface area (S)
and the elapsed time (t). The radionuclides are released from the waste form based on its
alteration rate, and are then transported at a rate dependant on whether they are alteration
controlled or solubility-limited radionuclides.

The alteration/dissolution rate presented above is for a monolithic form, and if the monolith is
cracked the release rate could be significantly different. The release rate should be measured in
the ongoing research and development program to provide a more valid release in the repository
environment. However, the ceramic model is only used for Category 12 spent fuel that is less
than 2% of the total amount of DOE SNF on an MTHM basis.

A-1.54 Oxide (Commercial) Spent Fuel

See Section 6.3.1.3.2.

A-1.5.5 High-Level Waste Glass

See Section 6.3.3.3).
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A-2. DOSE TO HUMANS FROM DOE SNF

The Individual categories of DOE SNF were analyzed by placing them, one at a time, in the
environment of the TSPA-VA base case and calculating the expected-value dose history
attributed to that waste form for an individual using water from a well 20 kilometers down
gradient from the repository. Each category of DOE SNF or equivalent amount of unclad
commercial spent fuel was assumed to be placed in the TSPA-VA base case environment (i.e,
added to the inventory) and the resulting dose from the DOE SNF or equivalent amount of
unclad commercial spent fuel was analyzed. The dose to an individual from all sources was
analyzed: ingestion of food and water, inhalation, and exposure to contaminated areas and water.
The analyses in this chapter, except where specified, are for the total amount of DOE SNF (2,496
MTHM). This was done to determine the full impact of all of the DOE SNF and co-disposed
HLW in each category. These results are presented in Section 2.1. The results from the total
amount of DOE SNF are compared to the 2,333 MTHM of DOE SNF and 4,667 MTHM of
HLW in Sections 2.2 and 2.3. _

A-2.1 DOSE ATTRIBUTED TO EACH WASTE FORM

A total of 15 categories of DOE SNF were analyzed. These are Categories 1 through 13,
Category 15, and Category 16. Category 14, sodium-bonded spent fuel, was not analyzed
because it will be treated. All of the categories, except Category 15, contain some high- and
medium-enriched spent fuel that is assumed to be co-disposed. For this reason, the analyses of
dose are presented for the HLW included and excluded in the dose history. The analysis of the
fuel in each category (excluding the co-disposed HLW) is compared to an equivalent amount of
unclad commercial spent fuel (equivalent on an MTHM basis). For these comparisons, the
assumption was that the commercial spent fuel is packaged in the same number of packages as
the DOE SNF in category. Also, for conservatism, the DOE SNF was assumed to be disposed in
Region 6 of the repository. Region 6 has the highest unsaturated-zone flux through the
repository. ' ' _ .

The Navy spent fuel, Category 15, is not co-disposed, and because it is classified, it is handled
differently than the other categories of DOE SNF. For this category, data on thermal conditions
and waste package failure rate were furnished to Bettis Atomic Power Laboratory (Duguid
1998), and their staff used these data to calculate an unclassified release rate at the ‘boundary of
the waste package (Beckett 1998). This release rate was then used in the TSPA-VA model (RIP)
to analyze the dose 20-kilometer from the repository. The analyses of Navy spent fuel are
discussed in Section 2.1-14.

A-2.1.1 Uranium Metal Spent Fuel (Category 1)

* The expected-value dose history at 20 kilometer from the repository for Category 1 spent fuel
and co-disposed HLW is presented in Figure 6A-2. The analysis indicates that of the 107
packages disposed, only six packages are expected to fail over the first 100,000 years. The
package failures are shown as spikes in dose from Tc-99, I-129, and C-14 that are observed on
Figure 6A-2. The release of these three radionuclides is alteration controlled, and when a waste
package fails they are rapidly released from it (over a few thousand years as indicated by the
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width of the spikes). For the solubility-controlled radionuclides, such as Np-237, the dose curves
are smoother because of the slower release from the failed waste package. Figure 6A-3 shows
the dose attributed only to the Category 1 spent fuel. A comparison for Figures 6A-2 and 6A-3
shows little change due to removal of the HLW. This is because much of the spent fuel in this
category is low enriched N Reactor spent fuel contained in 101 packages that do not contain
HLW. There are only six co-disposal packages in the category (see Table 6A-8), and removal of
this small amount of HLW does not significantly affect the dose. Figure 6A-4 shows the dose
history for an equivalent amount of unclad commercial spent fuel (2122.26 MTHM, see Table
6A-3) contained in 107 waste packages. The results are similar to the results from Category 1
SNF except the doses are somewhat higher (i.e., Tc-99, I-129, and Np-237).

A-2.1.2 Uranium-Zirconium Alloy Spent Fuel (Category 2)

The spent fuel of Category 2 is disposed in eight co-disposal packages (see Table 6A-9).
Because of the small number of waste packages in this category, none are expected to fail in the
first 100,000 years. Consequently, no results for Category 2 are shown. In the sensitivity
analyses of Chapter 5, failure of a single package of Category 2 spent fuel will be assumed and
the results will be compared to failure of an equivalent amount of commercial spent.

