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ABR Advanced Breeder Reactor
ANL Argonne National Laboratory
BSC Bechtel SAIC

BWR Boiling Water Reactor

DOE U.S. Department of Energy
EBS Engineered Barriers System

EC, E-Chem Electro-Chemical (with -C or -M indicates ceramic or metal
respectively) HLW waste form

FEPs Features, Events and Processes

FY Fiscal Year

GTCC Greater Than Class C

Gwd Gigawatt days

GWd/MT Gigawatt (thermal) - days per Metric Ton
GWe Gigawatts electric

GWt Gigawatts thermal

HLW High-Level nuclear Waste

LLNL Lawrence Livermore National Laboratory
LLW Low Level Waste

LTHLW Lower Than High-Level nuclear Waste
LWR Light Water Reactor

MWwWd Megawatt days

MOX Mixed Oxide fuel

MT Metric Ton

MTHM Metric Tons of Heavy Metal

MTIHM Metric Tons of Initial Heavy Metal
MTU Metric Tons of Uranium

NE DOE-Nuclear Energy

ORNL Oak Ridge National Laboratory

PWR Pressurized Water Reactor

SFR Sodium Fast Reactor

SNFA Spent Nuclear Fuel Assembly
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SNL Sandia National Laboratories

SRNL Savannah River National Laboratory
TBD To Be Determined

UFD Used Fuel Disposition

UNF Used Nuclear Fuel

U0X Uranium Oxide Fuel

WF Waste Form

WP Waste Package

YMP Yucca Mountain Project
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1. INTRODUCTION

This section will be written by a partnering National Laboratory.

2. INVENTORY

This section will be written by a partnering National Laboratory.

3. GEOLOGIC SETTING AND GEOLOGIC HOST MEDIA

This section will be written by a partnering National Laboratory.

4, CONCEPT OF OPERATIONS

This section will be written by a partnering National Laboratory.



5. THERMAL ANALYSES

The modeling tools generated in MathCAD, Excel, and MatLab were used to calculate
the temperature evolution for combinations of waste form and geologic medium,
assuming a particular emplacement layout for each concept (Sutton et al. 2011).
Two types of spent nuclear fuel assemblies (SNFA) were considered, namely UOX
from an open fuel cycle and MOX from a modified-open fuel cycle. Four types of
high level waste (HLW) canisters were considered, namely “co-extraction” glass
from a modified-open fuel cycle and “new extraction” glass, electrochemical ceramic
(EC-C) and electrochemical metal (EC-M) from a closed fuel cycle. While the “co-
extraction” process is similar in function to the industrial Co-Extraction™ (COEX)
process deployed by AREVA, the two processes assume different processing
methods and steps and so the product and waste streams cannot be directly
compared. Similar is true for the “new extraction” process documented in this
report and the NUEX industrial process proposed by Energy Solutions, which also
cannot be directly compared.

The modified open fuel cycle has PWRs and MOX PWRs, and the closed fuel cycle has
PWRs and sodium fast reactors with a 0.75 conversion ratio (SFRs, a type of
Advanced Burner Reactor, ABR). In the closed fuel cycle, the new extraction glass is
produced by reprocessing the PWR SNFAs, and the other three waste forms are
produced by reprocessing the SFR metallic fuel. These waste forms have been
investigated in four different geologic media (granite, clay, salt and deep borehole).
In addition, the number of assemblies per waste package (WP) has been varied to
provide information to the future evaluation on the trade-off between pre-
emplacement storage time and repository footprint.

The reference design concepts used in this report, and shown in Figures 5.1-1 to 5.1-
4, were developed in a working group session hosted by LLNL on June 8 to 9, 2011.
The Thermal Design and Analysis team selected representative international design
concepts for the repositories in granite, clay, salt, and deep borehole (Andra 2005,
Ondraf-Niras 2010, SNL 2009 and SRNL 2011 respectively).

5.1 CONCEPTUAL MODEL

The conceptual models presented in this report calculate (a) the temperature
history at or near the interface between the Engineered Barrier System (EBS) and
the geologic medium and (b) the temperature history at selected locations within
the EBS. In the former, the model assumes a homogeneous medium with the EBS
simply replaced by the geologic media, and with the heat source being a
combination of a finite line for the central WP in the calculation, point sources for
nearby WPs, and infinite lines for more distant WPs. In the latter, a steady state
calculation is performed at each point in time, using the heat source and interface
temperature as boundary conditions, and using appropriate thermal properties for
each component of the EBS.
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5.1.1 GEOMETRY

Figure 5.1-1 shows a generic EBS, with standard names adopted for this report, to
describe the various components. These names may be somewhat different from
those published from design to design.

(oo

Envelope

Waste Package l >
[

Figure 5.1-1 Illustration defining the terminology used for the potential layers of the near-field
Engineered Barriers System (EBS) from waste form to host rock

For each geologic medium, a WP layout was selected for initial calculations by the
multi-lab team (LLNL, ORNL, SNL, SRNL, and also the DOE sponsor). These
repository layouts constitute a base case, from which variations will be explored in
late FY11 and FY12. For this report the repository layout was fixed for each
geologic medium based on previous published international designs. Figure 5.1-2
shows a generic repository layout that defines the spacing of waste packages. The
design for each geologic medium can be interpreted using this figure. In some cases,
the waste package axis is horizontal, and in others, it is vertical. In one case, the
axial direction is a line of alcoves, and in others, it is an emplacement borehole or
line of boreholes. The lateral direction is the separation of boreholes or of
emplacement drifts, depending on the geologic medium.
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Table 5.1-1 Repository layout axial (center to center
(meters) used in thermal analysis models

Geology SNF HLW
Axial | Lateral | Axial | Lateral
Granite 10 20 10 20
Clay 10 30 6 30
Salt 20 20 20 20
Deep Borehole 6 200 6 200

waste package) and lateral spacing

Adjacent Point Sources

|
|

Central finite line source

-~ [—) O

Axial Spacing

) O

—Lateral Spacng

Adjacent Line Sources

Z
—
.

Point at calculation radius
(at top of rock wall)

l Distance from point at

~~

o Ve calculation radius to
Central finite line source ’,a— ~~\\ adjacent line source

O
\
\\ /l

\Nh——"

Nh———’

Symmetrical adjacent line source

Rock wall surrounding EBS
at calculation radius

Adjacent line source

Figure 5.1-2 Conceptual layout of a central waste package of interest and both axial and

lateral emplacement lines (plan and elevation view)
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The components and dimensions of the EBS are tailored to each geologic medium.
Figures 5.1-3 through 5.1-6 show the EBS for each of the four media, including
differences due to the different sizes of the waste form.

Figure 5.1-3 shows the EBS cross-section for the granite design. The waste packages
are based on Andra 2005 and are assumed to include four SNFAs or one canister
(i.e., six calculations for the two SNFA types and four canister types). The waste
packages are surrounded by a bentonite buffer for both WF-types. A single waste
package is emplaced in an emplacement borehole in the floor of an emplacement
drift. The drifts can be filled with lower than HLW (LTHLW) waste prior to
repository closure; however, that does not significantly affect the thermal
calculation. Four neighboring waste packages on either side of the central borehole
are modeled as point sources 10 meters apart (axial spacing). The central package
is modeled as a finite line that is horizontal, rather than vertical, to conform to
model restrictions. This rotation of the WP in the homogeneous calculation is not
expected to significantly influence the resulting temperatures. The reason for
selecting a finite line source is to avoid unrealistic computational smearing of the
heat between the emplacement boreholes. Finally, four adjacent emplacement
drifts, on either side of the central drift, are modeled as infinite lines separated by
20 meters (lateral spacing).

| o
N —1 lBuffer —Buﬁm

Fwaste_Package

Twaste_Package

Buffer ‘ Waste Package | Buffer | ‘ Waste Package

| (Assemblies) (Canister)
' Thermal . Thermal |
. . L Radius di
Key | Region Material Conductivity | Key | Region Material Conduetivity| "oou®
| V (W/m-K) | | Wimi) || (™
Wasta 4-PWR | Copper 366.9 Waste T T +
Packa o | Waste Steal % 043 | Pack ) Carbon Steel 53 0.41
ckage | package | ° ee ‘ 4 ackage | i |
Wet 0.85 ) Wet 0.85
. Buffer | Bentonite T 1 0.76
guffer |Bentonite Doy 0.60 0.83 L‘V sl Dry 0.60 7

Figure 5.1-3 Graphical representation of a granite design for SNFA (left) and HLW (right),
including material properties and dimensions

Figure 5.1-4 shows the EBS cross-section for the clay design. As in the granite
design, it is assumed that the waste package will include either four SNFAs or one
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canister. Based on the French design, the SNFA WPs are surrounded by a bentonite
buffer, but the HLW canister waste packages are not. The supercontainer comprises
the stainless steel envelope, the concrete buffer and the carbon steel overpack. The
waste packages are assumed to be emplaced in horizontal boreholes drilled from
the emplacement drift, with nine WPs per drift (this number is somewhat different
than published designs, but is not expected to significantly affect the temperature
calculation). For SNF, the central WP is modeled as a finite line, and the eight
neighboring WPs are modeled as point sources 10 meters apart (axial). Finally, four
adjacent emplacement boreholes, on either side of the central borehole, are
modeled as infinite lines 30 meters apart (lateral spacing). For HLW, the axial
spacing is 6 m (center to center, with a 4.57 m waste package) and the lateral
spacing is 30 m.