A-2.13 Uranium-Molybdenum Alloy Spent Fuel (Category 3)

Figure 6A-5 shows the dose attributed to disposal of 3.77 MTHM of Category 3 spent fuel in 70
co-disposal packages along with that from the co-disposed HLW. Of the 70 packages it is
expected that four fail over the first 100,000 years. A waste package failure is shown as a peak
of dose from I-129 on Figure 6A-5. Figure 6A-6 shows the dose attributed only to the Category
3 spent fuel. The nearly two-order of magnitude decrease in dose is because of the removal of
the relatively large amount of HLW from the analysis. To dispose of 3.77 MTHM of Category 3
spent fuel, it requires 350 canisters of HLW (see Table 6A-9). If it is assumed that there is 0.5
MTHM per 10-foot canister of HLW, the disposal of 3.77 MTHM of spent fuel requires 175
MTHM of HLW. Figure 6A-7 shows the dose from disposal of 3.77 MTHM of commercial
spent fuel in 70 waste packages. The dose from the commercial spent fuel is nearly the same as
that from co-disposal of Category 3 spent fuel and HLW (see Figure 6A-5), and is more than two
orders of magnitude higher than that from the Category 3 spent fuel alone.

A-2.1.4 Uranium Oxide Spent Fuel (Category 4)

Figure 6A-8 shows the expected-value dose history from Category 4 spent fuel and co-disposed
HLW in 214 waste packages, of which 193 are co-disposal packages. The dose shown in Figure
6A-8 is somewhat higher (about a factor of two) than the dose from only the Category 4 spent
fuel (Figure 6A-9). The dose from Category 4 spent fuel (Figure 6A-9) is nearly identical to that
from an equivalent amount of commercial spent fuel (98.68 MTHM) shown in Figure 6A-10.
The dose from Category 4 spent fuel being nearly identical to that from commercial spent fuel is
not surprising, because much of the category is made up of commercial oxide spent fuel.

”
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A-2.1.5 Uranium Oxide-Disrupted Clad Spent Fuel (Category 5)

Figure 6A-11 shows the expected-value dose history from Category 5 spent fuel and HLW
disposed in 686 packages, all of which are co-disposal packages. The dose from the spent fuel
and HLW is nearly an order of magnitude above that of the spent fuel alone (Figure 6A-12). The
difference is caused by the relatively large amount of HLW because all of the waste packages are
co-disposal packages. When this result is compared to the equivalent amount of commercial
spent fuel (87.02 MTHM) in Figure 6A-13 it is seen that the dose from Category 5 spent fuel is
nearly an order of magnitude below that from the commercial spent fuel. The lower dose is
attributed to the Three Mile Island fuel being at lower burnup than average commercial spent
fuel at the time of the accident. )

A-2.1.6 Uranium-Aluminum Alloy Spent Fuel (Category 6)

Figure 6A-14 shows the expected-value dose history for Category 6 spent fuel and co-disposed
HLW. The 8.75 MTHM of spent fuel is co-disposed in 706 packages that contain about 1806
MTHM of HLW. Because of the relatively large amount of HLW the dose is reduced
significantly when the effects of the HLW are removed (Figure 6A-15). Comparison of the spent
fuel in Category 6 (see Figure 6A-15) with an equivalent amount of commercial spent fuel
(Figure 6A-16) shows that dose from the DOE spent fuel is somewhat higher (less than a factor
of two) than that from commercial spent fuel for the first 60,000 years. The dose during this
time period is largely from Tc-99 and I-129. After about 60,000 years, the dose from
commercial spent is somewhat larger than that from Category 2 spent fuel (Figures 6A-15 and
6A-16). The dose during this later period is largely from Np-237.

A-2.1.7 Uranium Silicide Spent Fuel (Category 7)

The expected-value dose history from Category 7 spent fuel and co-disposed HLW is shown in
Figure 6A-17. There are 11.55 MTHM of Category 7 spent fuel that is co-disposed in 250
packages with 600 MTHM of HLW. The peak dose from the spent fuel of this category (Figure
6A-18) is about the same as that from an equivalent amount of commercial spent fuel (Figure
6A-19). As stated earlier, comparisons between DOE SNF and commercial spent fuel are always
made using the same number of packages of each spent fuel type. This is done to ensure that

there is the same number of waste package failures of the DOE SNF and commercial spent fuel. -

A-2.1.8 High-Integrity Uranium-Thorium Carbide Spent Fuel (Category 8)

The 24.67 MTHM of Category 8 SNF is disposed in 503 co-disposal packages with about 1886
MTHM of HLW. The expected-value dose history from these packages is shown in Figure
6A-20 The dose attributed to only the Category 8 spent fuel is more than two orders of
magnitude lower (Figure 6A-21). The dose from an equivalent amount of commercial spent fuel
is shown in Figure 6A-22, and is about the same as that from the combined Category 8 spent fuel
and HLW (see Figure 6A-20). The lower dose from Category 8 spent fuel is attributed to two
factors, a lower radionuclide inventory (Table 6A-5) and a slower leach rate of the silicon
carbide spent fuel as compared to oxide spent fuel (Figure 6A-1).
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A-2.1.9 Low-Integrity Uranium-Thorium Carbide Spent Fuel (Category 9)

There are 1.66 MTHM of Category 9 spent fuel that are co-disposed in 60 waste packages with
225 MTHM of HLW. The expected-value dose history for the combined waste is shown in
Figure 6A-23. The dose from the combined waste is somewhat (about half an order of
magnitude) higher than that from only the Category 9 spent fuel (compare Figure 6A-23 with
Figure 6A-24). The dose from an equivalent amount of commercial spent fuel is about the same
(Figure 6A-25) as that from the combined Category 9 spent fuel and co-disposed HLW (Figure
6A-23).

A-2.1.10 Uranium and Uranium-Plutonium Carbide Spent Fuel (Category 10)

The spent fuel of Category 10 is co-disposed in five waste packages. Because of the small
number of packages in this category, none are expected to fail in the first 100,000 years.
Consequently no results for Category 10 are shown. In the sensitivity analyses of Chapter 5,
failure of a single package of Category 10 spent fuel will be assumed and the results will be
compared to failure of an equivalent amount of commercial spent fuel.

A-2.1.11 Mixed Oxide Spent Fuel (Category 11)

The 12.32 MTHM of mixed oxide (MOX) spent fuel in Category 11 is packaged in 367 co-
disposal packages along with about 1329 MTHM of HLW. The expected-value dose history for
the combined spent fuel and HLW is shown in Figure 6A-26, and the dose attributed to only the
MOX spent fuel is shown in Figure 6A-27. The dose from only the MOX spent fuel is more than
an order of magnitude below that of the combined spent fuel and HLW. This is because of the
relatively large amount of HLW co-disposed with the spent fuel (i.e., all of the packages contain
one canister of spent fuel and five canisters of HLW. Figure 6A-28 shows the dose from an
equivalent amount of commercial spent fuel. The dose from the commercial spent fuel is nearly
the same as that from the combined MOX spent fuel and HLW (compare Figures 6A-26 and
6A-28). : ’ : '

A-2.1.12 Uranium-Thorium Oxide Spent Fuel (Category 12)

Figure 6A-29 shows the expected-value dose history from 49.63 MTHM of Category 12 spent
fuel and co-disposed HLW (177 MTHM) disposed in 71 waste packages. Twenty-four of these
- packages are co-disposal packages and the remainder (47) are 3 x 1 packages (they contain 3
canisters of HLW and 1 canister of spent fuel). Figure 6A-30 and Figure 6A-31 show the dose °
attributed to the Category 12 spent fuel and an equivalent amount of commercial spent fuel,
respectively. The difference between the two results, about two orders of magnitude, is because
of differences in radionuclide inventory and the slower dissolution rate of the ceramic fuel
(Category 12). -

A-2.1.13 Uranium-Zirconium Hydride Spent Fuel (Category 13)

The dose history attributed to 2.03 MTHM of Category 13 spent fuel and co-disposed HLW (260
MTHM) is shown in Figure 6A-32. Category 13 spent fuel is contained in 100 co-disposal
packages (5 x 1 packages). The dose from only the spent fuel (Figure 6A-33) is more than an
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order of magnitude below that from combined spent fuel and HLW (Figure 6A-32). Figure
6A-34 shows the dose from an equivalent amount of commercial spent fuel. The dose from the
.commercial spent fuel is nearly the same as that from the combined Category 13 spent fuel and
HLW (see Figure 6A-32).

A-2.1.14 Navy Spent Fuel (Category 15)

The analyses of Navy spent fuel were conducted differently than other categories of DOE SNF to
avoid having to have security clearances for the Performance Assessment staff so that they could
work with the classified data for Navy spent fuel. Instead of having a radionuclide inventory for
the Navy spent fuel, a dissolution model, and a packaging scenario, the analyses of the Navy fuel
were done based on a source term at the boundary of the waste package. To obtain this source
term data that consisted of waste package surface temperatures and waste package failure rates
for the six regions of the base case repository were transferred to Bettis Atomic Power
Laboratory (Duguid 1998), and their staff developed the source term. Bettis staff assumed that
the current dry climate prevailed for the first 5,000 years and then switched to the long-term
average climate. This climate is the same as used for the expected-value analyses of the other
categories of DOE SNF. They also used the waste package failure for the northeast region of the
repository and assumed that waste form degradation and release began at the first breach of the
waste package. Bettis staff used these data and assumptions to estimate the radionuclide release
from the failed waste packages, and their analyses showed that the Zircaloy spent fuel cladding
would not be breached in the first one million years. They found that only a small amount of
radionuclides that buildup on the cladding during operation (crud) is released. The release rate
through time provided by Bettis (Beckett 1998) was used in RIP to analyze the expected-value
dose from the Navy Spent fuel.

Figure 6-35 shows the dose history for Category 15 spent fuel over 100,000 years using the

release source term provided by Bettis (Beckett 1998). The total dose is from 300 packages of

Navy spent fuel that is disposed in spent fuel packages. The dose is from crud that forms on the
outside of the Zircaloy cladding. The Zircaloy cladding of the Navy spent fuel is not expected to

fail in the first million years, and the dose is from crud that forms on the outside of the fuel

(Beckett 1998). Figure 6A-36 shows the dose from an equivalent amount of unclad commercial

spent fuel. The dose from the commercial spent fuel is about two orders of magnitude higher

than that from the Navy fuel. However, had the commercial spent fuel been assumed to be clad

the difference between the Navy and commercial spent fuel would have been less (See

Figure 6A-54).