Feuifer ‘

rWas(t_Packap

rWas(._Pa(kagc ‘

\

/ \\\ \-\' N \
[N ™~ N . . A
| Liner | | Envelope | | Buffer | Waste Package Liner Waste Package
(Assemblies) ’ ) (Canister)
Thermal .
Key Region Material Conductivity RT:‘I;" Thermal Radius
| (W/mK) | [ Key Region | Material | Conductivity
Waste 4-PWR Waste ( )
- Package, Carbon 53 0.49 {W/M'KI
Package steel
Buffer | Bentonite | et | 085 1.29 ae Garbon 53 0.36
_ oy | oe0 | "% | Package | Steel
Envelope Carbon Steel 53 1.296 | -
Liner Steel 45 1.321 Liner Steel 4 | 0.37

Figure 5.1-4 Graphical representation of a clay design for SNFA (left) and HLW (right),
including material properties and dimensions

Figure 5.1-5 shows the EBS cross-section for the salt design. As in the granite and
clay designs, it is assumed that the waste package will include either four SNFAs or
one canister. The waste packages are assumed to be emplaced at the bottom-back
of a mined alcove, and covered with a sloping surface of crushed salt. The axis of the
waste package is parallel to the emplacement drift axis. The central WP is modeled
as a finite line, and eight neighboring WPs (four on either end, as adjacent alcoves)
are modeled as point sources with an axial spacing of 20 m. Finally, four adjacent
emplacement drifts, on either side of the central drift, are modeled as infinite lines

LLNL-TR-491099



with lateral spacing of 20 m. The backfill of crushed salt is expected to consolidate
into intact salt in a relatively short time (perhaps five years). Because the thermal
conductivity of crushed salt is more than seven times lower than intact salt, the
calculation radius for the homogeneous calculation was set at 4 m, somewhat
farther than the 3.048 m radius if the backfill is converted, volumetrically, to a
cylindrical geometry. Then, the EBS temperatures were calculated with intact salt
inward to 3.048 m, and either intact or crushed salt inward from that point (two
cases to investigate sensitivity). Also, it was recognized that about 34 of the waste
package circumference is in good contact with virgin intact salt; therefore, an
additional sensitivity calculation was done using intact salt from 4 m inward to the
waste package, but with only 75% of the periphery available to transfer heat.

1 Feackfil

rWasu_Paclcagc

Fwaste_Package

| Backfill | | waste Package ] Backfill Waste Package
(Assemblies) (Canister)

l Thermal Radius [ Thermal | Radius
Key ! Region Material Conductivity (m') Key | Region Material Conductivity (m)
(W/m-K) (W/m-K)
Waste | FPWRWaste Waste Steel 46 0.305
Pack Package, 53 0.41 Package | ! |
ackage Carbon Steel . Crushed Salt
. | Backfill 0.57 3.048
Backfill Crushed Salt 0.57 3.048 (10 ft. high excavation)

Figure 5.1-5 Graphical representation of a salt design for SNFA (left) and HLW (right),
including material properties and dimensions

Figure 5.1-6 shows the EBS cross-section for the deep borehole design. This design
is limited by the maximum feasible size of the borehole, from a drilling perspective.
The SNFA WP is assumed to have one assembly, but with rod consolidation to
reduce the diameter. The canister WPs are limited by the borehole diameter, and
will only contain 0.291 times the volume of waste as the standard canister used for
the other four media. The waste packages are assumed to be emplaced in deep
vertical boreholes drilled from the surface, with nine WPs per drift (this number is
somewhat much lower than published designs, but is not expected to significantly
affect the temperature calculation at the central WP). The central WP is modeled as
a finite line, and the eight neighboring WPs are modeled as point sources with axial
spacing of 6 meters. Finally, four adjacent emplacement boreholes, on two sides of
the central borehole, are modeled as infinite lines (this is fewer neighbors than the
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published designs with lateral spacing of 200 meters, but the large borehole spacing
means that there will be little effect on the central WP temperature history).

—

1 Fliner
™~
FBackfill

~—

Fwaste_Package

| Liner | | Backfill Waste Package ) \ )
(Assemblies) Liner Backfill Canister
Thermal Thermal
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! | (W/mK) | . (W/m-K) (m)
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Backfill | Water ™ 068 | 018 | Backfill | Water | 068 0.19
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g (Drill Casing) | o | Ui88 (Drill Casing)

Figure 5.1-6 Graphical representation of a deep borehole design for SNFA (left) and HLW
(right), including material properties and dimensions

5.1.2 APPROACH

For each case, time-dependent temperature calculations were performed for the
interface of the EBS and the geological medium and (ii) within the EBS. To better
understand the application of potential analytical solutions for various line sources,
point sources, and heat loads, 4 examples were examined:

* Approach A: The central infinite emplacement line assumes end-to-end WPs
with a line load equal to the waste package heat load divided by the waste
package length (i.e., equal to the local radial heat load along the WP, which in
practice adds energy to the calculation by using this same heat load in the
gaps between the WPs). The calculation also includes eight neighbor
emplacement lines (four on either side of the central line separated by an
assumed spacing), modeled as infinite line sources, with an average heat load
based on the WP heat load divided by the axial WP spacing (i.e., the neighbor
emplacement lines contain the correct amount of heat). This approach leads
to a temperature model that overestimates the temperature for designs with
a significant gap between WPs.
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* Approach B: Similar to Approach A, except that the central drift line load is
the WP heat divided by the axial spacing (i.e., the correct amount of energy,
but with energy not being concentrated at the actual waste packages). This
leads to an underestimate of temperature.

* Approach C: Similar to Approach A, except that the central drift has only one
finite waste package. The heat load at the central WP is thus correct, but the
axial neighbor WPs are not included in the calculation. This results in an
underestimate of temperature.

* Approach D: The central drift consists of one finite line source and eight
point sources, and represents a finite waste package with four axial
neighboring waste packages on each side modeled as point sources with the
nominal waste package center-to-center spacing. As in the other approaches,
there are four neighboring emplacement lines on each side of the central
waste package line represented by infinite line sources. This model has the
correct local heat flux for the central package and also includes, separately,
the axial neighbors and the lateral neighbors.

These approaches were applied to several test cases, and the differences in
calculated peak temperatures were significant. Because Approach D combines the
correct local heat flux and considers the effects of neighboring WPs and neighboring
lines of WPs, it is expected to be the most accurate of the four approaches; and
therefore, it was selected for use in this study. Further, it was realized that the
relative contributions to peak temperature from the central WP, the axial neighbors,
and the lateral neighbors can provide insight into the effects of increasing or
decreasing the WP spacing; hence, it was decided that those three contributions to
the temperature would be tracked individually.

5.1.3 INPUT DATA AND ASSUMPTIONS

The decay heat curves for the six waste forms of interest are shown in Figures 5.1-7
to 5.1-9. In Figure 5.1-7, the curves represent one assembly or canister per waste
package from storage times from 5 to 100 years (longer times were considered in
the parametric calculations to determine the sensitivity of temperature to a wide
range of storage times).
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Waste Form Decay Heat for Each Base Case Fuel Cycle
per Assembly or Canister
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Figure 5.1-7 Decay heat curves for 1 assembly or 1 canister per waste package for UOX, MOX,

co-extraction, new extraction, EC-ceramic, and EC-metal

The curves shown in Figure 5.1-8 represent the deep borehole design, in which a
single UOX or MOX assembly can be placed in a WP using rod consolidation. For
HLW, however, the limited borehole diameter prohibits use of the standard (2 foot
diameter) canisters used in the other designs. Using the available diameter, each
narrow canister will contain the same waste as 0.291 standard canisters of the same

length.
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Waste Form Decay Heat for Each Base Case Fuel Cycle
per Assembly or Canister for Deep Borehole Scenario
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Figure 5.1-8 Decay heat curves for 1 UOX or MOX assembly and 0.291 co-extraction, new
extraction, EC-ceramic or EC-metal canister per waste package (deep borehole design)

Some geologic media, depending on storage time, can accommodate WPs with
multiple UOX or MOX assemblies. Figure 5.1-9 shows the heat per waste package
for1, 2, 3,4 and 12 SNFAs per WP.
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Waste Form Decay Heat for Each Base Case Fuel Cycle
per Assembly or Canister for UOX and MOX
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Figure 5.1-9 Decay heat curves for 1, 2, 3, 4 and 12 UOX or MOX assemblies per waste package

The following assumptions were based team consensus developed at the June 8 to
9, 2011 working group meeting:

* An ambient average ground surface temperature of 15°C was assumed for all
reference repository designs

* The rock properties were evaluated at an assumed host rock temperature of
100°C to be more representative of post-emplacement heat transfer
conditions.

The host rock property data (see Section 5.2.2.1) for thermal conductivity (W/m-K)
and thermal diffusivity (m?/s) were developed by literature search and comparison
to the rock thermal properties from Andra 2005, Jia et al 2009, SRNL 2011, and SNL
2009, which served as the basis of the chosen reference repository design concepts.
It is assumed that at any given point at time, the relatively low thermal mass of the
EBS components, compared to the infinite host rock medium, implies that the
thermal gradient between the waste package surface, the other EBS components,
and the host rock surface can be considered to be at a quasi-steady state condition.