A-2.1.15 Miscellaneous Spent Fuel (Category 16)

Figure 6A-37 shows the expected-value dose history from 10.73 MTHM of Category 16 spent
fuel and 135 MTHM of HLW packaged in 44 co-disposal packages. The dose from the
combined spent fuel and HLW is somewhat higher than that attributed to the spent fuel alone
(Figure 6A-38). The dose from Category 16 spent fuel is also somewhat higher than that from an
equivalent amount of commercial spent fuel (Figure 6A-39).
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A-2.1.16 Summary of Results

. The expected-value total dose history from the spent fuel in Categories 1 through 7 is plotted on
Figure 6A-40. Categories 1 and 6 contribute the highest dose from these seven categories.
Category 2 does not contribute because there are expected to be no package failures in the first
100,000 years. Category 3 has a dose history that is about three orders of magnitude below that
of the other spent fuels shown on Figure 6A-40. The dose history for Categories 8 through 13,
and 16 are shown in Figure 6A-41. Category 10 has no dose history because no packages are
expected to fail in the first 100,000 years. Comparing Figures 6A-40 and 6A-41 it appears that
Category 1, 4, 5, 6, 7, 8, 11, and 16 will contribute significantly to the dose from all DOE spent
fuel. The analyses conducted in 1997 (Duguid, et. al. 1996) found that categories 1, 4, 5, 6, 8,
and 11 contributed significantly to the dose from a composite of the first 13 categories of DOE
SNF. The current analyses indicate that Category 7 has been added to the group of fuels that
contribute significantly to the dose from all DOE spent fuels. The reason for this increase is that
the radionuclide inventory for Category 7 was increased because of additional ORIGEN analyses
for this category. Category 16 is also added to the group, but it had not been previously
analyzed.

A-2.2 DOSE ATTRIBUTED TO COMBINED WASTE FORMS

A-2.2.1 HLW Used for Co-Disposal for Different MTHM Algorithms

The HLW used in the base case is assumedtobe4,667MTI-IMﬂaatisdisposedin 1,663 co-
disposal packages. If it is assumed that a 10-foot canister of HLW is 0.5 MTHM, then 4,667
MTHM is the same as 9,334 canisters of HLW. The expected-value dose history from disposal
of 9,334 canisters of HLW in 1,663 packages is shown in Figure 6A-42. The dose from 4,667
MTHM of HLW reaches about one mrem/yr at 100,000 years with the dose being from Np-237
after about 45,000 years. Prior to 45,000 years, the dose is primarily from Tc-99.

Two additional algorithms for estimating the MTHM of HLW have been considered: the first is
based on a strict interpretation of the Nuclear Waste Policy Act and a second is based on the
toxicity of the HLW. The first algorithm the HLW waste is equivalent to the fuel from which it
was produced would yield about 400 canisters as being equivalent to 4,667 MTHM of HLW.
The second, the toxicity basis, would allow co-disposal of all of the high- and medium-enriched
spent fuel and still remain below the 4,667 MTHM. The HLW waste necessary for co-disposal
of all of the DOE SNF is 7,240 10-foot canisters and 7,836 15-foot canisters of HLW (see
Table 6A-9). This is equivalent to 18,994 or approximately 19,000 10-foot canisters of HLW.
The HLW for both of these algorithms is assumed to be disposed in co-disposal packages and the
results are shown in Figure 6A-43. The results indicate that the dose from 18,994 canisters is
only somewhat higher then the dose from 9,334 canisters of HLW (compare Figures 6A-42 and
6A-43). The dose for the 400-canister case is more than two orders of magnitude below that
from 18,994 canisters. Here it should be observed that the results do not scale from one case to
another. This is because the peak dose is from Np-237 and its release from the engineered
barrier system is solubility controlled (i.e., the peak is related to the number of failed waste
packages that are releasing Np-237 at its solubility limit).
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A-2.2.2 DOE SNF

Figure 6A-44 shows the expected-value total dose history from all of the DOE SNF (2,496
MTHM) compared to an equivalent amount of commercial spent fuel. The analysis of
commercial spent fuel is for unclad fuel disposed in Region 6. Both are packaged in the same
number of waste packages (3,156, see Table 6A-8). The reason for the difference in roughness is
“because of how the two curves were derived. The commercial spent fuel curve is from 3,156
packages that contain an equal amount of spent fuel in each package, and with this large number
of packages there are enough package failures so that the curve is smooth. The curve for DOE
SNF is a composite of the categories that contribute significantly to the dose from all DOE SNF.
Several of the categories have few enough packages that package failures appear as spikes in Tc-
99 and I-129 dose, and the roughness of the DOE SNF curve results from these spikes (i.e.,
Category 1). :

Figure 6A-45 shows a comparison among 2,333 MTHM of unclad commercial spent fuel, 2,333
MTHM of the metallic surrogate spent fuel used in the base case, and 2,333 MTHM of DOE
SNF. For the analyses of both the surrogate and the commercial, the waste packages are
disposed in Region 6. This figure indicates that the surrogate metallic spent fuel is a good
average for the DOE SNF. The surrogate curve appears as a best-fit curve through the spikes of
the DOE SNF curve, but at a later time, it bounds the spikes (after about 70,000 years). The
2,333 MTHM of unclad commercial appears to be a good bound for the DOE SNF:; it is above all
of the spikes on the DOE SNF curve that are created by individual waste package failures (see
Figure 6A-45). :

A-2.2.3 Commercial Spent Fuel

Figure 6A-46 shows the expected-value dose history attributed to 63,000 MTHM of commercial
spent fuel of the TSPA-VA base case. The spent fuel is assumed to be Zircaloy clad and is
distributed across the six regions of the repository. Comparison of the dose from 63,000 MTHM
of spent fuel with 4,667 MTHM of HLW (see Figure 6A-42) shows that the total dose from the
spent fuel is an approximation of the dose from the entire repository. This is because adding in
the dose from HLW (see Figure6A-42) and the dose from DOE SNF (see Figure 6A-45) would
only change the dose by a relatively small factor.

A-23COMPARISON OF RESULTS

A-2.3.1 Categories that Contribute Significantly to Total Dose

The categories that contribute significantly to the total dose from all categories of DOE SNF can
" be observed on Figures6A-40 and 6A-41. Categories 1, 4, 5, 6, 7, and 16 contribute significantly
to the total dose from all DOE SNF. Categories 8, 9, and 11 are below a dose of 1 x 107
mrem/yr and are not considered to be significant, but are the next three highest categories.
Categories 1, 4, 5, 6, 8, and 11 were previously found to contribute significantly to the dose from
all DOE SNF (Duguid et. al. 1996), and Categories 1 and 6 were found to be the largest
contributors. The current analyses also show that Categories 1 and 6 are the largest contributors
(see Figure 6A-40 and 6A-41). It would appear that the dose from Category 7 has increased
somewhat, and this increase is due to increased radionuclide inventory based on new ORIGEN
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analyses. Category 9 has also increased somewhat because the metallic dissolution model is now
thought to be a better representation. Prior analyses (Duguid et. al. 1996) assumed the carbide
dissolution model for this category.

A-2.3.2 Comparison among Repository Loading Scenarios

Figure 6A-47 shows the expected-value dose history for the base case repository, 2,333 MTHM
of DOE SNF, and 9,334 canisters (4,667 MTHM) of HLW. The reason for the roughness of the
curve for DOE SNF on Figure 6A-47 is because of the way was constructed. It is a composite of
the individual categories of DOE SNF, and this causes some of the spikes form individual
package failures to be higher than curve for the base case. The base case contains a surrogate
DOE SNF in 2,546 packages and this produces a smoother curve because of the larger number of
package failures (Figure 6A-45). Figure 6A-48 shows the comparison of 63,000 MTHM of clad
commercial spent fuel with 2,333 MTHM of DOE SNF, and 2,496 MTHM of DOE SNF. Here
it should be observed that the peak dose from 63,000 MTHM of clad commercial spent fuel is
nearly the same as that from the base case repository (compare Figures 6A-48 and 6A-47). At
early times, the DOE spent fuel curve is somewhat lower than that of the base case repository,
and the peak dose from 63,000 MTHM of clad commercial fuel is higher than that from the
unclad DOE SNF (by less than a factor of five). It can also be observed that the expected value
dose history from 2,333 MTHM of DOE SNF is nearly the same as that from 2,496 MTHM of
DOE SNF (see Figure 6A-48). Here the primary difference between the two loading scenarios
stems from the number of waste packages in each. The 2,496 MTHM dose curve is somewhat
higher, and has somewhat different waste package failures because it has more waste packages.

Figure 6A-49 shows the expected-value total dose curves for 400, 9,334, and 18,996 canisters of
HLW. Here it should be noted that the 400 and 9,334 canister cases do not have a very
significant dose contribution to the entire repository. The 18,996 canister does affect the dose
from the entire repository because of the early contribution from Tc-99 at about 30,000 years and
by a lessor amount due to Np-237 at later times. The 18,996 canisters of HLW is the amount
that is needed to co-dispose the high- and medium-enriched spent fuel in all (2,496 MTHM) of
the DOE SNF.
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A-3. EVALUATION OF SENSITIVITY AND UNCERTAINTY

A considerable amount of uncertainty exists both in the long-term repository environment and in
the physical characteristics of DOE SNF. The primary natural system parameter that is uncertain
over the long-term is the percolation fhux through the repository, and consequently, the
sensitivity of dose to it will be examined. Other fuel properties that are uncertain are effects of
fuel cladding, choice of dissolution model, dissolution rate, and surface area. In addition,
because of criticality considerations, the number of packages of spent fuel for some categories is
also uncertain. The effects of all of these uncertainties on dose are analyzed in this Chapter.

A-3.1 UNSATURATED ZONE WATER FLUX

The results of prior assessments such as TSPA 1995 (Andrews, et. al. 1995) have shown that
dose is sensitive to percolation flux through the repository. However, because of the coupled
nature of the TSPA-VA model, this parameter should not be varied independent of other coupled
parameters. For the TSPA-VA, the model has been properly coupled for three different fluxes
that relate to climate change. These fluxes are the current dry climate, the long-term average
climate, and the super pluvial climate. Changes in flux would be expected to have the largest
effect on metallic spent fuel because of their faster dissolution rate. For this reason, the metallic
surrogate spent fuel used in the base case, Category 1 spent fuel, and Category 6 spent fuel, are
analyzed. As discussed earlier, Categories 1 and 6 are the largest contributors to dose from all
DOE SNF.

Figure 6A-50 shows the effects on dose from the surrogate spent fuel for the three sets of
climatic conditions. The dose peaks at about 40,000 when the current dry conditions are
assumed over 100,000 years, and is still increasing at 100,000 years for the two increased flux
conditions (long-term average and super pluvial). The dose from the three sets of conditions
are about half an order of magnitude apart at 100,000 years, and the dose from the super pluvial
conditions is about on a factor of five above that of the surrogate under the base case conditions
(see Figure 6A-50 and 6A-45). The same number of failed packages was used for the super
pluvial climate as was used for the long-term average climate. Because of this the additional
water from the super pluvial produces a dilution effect for the first 50,000 years (until enough

- B"Np is flushed from the failed waste packages to increase the dose above the extended dry

conditions). Also, because there is little dilution for the extended dry conditions the dose from
20,000 to 50,000 is higher than for either the long-term average climate or the super pluvial.