The calculation radius, associated with the radius of the host rock wall, was
developed for each design concept by the team at the June 8 to 9, 2011 working
group meeting by referring to the reference design concept reports (Andra 2005,
Ondraf-Niras 2010, SRNL 2011, and SNL 2009). It was recognized that the waste
package dimensions for UOX and MOX SNF waste packages would both have the
same dimensions, and that all of the HLW canisters had the same outer dimension,
so two distinct EBS configurations were assumed for each host rock type. One
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configuration was assumed for SNF assemblies and another one applicable to HLW
canisters. Using the reference design concepts and group discussion for each of the
two EBS constructs, the inner radius and thickness of each engineered barrier
component was tabulated, eventually summing to the rock wall radius. This
“calculation radius” was determined in this manner for all media except salt. The
calculation radius for salt was based on the height of the excavation alcove for a
generic salt repository from SNL 2009, with some additional margin to approximate
a circular enveloping shape filled with crushed salt. The calculation radius selected
was 4 m, where the maximum extent of the crushed salt layer was assumed to be 10
ft (3.048 m).

The design of the 4-PWR waste package was taken from NAGRA 2003 (Figure 7).
This same design diameter and wall thickness was assumed for waste packages
containing 2, 3, and 4 assemblies. In the sensitivity studies a 1-PWR assembly waste
package was assumed with half the diameter of the 4-PWR waste package, having
the same wall thickness as the 4-PWR package. A 12-PWR waste package was also
modeled, which assumed an inner diameter of the 12-PWR long waste package
design (OCRWM 2001, Table 2) with the same wall material and thickness as the 4-
PWR waste package.
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5.2 RESULTS

The results of the homogeneous analytic solution model and the quasi-steady-state
heterogeneous concentric cylinder model are presented in this section.

5.2.1 HosT ROCK TEMPERATURE

Using the analytic model, the host rock temperature was determined for all
combination of the four geologic media and the six waste forms considered in this
study. In addition, for UOX and MOX, the host rock temperature was evaluated as a
function of the number of assemblies per waste package (namely 1, 2, 3, 4 and 12
per package). The waste package length and thermal output, the rock properties,
and the axial and lateral spacing of the waste packages are shown in Section 5.1.1.

This analytic model assumes that the EBS volume has the properties of the bulk
rock. More information on the thermal resistance is given in Appendix G, Section 4.
Future work will validate the results presented in this report using a finite element
model that explicitly calculates temperatures in the heterogeneous geometry.

Figure 5.2-1 illustrates the temperature transient of the host rock after surface
storage times of 10, 50, and 100 years for a waste package containing 1, 2, 3, 4 and
12 MOX and UOX assemblies in a granite repository. A full set of illustrations for all
media and waste forms is provided in Appendix H, Section 3. The temperature rise
results from the combination of three contributions (Section H.2): central waste
package (finite line source), axially adjacent waste packages (point sources), and
laterally adjacent emplacement arrays (infinite line sources). Waste package
spacing (axial) and adjacent line spacing (lateral) is detailed in Section 5.1.1. Figure
5.2-2 shows these three temperature components in granite for a waste package
containing four MOX assemblies after 10 years cooling. Examples of UOX in clay are
shown in Figures 5.2-3 and 5.2-4. Similar figures for other media and waste forms
are provided in Appendix H, Section 2.
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Rock wall temperature in a granite
repository with MOX-SNFA
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Figure 5.2-1 Transient host rock temperature at the “calculation radius” after storage times of
10, 50 and 100 years for a waste package containing 1, 2, 3, 4 and 12 MOX assemblies per
waste package in granite
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Figure 5.2-2 Contributions to the transient rock temperature at the “calculation radius” from
the central package, adjacent point sources and adjacent line sources for 4 MOX assemblies
per waste package in granite after 10 years storage
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Rock wall temperature in a clay
repository with UOX-SNFA
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Figure 5.2-3 Transient host rock temperature at the “calculation radius” after storage times of
10, 50 and 100 years for a waste package containing 1, 2, 3, 4 and 12 UOX assemblies per
waste package in clay
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Figure 5.2-4 Contributions to the transient rock temperature at the “calculation radius” from
the central package, adjacent point sources and adjacent line sources for 4 UOX assemblies per
waste package in clay after 10 years storage
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Table 5.2-1 summarizes the host rock peak temperature and the corresponding time
out-of-reactor when the peak occurs. In deep borehole media, where the adjacent
lines are widely spaced at 200 m, the temperature reaches its peak shortly after
emplacement (10 years or less) and the time of the peak is not very sensitive to the
waste package heat load. In clay, the peak temperature is reached quickly for HLW.
In granite, clay and salt, the adjacent waste package lines are closer, namely 20 m,
30 m and 20 m respectively, the temperature peaks after only a few decades or
more, and the time necessary to reach the peak increases as the waste package heat
load decreases. In clay the peak temperature is first driven by the central package,
then by the adjacent waste package line (e.g. Figure 5.2-4). In deep borehole media,
the peak temperature is driven by the central package; whereas, in granite and salt,
the contribution to the temperature rise by adjacent waste package lines is
dominant at the time of the peak temperature (e.g. Figure 5.2-2).

The thermal constraints considered in this study depend on the geologic medium
(e.g., the bulk rock) or the engineered components (e.g., the bentonite buffer). By
comparing the host rock temperature at the calculation radius with the compliance
limits for a set of repository designs (see Section 5.2.2, below), the following
conclusions can be drawn:

* A waste package containing four UOX assemblies requires surface storage of
approximately 50 years before emplacement in granite or clay, and less than
10 years in salt

* A waste package containing four MOX assemblies requires surface storage
for more than 200 years before emplacement in granite or clay

* In granite even a single MOX assembly package requires more than 100
years storage, whereas a single UOX assembly package may be emplaced in
granite, clay or salt media within 10 years out of the reactor

* Co-extraction glass, the hottest of the HLW forms, requires more than 50
years storage in before emplacement in granite or clay.
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Table 5.2-1: Host rock peak temperature (at the "calculation radius”) and corresponding time
of the peak for four geologic media, six waste forms and four aging times

Assemblies | Calculation Peak Time of Peak Time of Peak Time of Peak Time of
Geology WWastelRorm / WP Radius, m | Temp, °C | Peak, Yr | Temp, °C | Peak, Yr | Temp, °C | Peak, Yr | Temp, °C | Peak, Yr
UOX4-SNFA 4 0.83 165.8 35 100.7 87 73.0 172 58.7 389
UOX1-SNFA 1 0.64 64.2 31 46.8 83 39.4 166 35.6 351
MOX4-SNFA 4 0.83 481.2 69 384.9 154 326.5 229 263.4 389
Granite MOX1-SNFA 1 0.64 146.0 63 120.3 146 104.9 229 88.2 372
Co-Extraction 1 0.76 279.9 26 126.0 69 64.9 126 43.4 372
New Extraction 1 0.76 205.2 24 92.7 67 47.9 118 29.6 217
EC-Ceramic 1 0.76 88.3 28 51.4 67 34.9 117 28.2 217
EC-Metal 1 0.76 65.5 17 39.7 64 31.2 115 27.9 215
UOX4-SNFA 4 1.32 146.0 27 88.9 80 65.8 201 55.5 477
UOX1-SNFA 1 1.13 59.1 24 43.7 76 37.4 186 34.7 452
MOX4-SNFA 4 1.32 406.5 76 335.8 211 291.0 299 239.7 477
Clay MOX1-SNFA 1 1.13 126.2 69 106.9 201 95.2 299 81.9 461
Co-Extraction 1 0.37 477.9 15 197.3 59 89.5 111 52.3 447
New Extraction 1 0.37 354.9 13 141.1 57 62.9 108 31.1 208
EC-Ceramic 1 0.37 133.5 17 69.0 57 40.4 108 28.8 208
EC-Metal 1 0.37 105.0 13 50.8 55 34.6 106 28.2 206
UOX4-SNFA 4 4.00 69.8 44 50.3 95 41.9 176 37.3 351
UOX1-SNFA 1 4.00 38.1 44 33.2 95 31.1 176 30.0 403
MOX4-SNFA 4 4.00 170.3 79 140.3 161 121.8 240 101.5 390
Salt MOX1-SNFA 1 4.00 63.2 79 55.7 161 51.1 240 46.0 390
Co-Extraction 1 4.00 99.6 36 56.1 80 38.6 139 32.4 405
New Extraction 1 4.00 77.9 35 46.2 76 33.4 128 28.1 230
EC-Ceramic 1 4.00 45.0 38 34.4 76 29.6 128 27.7 229
EC-Metal 1 4.00 36.9 32 30.7 77 28.5 127 27.6 229
UOX-SNFA 1 0.19 183.7 13 160.7 55 151.1 107 145.9 214
MOX-SNFA 1 0.19 257.6 16 219.5 59 199.5 113 182.3 218
Co-Extraction 0.291 0.20 238.2 13 176.0 54 152.9 105 143.8 210
Deep Borehole |\, Extraction|  0.201 0.20 212.5 12 164.2 54 147.5 104 140.8 204
EC-Ceramic 0.291 0.20 162.7 14 148.9 54 142.8 104 140.3 204
EC-Metal 0.291 0.20 157.6 12 145.2 53 141.6 103 140.2 204

Notes:

(1) The heat source is a waste package with 4 neighboring waste packages on each end of the
finite line (WP) with 4 neighboring lines on each side of the WP line.

(2) Deep borehole canisters (co-extraction, new extraction, EC-Ceramic, EC-Metal) are
narrower (and thus have less heat) than the standard canisters used for the other three
media.