Figure 6A-51 shows the effects of the three climatic conditions on Category 1 spent fuel. Here
the peak dose for the three climate conditions is about the same, with the peaks being sharper for
wetter conditions because of the more rapid flushing of alteration-controlled radionuclides from
the waste package under these conditions. The peaks under super pluvial climate are somewhat
lower because of dilution of alteration-controlled radionuclides in the increased flux. Both the
long-term average climate and the super pluvial climate produce a dilution effect and yield doses
that are lower than those from the extended dry climate (Figure 6A-51). This effect is similar to
that from the surrogate DOE spent fuel at early time when few waste packages have failed
(Figure 6A-50, between 20,000 and 40,000 years).
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Figure 6A-52 shows the effects of the three climate conditions on dose from Category 6 spent
fuel. Here it is interesting to note the dose at about 80,000 years from the long-term average
climate is higher than that from the super pluvial climate. Using the same waste package failure
rate for both climates causes this difference in dose. The larger groundwater flow during the
super pluvial begins to deplete the z"'Np from the waste packages that fail early (because of the
small amount of spent fuel that they contain), and the dose drops below that from the long-term
average climate. At earlier time when few packages have failed (Figure 6A-50 and 6A-51)
dilution causes the highest dose to be from the extended dry climate (Figure 6A-52).

A-3.2°' FUEL ALTERATION AT TIME OF WASTE PACKAGE PAILURE

The TSPA-VA model does not track individual waste packages within the repository. -
. Consequently, the alteration of the spent fuel in a waste package cannot be initiated at the time of

- waste package failure. For metallic spent fuel this conservatism could have a significant effect
on peak dose. To test this, a single package was assumed to fail at 1,000 years and the results are
compared to those from a single package that fails at 40,000 years (Figure 6A-53). To avoid the
influence of the change of climate at 5,000 years both results were analyzed for the long-term
average climate for the entire 100,000-year period. Figure 6A-53 shows two separate analyses
plotted on the same figure, one for a single package failure at 1,000 years and the other for a
single package failure at 40,000 years. The spike in Tc-99 and I-129 is lower for the package
that fails earlier than for the package that fails later. The lower peak is due to the fewer number
of corrosion patches present on a failed package at 1,000 years than at 40,000 years (i.e., there
would be a few pits through which diffusion occurs at 1,000 years and there would likely be flux
through the package at 40,000 years). A more likely explanation of the Tc-99 and I-129 spikes
that occur at waste package failure (Figure 6A-3) is that they caused by the rapid dissolution of
the metallic spent fuel (i.e., the fuel dissolves within one model time step).

A-3.3 CLADDING

The effects of cladding were found to be significant for commercial spent fuel in the base case.
Figure 6A-54 shows the effects of cladding of commercial spent fuel as modeled in the base case
for 2,333 MTHM of commercial spent fuel. Here the cladding makes a difference of about two
-orders of magnitude between about 10,000 and 40,000 years (Figure 6A-54). As the cladding
fails, the two dose curves are similar after about 70,000 years.

Category 1 spent fuel was originally clad with Zircaloy, but much of the cladding has failed
during pool storage of the spent fuel. Figure 6A-55 shows the effects of assuming 50% intact
cladding for Category 1 fuel. Here the peak dose is reduced somewhat (about a factor of two)
because of the cladding. The 50% cladding changes the dose from Tc-99 and I-129 by a factor
of two because they are alteration-controlled radionuclides, and little affect on Np-237 because it
is solubility controlled. It would appear a significant fraction of the cladding on Category 1
spent fuel would have to be in tact to substantially change the dose spikes from Tc-99 and I-129.
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A-3.4 WASTE FORM DISSOLUTION MODEL

For the analyses of disposal, DOE SNF dissolution models are used for oxide, metallic, carbide,
and ceramic spent fuel and for HLW glass. A comparison of these dissolution models is
presented in Figure 6A-56. The dissolution rates in descending order of rate are metallic spent
fuel, oxide spent fuel, HLW glass, ceramic, and carbide spent fuel. After about 20,000 years the
range of dissolution rate is more than four orders of magnitude

The dissolution model for some of the DOE SNF is uncertain to the point that different
dissolution models could be assumed for the spent fuel. For example, for Category 9, low
integrity carbide, ten times the metallic dissolution model, was used in the analyses instead of
using the carbide dissolution model. The carbide model only applied to the silicon carbide
coated fuel; (the high integrity carbide spent fuel Category 8). A comparison of using ten times
the metallic dissolution model and the carbide dissolution model for Category 9 spent fuel is
shown in Figure 6A-57. This comparison shows that the choice of dissolution model has little
effect on dose because the release from the waste package is being controlled by
diffusion/advection rather than dissolution rate.

The ceramic dissolution model used in these analyses was developed based on studies Synroc
and may not be applicable to the ceramic spent fuel of Category 12. To analyze the effect of
assuming the ceramic dissolution model, the results are compared to assuming dissolution of the
fuel congruent with Thorium-Uranium oxide (Figure 6A-58). The assumption of congruent
dissolution model reduces the peak dose from Category 12 spent fuel by more than a factor of
five. However, this reduction would not effect the dose from a composite of all categories of
DOE spent fuel because Category 12 does not contribute significantly to the total dose.