(3) All times are years out of reactor (rather than time after reprocessing or time after
emplacement).

5.2.2 WASTE PACKAGE AND EBS PEAK TEMPERATURE

The waste package surface and EBS transient temperatures were calculated using
the quasi steady-state approach. At each point in time, the steady-state
heterogeneous model, described in Section G.4, was used to calculate the waste
package surface temperature, assuming the rock temperature at the calculation
radius and the package heat load as boundary conditions. Figure 5.2-5 (example)
and Appendix H, Section 4, document the waste package surface transient
temperature for the different host rocks and waste forms.
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Waste package surface temperature
in a granite repository with 4 MOX-SNFA
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Figure 5.2-5 Calculated waste package temperature after storage times of 10, 50 and 100
years for 4 MOX assemblies per canister in granite

The following temperature limits were applied at the interface between the waste
package surface and the EBS (or rock wall, depending on design):

* Granite: 100°C. This is based on a bentonite layer near the waste package
surface

* (lay: 100°C. This is based on the host rock for the HLW cases, and on a
bentonite layer for the UOX and MOX cases

e Salt: 200°C. This is based on the bulk salt

* Alimit for deep borehole remains to be determined.

These temperature limits are not final, and may be lower than the limits that will
eventually be set after site investigations and in license applications. Table 5.2-2
shows the peak temperature at the package surface for granite, clay, and deep
borehole (salt is presented in Section 5.2.3).

For this granite repository design a bentonite buffer results in the waste package
temperature peak being much hotter than the granite wall peak temperature. Key
results from the Table 5.2-2, for granite, include:

* Waste packages loaded with a single MOX assembly require more than 200
years surface storage in order to comply with the thermal limits
* Four-assembly UOX waste packages require about 100 years of surface

storage
* One-assembly UOX waste packages require somewhat more than 10 years of

surface storage
* (Co-extraction and new extraction require between 50 and 100 years of

surface storage
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* EC-C and EC-M require less than 50 years of surface storage.

Table 5.2-2: Waste package surface temperature at time of peak host rock temperature occurs
in the host rock

R A Storage Time, Yr
Disposal Scenarios 10 50 100 200
Geology Waste Form Assemblies Peak Peak Peak Peak Peak Peak Peak Peak
/ WP Temp, °C | Time, yr | Temp, °C | Time, yr | Temp, °C | Time, yr | Temp, oC | Time, yr
UOX4-SNFA 4 256.9 17 141.2 65 92.8 134 68.9 299
UOX1-SNFA 1 100.5 17 62.6 59 47.0 122 39.4 273
MOX4-SNFA 4 694.6 35 521.7 104 430.1 186 337.1 324
Granite MOX1-SNFA 1 229.8 25 172.9 88 144.0 166 116.2 299
Co-Extraction 1 521.2 12 209.9 56 93.6 108 49.8 273
New Extractior] 1 396.6 11 149.9 55 65.6 105 31.3 206
EC-Ceramic 1 142.0 15 72.2 55 41.4 105 28.9 206
EC-Metal 1 124.8 11 55.7 53 36.0 103 28.3 203
UOX4-SNFA 4 341.9 12 174.0 55 106.4 111 72.9 273
UOX1-SNFA 1 127.1 11 73.5 53 52.0 107 41.0 241
MOX4-SNFA 4 860.7 16 600.1 67 474.2 148 366.1 299
Clay MOX1-SNFA 1 288.6 13 203.4 64 161.8 130 126.8 273
Co-Extraction 1 478.0 15 197.3 59 89.5 111 52.4 447
New Extractior] 1 355.0 13 141.1 57 62.9 108 31.1 208
EC-Ceramic 1 133.6 17 69.1 57 40.4 108 28.8 208
EC-Metal 1 105.0 13 50.8 55 34.6 106 28.2 206
UOX-SNFA 1 186.4 13 161.9 55 151.7 107 146.3 214
MOX-SNFA 1 264.5 16 224.1 59 202.9 112 184.7 217
Co-Extraction 0.291 250.8 12 180.5 54 154.5 104 144.2 209
DReepiBorehale s\ b e e ction | 0,291 222.1 12 167.2 54 148.5 104 140.9 204
EC-Ceramic 0.291 165.6 13 150.0 54 143.1 104 140.3 203
EC-Metal 0.291 160.4 12 146.0 53 141.8 103 140.2 203

Notes:

(1) Derived from steady state calculation of EBS components between waste package and
host rock.

(2) See Notes 2 and 3 of Table 5.2-1.

For the UOX and MOX waste forms, the clay repository design has a thick bentonite
buffer that results in the waste package temperature peak being much hotter than
the rock wall peak temperature. For HLW, the clay repository design does not use a
bentonite buffer. Key results from the Table 5.2-2, for clay, include:

* Waste packages loaded with a single MOX assembly require more than 200
years surface storage in order to comply with the thermal limits.

* Four-assembly UOX waste packages require just over 100 years of surface
storage

* One-assembly UOX waste packages require between 10 and 50 years of
surface storage

* (Co-extraction and new extraction require between 50 and 100 years of
surface storage

* EC-ceramic requires between 10 and 50 years, and EC-M requires
approximately 10 years, of surface storage.

For the deep borehole repository design, water will fill the space between the
borehole casing and the waste package. The borehole size, rather than a potential
thermal limit, will likely drive the repository design. Also, no temperature limit has
been set for components of the deep borehole design, at this time. The borehole size
limits the UOX and MOX waste forms to one assembly per waste package, with rod
consolidation. For HLW canisters, the borehole diameter limits the canister cross-
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sectional area to 29.1% of that of a standard (2 ft diameter) canister. Key results
from the Table 5.2-2, for deep boreholes, include:

* For a 300°C temperature limit, all the waste types could be emplaced with
less than 10 years of surface storage.

* For a 200°C temperature limit, all the waste types except MOX could be
emplaced with less than 50 years of surface storage. MOX would require
between 100 and 200 years of surface storage.

UOX and MOX packages in a clay repository are surrounded by a carbon steel
envelope placed outside the bentonite buffer zone (Figure 5.1-4). Table 5.2-3 shows
the temperature at this interface. With four assemblies, MOX does not meet the
constraint within 200 years, and UOX requires between 10 and 50 years.

Table 5.2-3: Temperature at the interface between EBS components in a clay - MOX/UOX case
at the time the peak temperature occurs in the host rock at the calculation radius

Disposal Scenario: Storage Time, Yr

Clay UOX/MOX 10 50 100 200
Assemblies Peak Peak Peak Peak

EBS Components Waste Form / WP Temp, °C | Temp, °C | Temp, °C | Temp, °c
UOX4-SNFA 4 146.0 88.9 65.8 55.5
T @ carbon steel envelope UOX1-SNFA 1 59.1 43.7 37.4 34.7
(outside the buffer) MOX4-SNFA 4 406.6 335.8 291.0 239.7
MOX1-SNFA 1 126.3 106.9 95.2 82.0

Notes:
(1) Host rock temperature and waste package temperature shown in Table 5.2-1 and 5.2-2
respectively.

(2) See notes 1 and 2 under Table 5.2-2.

A liner is utilized in case of deep boreholes (Figure 5.1-6). The peak temperature at
the interface with the water inside the liner is documented in Table 5.2-4. These
temperatures are within several degrees of the waste package surface temperatures
shown in Table 5.2-2.

Table 5.2-4: Temperature at interface between EBS components in a deep borehole repository
at the time the peak temperature occurs in the host rock

Disposal Scenario: Storage Time, Yr

Deep Borehole 10 50 100 200

EBS Waste E Assemblies Peak Peak Peak Peak
Component aste Form / WP Temp, °C | Temp, °C | Temp, °C | Temp, °C

UOX-SNFA 1 183.7 160.7 151.1 145.9

MOX-SNFA 1 257.7 219.6 199.6 182.3

(watgﬁ')ﬁ;e/rmer Co-Extraction 0.291 238.2 176.0 152.9 143.8

(steel) interface New Extraction 0.291 212.6 164.2 147.6 140.8

EC-Ceramic 0.291 162.7 148.9 142.8 140.3

EC-Metal 0.291 157.6 145.2 141.6 140.5

Notes:
(1) Host rock temperature and waste package temperature shown in Table 5.2-1 and 5.2-2.

(2) See notes 1 and 2 under Table 5.2-2.
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5.2.3 WASTE PACKAGE SURFACE PEAK TEMPERATURE FOR SALT

The analytic heterogeneous model calculates the temperature distribution from the
calculation radius in the rock (4 m in salt) inward to the outer radius of the waste
package. At the time of emplacement, part of the salt around the package is crushed
and has properties, in particular thermal conductivity, significantly different from
intact salt. Consequently, three different assumptions have been evaluated for the
properties of the salt in this region:

(1) all intact salt;

(2) crushed salt from the package surface out to 3.05m radius (totally
surrounding the waste package in the calculation) and intact salt to 4 m
radius. No credit is taken for consolidation of the crushed salt after
emplacement, which is conservative;

(3)all intact salt, but with the package-salt contact limited to 75% of the
available surface. This 75% of the area contacts the back wall and floor of
the emplacement alcove, with contact resistance reduced by shaping that
back edge of the repository to conform to a waste package cylinder. The
other 25% of the surface area is within the alcove, and has crushed salt.
No heat transfer credit is taken in this quadrant, which is conservative
because the alcove will slowly collapse onto the backfill (over 5-10 years)
and then the backfill will consolidate and its thermal conductivity will
evolve toward that of intact salt.

Because crushed salt thermal conductivity (0.57 W/m-K) is much lower than that of
intact salt (4.2 W/m-K), the temperature rise for the second model is very large,
resulting in results so conservative that they are not of much use (note the log scale
on the Figure 5.2-6). The third model limits heat transfer to three quadrants of the
circumference of the waste package; the result is a temperature rise of less than
50°C above the non-conservative intact salt case (the first model) are therefore
useful. For the third model (75% contact), the 200°C thermal limit at the WP
surface contact with the salt is met for all waste forms (including 4 MOX assemblies)
considered, within 100 years of storage time (Table 5.2-5).
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Waste package surface temperature in a salt repository
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Figure 5.2-4 Calculated waste package temperature after 10 years storage time for 4 MOX
assemblies per canister in salt assuming the waste package is in contact with crushed salt or
intact salt, either fully or for 75% of its area

Table 5.2-5: Waste package peak surface temperature in a salt repository with the
temperature based on a steady-state calculation inward from the 4 m rock calculation radius
at each time step of the homogeneous transient calculation

Disposal Scenario: Storage Time, Yr
Salt, WP temperature 10 50 100 200
Model Waste Form Assemblies Peak Peak Peak Peak Peak Temp, | Peak Time, | Peak Temp, | Peak Time,
/ WP Temp, °C | Time, yr | Temp, °C | Time, yr °c yr °c yr
UOX4-SNFA 4 120.4 17 73.5 65 53.8 129 43.6 277
UOX1-SNFA 1 55.3 13 40.9 61 35.0 123 32.0 266
MOX4-SNFA 4 296.9 32 224.3 93 185.8 165 147.6 299
Intact salt MOX1-SNFA 1 105.3 27 83.3 84 71.9 156 60.9 288
Co-Extraction 1 230 12 102.2 56 54.5 108 36.4 252
New Extraction 1 179.6 11 77.7 55 43.1 105 29.1 205
EC-Ceramic 1 74.4 15 45.8 55 33.2 105 28.1 204
EC-Metal 1 69.2 11 39.5 52 31.1 103 27.9 202
UOX4-SNFA 4 534.4 11 256.4 51 147.2 101 89.3 208
UOX1-SNFA 1 191.7 11 101.7 51 66.3 101 47.4 204
MOX4-SNFA 4 1329.7 11 874.7 52 649.9 106 466.6 215
grgzge; ‘ZZ to MOX1-SNFA 1| 4493 11 3016 51 228.0 103 167.9 210
times) Co»ExtractloAn 1 1217.1 11 449.5 51 177.1 101 68.8 202
New Extraction 1 921.2 11 312.2 51 116.0 101 36.3 201
EC-Ceramic 1 296.2 11 131.4 51 59.9 101 30.6 201
EC-Metal 1 281.9 11 100.5 51 49.5 101 29.6 201
UOX4-SNFA 4 139.9 13 81.8 61 57.9 122 45.7 267
UOX1-SNFA 1 62.1 11 43.8 57 36.4 117 32.7 255
75% contact MOX4-SNFA 4 341.8 26 252.8 84 206.4 156 162.2 284
with intact salt, |MOX1-SNFA 1 120.8 21 93.1 76 79.0 144 65.9 273
25% crushed Co-Extraction 1 281.5 11 119.1 54 60.4 105 37.8 236
salt New Extraction 1 218.4 11 89.2 53 46.7 103 29.4 204
EC-Ceramic 1 85.3 13 50.0 53 34.5 103 28.2 204
EC-Metal 1 80.3 11 42.6 51 32.1 102 27.9 202
Notes:

(1) Salt consolidation at high temperature is expected to change the regions of crushed salt
to intact salt on the order of 5-10 years and therefore these temperatures a crushed salt
scenario are an overestimate. Actual values will be between this case and that for intact salt.

(2) See notes 1 and 2 under Table 5.2-2.
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5.2.4 PEAK TEMPERATURE AT COMPLIANCE LOCATIONS AS A FUNCTION OF
STORAGE TIME AND WASTE PACKAGE CAPACITY

The temperature at the calculation radius was examined for each geologic media, as
described in Section 5.2.2. An additional parametric study was done for UOX and
MOX in the selected granite, clay, and salt repository layout design to determine the
peak temperature at the “compliance” location as a function of the number of
assemblies per waste package and the surface storage time. The compliance
locations correspond to the lowest thermal limit of any of the host rock or EBS
components. For example, in granite, the host rock can accommodate temperatures
well above boiling, but the bentonite buffer placed between the waste package and
the rock wall has a thermal limit (in this study) of 100°C. Therefore, the compliance
location becomes the bentonite buffer material.

Five options were considered: 1, 2, 3, 4 and 12 assemblies per package. With 2, 3,
and 4 assemblies, the package size was kept constant (the size of 4 assemblies, with
one or two slots not used for the 3- and 2-assembly packages, see Section 5.1.3). For
1 and 12 assemblies the engineering barrier thicknesses were kept the same as in
the reference model, while the waste form radius was appropriately adjusted. The
1-assembly-package inner radius was assumed to be one-half of that of the 4-
assembly-package. The 12-assembly-package radius was set as in OCRWM, 2001.
The storage time was varied between 10 years and 300 years. Peak temperatures
for all media and fuel forms are illustrated in Appendix H, Section 5.

The minimum storage time required to comply with the temperature limits was
determined by interpolating the peak temperature data above. The results are
shown in Figure 5.2-7 for UOX. In granite and clay, about 100 years of surface
storage are sufficient to comply with the thermal limits for up to 4 UOX assemblies
per package. In salt, which has higher thermal conductivity, only 5 years (the
minimum time considered in this analysis) are needed. For a 12 UOX assembly
package, salt meets the constraints in about 50 years; whereas more than 300 years
are required for granite and clay. The results for MOX are shown in Figure 5.2-8. In
granite and clay, the 1-assembly MOX package complies with the thermal
constraints within 300 to 350 years. For salt, four MOX assemblies per package
require approximately 100 years of surface storage.

For those geologic medium / waste form combinations with significant
contributions to peak temperature from neighboring waste packages, lower the
amount of storage time needed or increase the number of assemblies per package
by increasing the waste package or drift spacing, therefore increasing repository
footprint. Conversely, for combinations with no significant contributions to the
peak temperature from the neighboring waste packages, the waste package spacing
and drift spacing may be decreased forming a more compact layout. Future studies
will include the effect of varying the waste package and drift spacing.
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Storage time required to comply with temperature limits
as a function of UOX assemblies per waste package
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Figure 5.2-7 Minimum surface storage time necessary to comply with waste package surface
temperature limit as function of UOX assemblies per waste package in a granite, clay, and salt

repository (with 75% of the waste package surface contacting intact salt)
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Figure 5.2-8 Minimum surface storage time necessary to comply with waste package surface
temperature limit as function of MOX assemblies per waste package in a granite, clay, and salt

repository (with 75% of the waste package surface contacting intact salt)
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6. SUMMARY AND RECOMMENDATIONS

This section will be written by a partnering National Laboratory.

6.1 SUMMARY

This section will be written by a partnering National Laboratory. The following is
the LLNL portion of this section, which summarizes the work in Section 5.

The various layers of material from the waste package (such as components of the
engineered barrier system and the host rock surface) to a given distance within the
rock wall at a given distance can be described as concentric circles with varying
thermal properties (see Figure 5.1-1).

The selected model approach examines the contributions of the waste package, axial
waste package neighbors and lateral neighboring emplacement drifts (see Section
5.2.1 and Appendix H, Section 2). In clay and deep borehole media, the peak
temperature is driven by the central waste package whereas, in granite and salt, the
contribution to the temperature rise by adjacent (lateral) waste packages in drift or
emplacement borehole lines is dominant at the time of the peak temperature.

Mathematical models generated using Mathcad software provide insight into the
effects of changing waste package spacing for six waste forms, namely UOX, MOX,
co-extraction, new extraction, E-Chem ceramic and E-Chem metal in four different
geologic media (granite, clay, salt and deep borehole). Each scenario includes
thermal conductivity and diffusivity for each layer between the waste package and
the host rock, dimensions of representative repository designs (such as waste
package spacing, drift or emplacement borehole spacing, waste package dimensions
and layer thickness), and decay heat curves generated from knowledge of the
contents of a given waste form after 10, 50, 100 and 200 years of surface storage.

Key results generated for each scenario include rock temperature at a given time
calculated at a given radius from the central waste package (Section 5.2.1 and
Appendix H, Section 3), the corresponding temperature at the interface of the waste
package and EBS material, and at each EBS layer in between (Section 5.2.2 and
Appendix H, Section 4). This information is vital to understand the implications of
repository design (waste package capacity, surface storage time, waste package
spacing, and emplacement drift or borehole spacing) by comparing the peak
temperature to the thermal limits of the concentric layers surrounding the waste
package; specifically 100°C for the bentonite buffer in granite and clay repositories,
100°C for rock wall in a clay repository and 200°C at the rock wall for a salt
repository. These thermal limits are both preliminary and approximate, and serve
as a means to evaluate design options rather than determining compliance for
licensing situations.