A-3.5 WASTE FORM DISSOLUTION RATE AND SURFACE AREA

The dissolution rate and surface area of many of the DOE spent fuels are uncertain because few
test data are available. As guidance to the spent fuel testing the sensitivity of dose to these
parameters was examined for selected categories of DOE spent fuel. Figure 6A-59 shows the
effects of increasing and decreasing the dissolution rate of Category 1 spent fuel by three orders
of magnitude. The increase.in dissolution has no effect on the dose because radionuclides are
dissolved that can be transported from the waste package (see Figure 6A-59). However, the
decrease in dissolution rate by three orders of magnitude significantly effects the dose peaks (by
as much as two orders of magnitude). The same effect is observed at the higher flux through the
repository that would exist when the long-term average climate is applied over the 100,000-year
period (Figure 6A-60). A similar, but less dramatic, effect of a range of surface areas on the
dose from Category 1 spent fuel is observed (Figure 6A-61). Increased surface area has little

.effect on dose, but a decrease in surface area of a factor of ten produces a decrease in dose of

about a factor of five. This indicates that being overly conservative in the assumption of metallic
spent fuel surface area can have a significant effect on dose (i.e., assuming a larger than actual
surface area will increase dose). A similar effect is observed at the higher flux through the
repository created by the assumption of long-term average climate (Figure 6A-62). ,
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Figure 6A-63 shows the effect of dissolution rate on Category 13 spent fuel. This category was
selected because, as mentioned previously, the dissolution model for this fuel is uncertain. An
increase of three orders of magnitude in rate increases the peak dose by about two orders of
magnitude at early time, to more than a factor of five at later time. A similar decrease in rate
decreases the dose by about three orders of magnitude (Figure 6A-63).

A-3.6 DOSE FROM CATEGORIES 2 AND 10

Because no waste package failures are expected over the first 100,000 years for Categories 2 and
10 the dose attributed to these spent fuels could not be compared to an equivalent amount of
commercial spent fuel. Figure 6A-64 shows the comparison of the dose from failing one
package of Category 2 spent fuel at 40,000 years and failing an equivalent amount of commercial
spent fuel at the same time. The peak dose from commercial spent fuel is about a two orders of
magnitude higher than that from Category 2 spent fuel. Similar results were obtained when one
package of Category 10 fuel was failed at 40,000 years and the results were compared to an
equivalent amount of commercial spent fuel (Figure 6A-65). In this case the peak dose from the
commercial spent fuel is only about a factor of five higher than that of Category 10 spent fuel.

A-3.7 NUMBER OF WASTE PACKAGES

The number of waste packages has two effects on the dose from the same amount of waste, more
waste packages means there will be more waste package failures and more failed packages
means that there will be more release of solubility limited radionuclides (such as Np-237). These
effects were analyzed for Category 13 spent fuel where the number of waste packages is
uncertain because of criticality. Figure 6A-66 shows the results for a factor of five or ten
increase in the number of packages for Category 13 spent fuel. This category was assumed to be
packaged in 100 waste packages The primary radionuclide that contributes to the long-term
dose from the category is Np-237 (see Figure 6A-32). An increase in the number of waste
packages by a factor of five has about an order of magnitude effect on the dose (i.e., packages
fail earlier and there are more waste packages releasing Np-237 at its solubility limit). The
number of failed packages is represented by the number of dose spikes on each curve. Another
factor of two increase in the number of waste packages produces about a factor of two increase
in dose (see Figure 6A-66).

The effects of increasing the number of waste packages for Category 1 spent fuel was also
investigated, even though the number of waste is not uncertain (Figure 6A-67). Here the dose
peaks from Tc-99 and I-129 changes little even though there are more waste package failures,
but the best fit curve through the results show an increase in dose that is attributed to Np-237.
The lack of change in the peak dose from Tc-99 and I-129 is because they are alteration-
controlled radionuclides that are flushed from the waste package relatlvely rapidly because of
their high solubility.

A-3.8 REPOSITORY REGION '

The footprint of the repository is dived into six regions that have somewhat different flux.
Region 6 has the highest flux and Region 2 has the lowest. For conservatism, the DOE spent
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fuels were analyzed individually in Region 6 and compared to an equivalent amount of
commercial spent fuel that was also in Region 6. The composite of DOE spent fuel was
compared to the surrogate and to an equivalent amount of commercial spent fuel that were
Region 6, when in fact the surrogate in the base case would have been distributed evenly over all
six regions. The results are shown in Figure 6A-68 for 2,333 MTHM of commercial spent fuel
in Region 6 as compared to being evenly distributed over the six repository regions. The dose is
higher when the spent fuel is in Region because of the higher flux and the curve is rougher when
the waste packages are distributed evenly over six regions because of differences in transport

length,

In order to evaluate the conservatism of placing the spent fuel in Region 6, a comparison of the
results of placing Category spent fuel in Region 6 and Region 2 is presented in Figure 6A-69.
Region 6 has the highest flux through the repository and Region 2 has the lowest. The difference
in peak height is due to the difference in flux and the lag of one peak behind the other is due to.
the difference in transport path length for the two regions. This result differs from that described
in Section 3.1 where the effects of different climates were compared, and dilution caused the
dose from higher flux to be lower. Here the higher flux causes higher dose because the higher
flux is part of the same flow system (i.e., a different location in the unsaturated zone, but the
same saturated-zone flux).

A-3.9 SUMMARY OF RESULTS

Increased flux through the repository increases the long-term dose from Np-237 significantly
even though the same number of waste package failures are assumed. In reality, there should be
increased waste package failures with increased flux and the increase in dose would be expected
to be even greater. For Category 6 spent fuel, when the flux for the super pluvial is assumed for
- the entire 100,000-year period, while not realistic, begins to deplete the Np-237 so that the dose
curve drops below that attributed to long-term average climate over the entire period. The
depletion of Np-237 was not observed for Category 1 spent fuel because there is more fuel in
these waste packages than for Category 6.