The thermal behavior of a salt repository is more difficult to model because it is not
a concentric geometry and because the crushed salt backfill initially has a much
higher thermal resistance than intact salt. Three models were investigated, namely
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a waste package in complete contact with crushed salt, secondly a waste package in
contact with intact salt, and thirdly a waste package in contact with 75% intact and
25% crushed salt. The latter model best depicts emplacement of a waste package in
the corner of an intact salt alcove and subsequently covered with crushed salt
backfill to the angle of repose. The most conservative model (crushed salt) had
temperatures much higher than the other models and although bounding, is too
conservative to use. The most realistic model (75/25) had only a small temperature
difference from the simplest (non-conservative, intact salt) model, and is the one
chosen in this report (see Section 5.2.3).

A trade-study investigating three key variables (surface storage time, waste package
capacity and waste package spacing) is important to understand and design a
repository. Waste package heat can be reduced by storing for longer periods prior
to emplacement, or by reducing the number of assemblies or canisters within that
waste package. Waste package spacing can be altered to optimize the thermal load
without exceeding the thermal limits of the host rock or EBS components. By
examining each of these variables, repository footprint (and therefore cost) can be
optimized. For this report, the layout was fixed for each geologic medium based on
prior published designs in the international community, but it will be varied in
future work. Section 5.2.4 summarizes the conclusions based on varying two of the
three parameters (storage time and waste package capacity), and the results are
shown in Appendix H, Sections 5 and 6).

6.2 FUTURE WORK

Work will continue in FY11 and FY12 on the following improvements and
developments to the models for the thermal analysis for disposition of six waste
forms in four geologic media:

* Additional mathematical models assessing the storage time and number of
assemblies in waste packages will be run, with different repository layouts,
to provide insight into the most effective manner of waste disposition. This
will provide input to aid designers and decision makers in the assessment of
how long each waste form should be stored before emplacement in each
medium and balancing that with repository footprint.

* Evaluate additional mathematical models for fully coupled multi-layer
transient calculations in place of the current combination of a transient
model in the host rock coupled with a quasi-steady state model calculation
within the EBS.

* Application of TOPAZ3D modeling for:

o Validating the analytic model results in this report

o Exploration of the evolution of salt temperature, considering non-
cylindrical geometry, backfill consolidation, and early transient
behavior.

o Comparison of analytic results from this report and generic salt
repository study results.
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* Benchmark both the analytical models and the TOPAZ3D models against the
2D and 3D salt repository calculations in Clayton and Gable 2009.

* Address variations and uncertainties in the model inputs, including those
associated with host rock properties, EBS component properties, and design
parameters.
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Appendix A through Appendix F will be written by a partnering National
Laboratory. Appendix G and Appendix H in this report will be incorporated into the
parent document being written by Sandia National Laboratory.
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APPENDIX G

MATHEMATICAL MODELS

There are two mathematical/computational modeling methods that can be applied
to the geometry described in Section 5.1. The first is based on analytical models,
and the second type is a finite element model implemented in a code such as
TOPAZ3D. The analysis presented in this report is limited to analytical models
implemented in Mathcad 15, Microsoft Excel 2007, and MatLab. Detailed TOPAZ3D
models will be run to validate the analytical models in late FY11 and FY12.
Additional analytical model calculations will also be conducted, for other axial and
lateral WP spacing. In addition, future analytical model calculations will further
address variation of material properties (particularly of crushed salt backfill) with
time, temperature, and moisture content.

G.1 INTRODUCTION

Section G.2 describes the input variables, Section G.3 describes the transient analytic
model in the host rock, and Section G.4 describes the steady state multi-layer
analytical model that determines the temperatures at the surface of each of the
internal EBS barriers, ending at the surface of the waste package. Section G.5
describes model limitations and potential future considerations.

The transient model described in Section G.3 (referred to here as the “external
calculation”) is in a homogeneous medium (i.e., the EBS is assumed to have the
properties of the geologic medium). The homogeneity permits use of superposed
analytic solutions for point, infinite line, and finite line sources that in combination
represent the repository layout. The “calculation radius” for the external calculation
is generally at the interface between the EBS and the geologic medium, although, for
salt, it was placed somewhat further from the WP centerline due to the non-
concentric geometry of backfilled salt alcoves.

The temperature histories within the EBS (referred to here as the “internal
calculation”) are derived from the waste package line load heat source, using the
time-dependent results of the external calculation. The internal calculation is
steady-state at each point in time, which is equivalent to assuming that the heat flow
through the calculation radius at any given time is nearly equal to the heat
generation in the waste at that time. This is a reasonable assumption except at the
very early times in which the EBS temperatures are changing rapidly due to the
change in boundary condition after emplacement. This calculation is conservative
in the sense that the steady-state model is a one-dimensional model that effectively
assumes an infinite line source with the waste package internal line loading.
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(.2 VARIABLES USED IN THE ANALYTICAL MODELS

The input variables in the analytical models are in the form of several vectors and
matrices of data, keyed to two index values. The index WF varies from 1 to 6 and
represents the waste forms (UOX, co-extraction, MOX, new extraction, E-Chem
ceramic, and E-Chem metal), and the index RT varies from 1 to 4 and represents
rock types (granite, clay, salt, and deep borehole) of the repository host rock. As
previously stated in Section 5, co-extraction and new-extraction cannot be directly
compared to AREVA’s COEX and Energy Solutions’ NUEX industrial processes,
respectively.

For each repository design combination of rock type and waste form, there are
specified Engineered Barriers System (EBS) radii, as discussed in Section 5.1. In the
transient analytical model in the host rock, only the calculation radius and axial and
lateral WP spacing are included from the geometry data. The radial dimensions of
the EBS components are used in the internal steady state analytical model that
starts at the “calculation radius” and extends to the surface of the waste package.

G.2.1 HosT ROCK PROPERTY DATA

The host rock properties consist of a single homogenous set of properties
representing an isotropic infinite medium, with the properties assumed at 100°C to
approximate the situation after waste emplacement. Ambient rock temperatures at
depth differ from this assumption, but variations of rock properties with time and
temperature are intended to be addressed later in the TOPAZ3D models as
discussed above in Section G.2. The properties given for salt, for example, represent
intact salt used in the transient model. The properties of crushed salt backfill are
utilized in the quasi-steady-state model of the EBS, and are listed under EBS
Material Property Data discussed in Section G.2.2.

The thermal conductivity (W/m-K) is designated K, and a is the thermal diffusivity
(m?/s):

HOST ROCK PROPERTY DATA

-6
"Granite" E 1.13-10
=7
"Clay" .75 6.45.10 2
Rock_type := . y Kth = ﬂK o= - AU
Salt 42 | m- 207.10 s
"Deep Borehole" 3.0 .
1.38-10

(.2.2 REPOSITORY REFERENCE DESIGN DATA

Figures 5.1-3 through 5.1-6 show the EBS design data. The “ calculation radius” is
4.0 m for salt, and is the largest EBS dimension for the other three geologic media.
The other variables considered in the analytical model include waste package
length, emplacement drift spacing, and waste package spacing within each
emplacement drift.
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Waste Package Length:

SELECT WASTE FORM INPUT DATA

"Uox" A ("Assembly" ) (5 )
"COEX" "Canister" 4572
"MOX" "Assembly" =)
WF_name := WF_type := ) WP_length := ‘m
"New_Ext" "Canister" 4572
"E_CHEM_C" "Canister" 4,572
\"E_CHEM_M" \ "Canister" 3.048 )

Emplacement Drift Radius (“Calculation Radius”):

The calculation radius is the host rock surface interface with the EBS, and it varies
by both waste form (the rows in the matrix below) and rock type (the columns in
the matrix). The radius of the deep borehole design is based on the maximum
feasible drill casing. The columns of the matrix are the four media (granite, clay,
salt, and deep borehole), and the rows are the six waste forms (UOX, co-extraction,
MOX, new extraction, EC-C, and EC-M).

The calculation radius also varies with the number of assemblies assumed per waste
package. The 4-assembly (UOX or MOX) waste package can also be used with
spacers to hold 2, 3 or 4 assemblies, and the calculation radius in the matrix below is
consistent with the 4-assembly waste package design. The same model was used
with different inputs for the 1-assembly and 12-assembly waste package designs to
evaluate sensitivity of the results as a function of the number of assemblies.

0.83 1.321 4 0.188
0.755 0.370 4 0.198
0.83 1.321 4 0.188
drift_r = -m
0.755 0.370 4 0.198
0.755 0.370 4 0.198
0.755 0.370 4 0.198

Repository Design - Lateral Spacing, Axial Spacing and Depth:

Lateral spacing (in the “x” direction) is comparable to center-to-center borehole or
drift spacing, which is conceptually comparable to the emplacement drift spacing in
the Yucca Mountain repository design concept. Axial spacing (in the “y” direction) is
comparable to the waste package center-to-center spacing within a given

emplacement borehole, series of alcoves, or drift.

Depth is self-explanatory. The depth of the granite, clay, and salt repository
reference designs was assumed to be 500 m, and the depth of the deep borehole
design was assumed to be 5,000 m. The models assume a geothermal temperature
gradient of 25°C per 1,000 m depth (Brady et al 2009 (page 22); Fetter 1994 (page
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281); and OCRWM 2000 (page 89)), resulting in different ambient temperatures in
the host rock with depth. These input variables are all keyed to the rock type index
(granite, clay, salt, and deep borehole).