The assumption that alteration of the spent fuel in a waste begins at time zero rather than at waste
package failure may have a significant affect on the height of the dose spike from Tc-99 and
I-129 for metallic spent fuel. This is because the metallic spent fuels -alter rapidly and there
could be a significant amount of altered fuel in the package at the time of waste package failure.
The effects of this assumption should be investigated further, especially in regard to Category 1
spent fuel (i.e., for this category the dose spikes have a significant effect on the dose from all
DOE SNF).

The effect of cladding on dose diminishes with time as the cladding fails and the presence of
cladding tends to smooth out the dose curve. Assuming 50% cladding for Category 1 spent fuel
has a factor of two in the dose spikes from Tc-99 and I-129 as would be expected for these
alteration-controlled radionuclides. It appears that there would have to be significantly more in
tact cladding to produce a significant effect on dose from Category 1 spent fuel.

Reduced dissolution rate and surface area can have a significant effect on the dose from DOE
SNF. For Category 1 spent fuel, a reduction in dissolution rate reduces the dose spikes from
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Tc-99 and I-129 significantly while a reduction in surface area has a lessor corresponding
reduction. For Category 13 spent fuel a change in dissolution rate effects both the alteration-
controlled radionuclides (Tc-99 and I-129) and the solubility-controlled radionuclide Np-237.

The dose from Category 2 and 10 DOE SNF is less than that from an equivalent amount of
unclad commercial spent fuel. Because of the small number of waste packages in Categories 2
and 10 (8 and 5, respectively), no packages are expected to fail over 100,000 years.

An increased number of waste packages that contain the same total amount of spent fuel
increases the total dose. The increase does not affect the dose from alteration-controlled
radionuclides, but does increase the dose from the solubility-controlled radionuclide Np-237.
This is because with a greater number of packages there are more failed packages releasing
Np-237 at its solubility limit.
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A4. CONCLUSIONS

e ' The dose from a composite of all categories of DOE SNF can be bounded by an
equivalent amount, on an MTHM beasis, of unclad commercial spent fuel.

e The largest contributor to dose from all DOE SNF is Category 1 that is composed
primarily of N Reactor spent fuel.

e  The metallic surrogate spent fuel that represented the DOE SNF in the TSPA-VA base
case appears to be an appropriate average of the composite of the categories of DOE
SNF. Some of the dose spikes from Tc-99 and I-129 caused by individual package
failures of Category 1 spent fuel are higher than the dose from the surrogate; but overall
the surrogate dose curve is higher including the peak dose that occurs at 100,000 years.

e The spikes in dose from Tc-99 and 1I-129 caused by individual package failures of
Category 1 spent fuel are sensitive to changes in dissolution rate and surface area.
They do not increase as dissolution rate is increased, but are nearly eliminated when
dissolution rate is reduced by three orders of magnitude. For surface area, the spikes
remain the same for increased surface area and are decreased as surface area is
decreased. These results indicate the importance of reducing any conservatism that
may exist in the assumed values of dissolution rate and surface area through Laboratory
testing.

e (Categories 1, 4, 5, 6, and 7 are the largest contributors to dose from all DOE SNF, and
Categories 1 and 6 are the largest contributors. All other Categories (2, 3, 8, 9, 10, 11,
12, 13, 14, 15, and 16) produce dose that is more than two orders of magnitude below
that from all DOE SNF. Of the lower dose-producing categories, Categories 8, 9, and
11 are highest.

e The dose from Category 15, Navy spent fuel, is more than two orders of magnitude
below that from all DOE spent fuel. Category 15 dose is also more than two orders of
magnitude below that of an equivalent amount of commercial spent fuel. The reasons
for the low dose from Navy spent fuel are that the dose is from crud on the outside of

- the Zircaloy clad, and that the robust clad is not expected to fail for over a million
years.

e ' The spikes in dose from Tc-99 and I-129 caused by individual package failures of
Category 1 spent fuel are caused by rapid dissolution of the metallic fuel once the waste
package has failed. Similar results are found for unclad commercial spent fuel.

e The dose from approximately 19,000 canisters of HLW that would be needed to co-
dispose the high- and medium-enriched spent fuel in all or the DOE SNF is less than a
factor of five higher than the 4,667 MTHM of HLW in the TSPA-VA base case (9334
canisters). '
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® The dose from spent fuel disposed in regions of the repository where there is less ~—
unsaturated zone flux is lower. If the dose spikes from Category 1 spent fuel were to be
viewed as being undesirable they could be lowered by disposing Category 1 spent fuel
in regions of lower flux.
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Comparison of Dissolution Rates for Different Waste Types
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Figure B8A-1. Comparisdn of dissolution rates for high-level waste and oxide, metallic, carbide, and

ceramic spent fuel.
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Figure 6A-2. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 1 Spent
Fuel and HLW.
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Category 1 Comm.Equiv. to DOE Fuel: SNF
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- Figure 6A-4. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial Spent -
Fuel Equivalent to Category 1 Spent Fuel.
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Category 3 DOE Fuel: HLW & SNF
100,000-yr Expected-Value Total Dose Rate History
All Pathways, 20 km
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Figure 6A-5. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 3 Spent
Fue! and HLW.
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Category 3 DOE Fuel: SNF
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Figure 6A-6. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 3 Spent

Fuel.
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