(20 (10 (10)
Drift_spacing = 30 -m WP_space_SNF := 10 ‘m  WP_space HLW == ° -m
20 20 20
\ 200 / \ 6 , 6 )

Repository Design — EBS Component Data:

The selection of the particular reference design configurations is discussed in
Section 5.1. In the steady-state internal model calculation, all of the EBS
components are assumed to be concentric cylindrical shells, as shown in Figure 5.1-
1.

The specific inputs required for the internal calculation are documented in Figures
5.1-3 to 5.1-6, and they include the material type of each EBS component, inner and
outer radius of each component, and the thermal conductivity of the material.

G.2.3 WASTE FORM COUNT

The time-dependent decay heat data discussed in Section 5.1.3 is per SNF assembly
or HLW canister basis, and is multiplied by the waste form count (WF_count) to
obtain the heat source per waste package.

The waste form count for the deep borehole reference repository is based on the
fixed maximum diameter of the drill casing. For the SNF waste forms, rod
consolidation is assumed, enabling a single assembly to fit within the narrow
borehole diameter (WF_count = 1). For the HLW waste forms, the length of the
canister is assumed to be the same as a single canister (based on manufacturing
constraints), but the diameter is limited by the drill casing, which results in less than
30% of the inventory and heat per canister in the deep borehole design, as
compared to the other three geologic media (WF_count = dbh_cnt).

The parameter dbh_cnt = 0.291 for the ratio of the small canister internal cross-
sectional area divided by the standard HLW canister area. The input matrix below
shows the waste form count of 4 assemblies in granite, clay, and salt, and is adjusted
accordingly for cases evaluating 1-assembly and 12-assembly waste package in
parametric study cases.
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4 4 4 1

1 1 1 dbh_cnt

4 4 4 1
WF_count =

1 1 1 dbh_cnt

1 1 1 dbh_cnt

1 14 1 clh @l

(.2.4 THE EFFECTS OF SURFACE STORAGE

Surface storage times of 10, 50, 100, and 200 years were evaluated for all cases
analyzed, and input as a vector variable Tswore. The model used was adapted from a
Yucca Mountain model that had a ventilation efficiency during the preclosure period
(Vaur)- In the modified model, the effect of surface storage was the same as the effect
of a ventilation system removing the decay heat at 100% efficiency during the
surface storage period (Tswre). This same model can also be used, in the future, to
consider potential effects of surface storage followed by some limited ventilation
time after emplacement, with a ventilation heat removal efficiency (Vefr) of less than
100%.

G.2.5 HEAT SOURCE CALCULATION
The analytic model incorporates three types of heat sources

* Quwp - representing a single waste package of interest (as a finite line
source), where the line load heat source internal to a single waste package is
calculated. The units are W/m.

* Quavg - representing an average line load of adjacent emplacement drifts or
boreholes (as an infinite line source). The line load heat source represents
an average heat load accounting for axial waste package spacing. The units
are W/m.

* Quwp - representing a single adjacent waste package (as a point source),
where the point source heat load is the total heat source for a waste package.
The units are W.

The three heat sources accounting for the effects of surface storage times are
calculated as follows:
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Veff = 1.00  Assume 100% efficiency (equivalent to surface storage), where Vdur = Tstore

Q(t,whH-WF_count
CIL_wp(t’Tstore>""f’rt) = WP |engtthWf’d'[1 - Veﬁ'(t s Tstore)]

Q(t,wh)-WF_count,s
WP_spacing

QL avg(t: Tstore»wf. 1) = {1~ Veff(t< Tgtore)]

Qup(t: Tstore» Wh. 1t) = Qt,wh WF_countys - 1- Veff:(t < Tgtore) ]

Where Q(t, wf) is a continuous decay heat source function for one unit (an assembly
or a canister) of waste form. Q(t, wf) is evaluated in Mathcad using a cubic spline
interpolation function that is a good fit through the tabular data points which are
input to the model. The cubic spline interpolation is stable and provides a good fit
for the time period of interest in this calculation. However, when the decay heat
values become small in the very long term, the cubic spline can become unstable and
result in oscillating values. Those time periods are better addressed using a linear
spline interpolation function.

(.3 HoSsT ROCK TRANSIENT TEMPERATURE ANALYTICAL MODEL

This model assumes an infinite medium of a given rock type, where the EBS and WP
are modeled as continuous rock to the central line or point source, and the rock
temperature at the calculation radius is evaluated based on the rock properties and
the time-dependent heat source.

This model consists of three components that sum together to represent the
repository design. They include a central finite line source representing the waste
package of interest, eight adjacent infinite line sources (four on each side of the
central waste package) representing (laterally spaced) adjacent emplacement
arrays, and eight adjacent point sources aligned axially with the central waste
package finite line source (four on each side of the central waste package)
representing adjacent waste packages.

The solution for the finite line source is derived from the point source solution as
described in Sutton et al 2011 (Section 8.1.2), and is also documented in SNL 2007.
The solution for the infinite line source is presented in Carslaw and Jaeger 1959
(Section 10.3, equation 1), and also described in Sutton et al 2011 (Section 8.1.3).
The equation for the temperature transient solution for a point source is based on
Carslaw and Jaeger 1959 (Section 10.4, page 261).
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The one-dimensional temperature transient is the sum of the contributions from
these terms as a function of radial distance and time, and is evaluated at the
calculation radius (drift_r). In the current analysis, the number of adjacent lateral
line sources (Narifts), and the number of axially adjacent waste packages (Nagj) were
both set equal to 4. Note that for the second and third terms, the distance is
calculated to a location at the crown of the emplacement borehole or drift (see
Figure 5.1-2)

|(@rif_rwr, )| [ v'y WP_length,yr) "y WP_length,\ |
wnlT. T Jwiort 8. o (=7 7T 2 J ~ J
QA _wpl-Tstore- WY - dontn | 41\ 2 )| _eq 2.\ 2 )|l g

DW_T_finite_line(t,y, T wwin: -
store ) ’ 8-(m-Kthg)-(t - 7) |72 [one(t-7) 2 ar(t-7)

“0

2 o
(drift_riue, 1) “+(id- Drift_spacingq)“
wi, ) 4

Naritts
DW_T_drifts(t, Tgpore Wl 1) 1= 2 Z

dw=1. 0

o (
QL avg(™+ Tstore ! e (t=1)
\ ) dr

4:(n-Kthg)(t - 7)

2 2
(drift_ryq 1) “+(ip- WP_spacingq)

Q,,‘,lr.TSm,e.m.n, dog-(t-1)

e dr
15 1.5
(e 7)

Nadj
DW_T_adjacent_pkgs(t, Tgyore ;WF, 1) = 2 Z
p=1 | 8Kha/on

0

G.4 WASTE PACKAGE AND EBS QUASI-STEADY-STATE TEMPERATURE
ANALYTICAL MODEL

As described in Section 5.1, it is assumed that at any given point at time, the
relatively low thermal mass of the EBS components compared to the essentially
infinite geologic medium, can be considered to be at a quasi-steady state condition.

The model for a multi-layer cylindrical steady-state temperature solution is derived
from Kreith 1966 (Section 2-2, equation 2-19). In this geometry, the analytical
solution is a one-dimensional (radial heat flow) model assuming an infinite line as
the heat source. That particular equation is an example of two concentric cylindrical
components, such as a steel pipe covered by asbestos insulation with internal
convection from a hot fluid (with a convection coefficient h;), and external
convection to air (with a convection coefficient h,). It includes four thermal
resistance components - two conduction only resistances representing the pipe and
the insulation, and two convection boundary layer resistances (internal and
external).

Total heat transfer is defined as Q = U * Aoutside ™ (Tinside — Toutside)

Where the conductance, U, is the reciprocal of the sum of the resistances:
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1
T —
ry-h; ky k hy
Where r3 is the outside surface of the insulation, r is the outside surface of the pipe,
and r1 is the inside surface of the pipe

The heat flux per exterior unit area is defined as qa = Q/Aoutside

By conservation of energy at steady state, the temperature at the surface of each
layer can be calculated as follows:

_(Ti-Ty) _(Ti-To) _(T2-T3) _ (T3-To)
q..'-\ :R1 Rl R: RO

Where T; is the inside fluid temperature, T is the pipe wall internal surface
temperature, T is the pipe wall external temperature (and the insulation internal
surface temperature), T3 is the insulation external surface temperature, and Ty is the
air temperature. This equation and the approach were input into MathCad, and
validated against Kreith 1966 (example problem 2-7)

Application of this approach to the EBS components drops the convection resistance
terms (i.e., Ti = T1 and T, = T3) and uses a series of thermal resistance values
calculated on the basis of the EBS component radii and thermal conductivities. The
following equation shows the thermal resistance terms all the way to the surface of
the waste form, but the calculation results documented in this report stop at the
surface of the waste package.

1
U

overall = ‘ ‘
R canister ¥ Rwaste pkg ™ Rouffer * Renvelope * Rbackfill * Riiner

The approach is modified somewhat to be applied to a line load (W/m) instead of an
areal heat flux of (W/m?), by substituting q. = qa*2ntrouside. One example, for the
outer surface temperature of the backfill, is the following:

QL'I'DW'hII Ili ;
\"BACKFILL )
27 1pw KLINER

@
2. l'D\V

Dw
\'BACKFILL )

=Tpw+3

TgackrL = Tpw + ‘RemNer- = Tow +

Where kuingr is the liner thermal conductivity.

It is assumed that the EBS (except for the salt case) responds quickly (low thermal
mass), and the heat flux at the calculation radius is always the same as the heat
source, with a small time delay. The timing of the peak temperature at the
calculation radius is more dependent on the rate the heat moves away from that
surface into the infinite mass of host rock (and with the rate that heat arrives from
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the other adjacent heat sources) with respect to the rate that the decay heat curve is
dropping.

This process (the heat flux at the calculation radius feeding the outside calculation)
would differ significantly if the EBS possessed a wide range of thermal
conductivities (higher for realistic cases, and lower for substituting host rock). In
fact, the primary difference is the magnitude of the thermal gradient required to
force that same heat flux out of the surface at the calculation radius. The thermal
gradient increases with thermal resistance, until the calculated heat flux equals the
steady-state heat flux

As the thermal resistance goes up, the thermal gradient gets steeper until the
calculated heat flux with the higher resistance matches the required “steady state”
heat flux.

The normalized thermal resistance for each layer associated with the calculations
for SNF and HLW in the four geologic media are shown in Figure G.4-1, below.

Thermal Layer Resistance Normalized to Host Rock Resistance
From Calculation Radius to Waste Package Surface

45 < -Granite-> <-----Clay-----><-----Salt----><-Deep Borehole
4.0
3.5
3.0 ——
2.5 w Layer3
2.0 W Layer2
1.5 1 M Layerl
1.0
0.0 A o

SNF HLW SNF HLW SNF HLW SNF HLW

Figure G.4-1 Normalized thermal resistance of each EBS layer

G.5 MODEL LIMITATIONS AND POTENTIAL FUTURE MODEL IMPROVEMENTS

The current set of analytical models assumes constant thermal properties for the
host rock, and some of the thermal properties, such as thermal conductivity and
thermal diffusivity are functions of temperature, porosity, or moisture content that
can vary over time. This has not been addressed, except in an effort to bound the
variation of salt properties by using crushed and intact salt properties as bounding
cases.
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Clayton and Gable 2009 (Section 3.1) provides data addressing the thermal
conductivity and diffusivity of intact salt with temperature (ibid Equation 3.1), and
of crushed salt with porosity and temperature (ibid Equation 3.4). The authors also
provide a discussion of the time for reconsolidation of crushed salt to intact salt
(ibid Figure 4.18). Figures G.5-1 and G.5-2 are derived from the equations and data
in Clayton and Gable 2009 (Section 3.1).

Conductivity of Crushed Salt vs Porosity and Temperature

Correlation based on data from
BO0 to 700 K. Extrapolation to high
femperatures may not be valid.

Thermal Conductivity (W/m-K)

.....
...............
.............

0.0
300.0 600.0 900.0 1200.0 1500.0 1800.0 2100.0 2400.0

Temperature (K)
—— 40% Porosity
ee== 30% Porosity
20% Porosity
=== 10% Porosity
—— Intact Salt (0% Porosity)

Figure G.5-1 Effects of porosity and temperature on thermal conductivity of crushed salt
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Crushed Salt Thermal Diffusivity
6

2.75¢10°
orrelation based on data from

- 2293x10™ 00 to 700 K. Extrapolation to high
- emperatures may not be valid.
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— 40% Porosity
ee= 30% Porosity
20% Porosity
=+=+= 10% Porosity
— Intact Salt (0% Porosity)

Figure G.5-2 Effects of porosity and temperature on thermal diffusivity of crushed salt

The model assumes zero contact resistance between the various layers of the EBS,
and also assumes that there is no settling of buffer or backfill materials, i.e. that
there are no air gaps. Both of these potential additional resistances can be
addressed.

In a given region, if there is an air gap instead of buffer or backfill material, for
example, there will be radiation heat transfer in that region. However, this can be
modeled as a linearized “effective” radiation heat transfer coefficient as follows:

f > 7\ / > )
Ql{\(lh’lllt.“E’Al‘ Tl4—T34' =0o£ A1Tl~— T2~HT]~+T2~|

where o is the Stefan-Boltzmann constant and ¢ is the emissivity of the surface.

f 2l 2 B
Qradiant = 7€ A(Ty = T )(Ty + T){ Ty " + Ty7)
We can then define hraq as follows:

o (2 .2 _ ‘ ]
hraq= o-& (T + TZ)'(_TI + Ty ) Such that Qradiant = hrad'A‘(Tl = Ty) Rrad = h.

lllld
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Then the radiant resistance term can be treated just like an internal or external heat
transfer coefficient. However, since hraq is a function of temperature, an initial guess
and an iteration process (or a Mathcad Solve Block) are needed to converge on the
solution to the temperature distribution.
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APPENDIX H

THERMAL ANALYSIS

H.1 INTRODUCTION

The assumptions, inputs, models and solutions for the thermal behavior in clay,
granite, salt and deep borehole are documented in Section 5 of this report.

Section H.2 “Contributions to Total System Heat from the Central Waste Package,
Axial and Lateral Heat Sources” contains Figures H.2-1 to H.2-24 that show the
relative contributions from the central waste package, the axial waste packages
along the central emplacement line (4 on either side of the central package) and the
lateral emplacement lines (4 on each side of the central line) to the total
emplacement temperature.

Section H.3 “Transient Temperature in the Host Rock” contains Figures H.3-1 to H.3-
24 that show the overall transient temperature in each host rock media at the
calculation radius for 3 storage times, namely 10, 50 and 100 years.

Section H.4 “Waste Package Surface Temperature” contains Figures H.4-1 to H.4-24
that show the waste package surface temperature based on steady state calculations
at each point in time through the corresponding layers of the EBS components.

Section H.5 “Waste Package Peak Temperature as a Function of Storage Time and
Number of Assemblies” contains Figures H.5-1 to H.5-6 that show the waste package
peak temperature as a function of storage time and number of assemblies or
canisters within a waste package.

Section H.6 “Trade-off of Storage Time and Waste Package Capacity” contains
Figures H.6-1 and H.6-2 that show the trade-off between storage time and waste
package capacity.

While the “co-extraction” process is similar in function to the industrial Co-
Extraction™ (COEX) process deployed by AREVA, the two processes assume
different processing methods and steps and so the product and waste streams
cannot be directly compared. Similar is true for the “new extraction” process
documented in this report and the NUEX industrial process proposed by Energy
Solutions, which also cannot be directly compared.
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H.2 CONTRIBUTIONS TO TOTAL SYSTEM HEAT FROM THE CENTRAL WASTE
PACKAGE, AND ADJACENT AXIAL AND LATERAL HEAT SOURCES

This section documents calculation of temperature at a specified calculation radius
in a homogeneous medium with a combination of finite line (central package),
individual points (adjacent waste packages), and infinite lines (adjacent lines of
waste packages).

The calculation radii for the four media are as follows:

* Granite: SNF 0.83 m, HLW 0.76 m

* (lay: SNF 1.32 m, HLW 0.37 m

e Salt: SNF and HLW 4 m

* Deep borehole: SNF 0.19 m, HLW 0.20 m

The number of assemblies or canisters per waste package is indicated in the figure
captions that also define shorthand notation that is used in subsequent sections in
this appendix.
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Contributions to the rock wall temperature increase
in a granite repository with 4 UOX-SNFA
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Figure H.2-1 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for 4 UOX assemblies per
waste package (UOX-4) in granite
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Contributions to the rock wall temperature increase
in a granite repository with 4 MOX-SNFA
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4501 - = Adjacent point sources
= = = Adjacent line sources
400t

W W
o O
o O

Temperature increase (°C)
o N
(6)) (o))
o o

—t
o
o

o)
o

" A A A i A " A A A A A A A A ' A A A A
OO 100 200 300 400 500
Time (y)
Figure H.2-2 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for 4 MOX assemblies
per waste package (MOX-4) in granite
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Contributions to the rock wall temperature increase
in a granite repository with 1 Co—Extraction glass

300 SRR e
: : —— Central package :
: : ==+ Adjacent point sources|:
250F /N e ERRREIRRRTRNS - = = Adjacent line sources |:
—_ : : — Total
o ;
Sl
@ 200
©
()
o
£
o 150
>
©
8 100
£
(O}
|_
50
0
0 100 200 300 400 500

Figure H.2-3 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for one co-extraction
HLW (co-extraction-1) canister per waste package in granite
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Contributions to the rock wall temperature increase
in a granite repository with 1 New Extraction glass
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Figure H.2-4 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for one new extraction
HLW (new extraction-1) canister per waste package in granite
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Figure H.2-5 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for one EC-Ceramic HLW
(ECC-1) canister per waste package in granite
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Contributions to the rock wall temperature increase
in a granite repository with 1 EC-Metal
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Figure H.2-6 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for one EC-Metal HLW
(ECM-1) canister per waste package in granite
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Figure H.2-7 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for UOX-4 in clay
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Contributions to the rock wall temperature increase
in a clay repository with 4 MOX-SNFA
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Figure H.2-8 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for MOX-4 in clay
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Contributions to the rock wall temperature increase
in a clay repository with 1 Co—Extraction glass
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Figure H.2-9 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for co-extraction-1 in

clay
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Contributions to the rock wall temperature increase
in a clay repository with 1 New Extraction glass
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Figure H.2-10 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for new extraction-1 in
clay
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Contributions to the rock wall temperature increase
in a clay repository with 1 EC-Ceramic
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Figure H.2-11 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for ECC-1 in clay
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Contributions to the rock wall temperature increase
in a clay repository with 1 EC-Metal
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Figure H.2-12 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for ECM-1 in clay
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Contributions to the rock wall temperature increase
in a salt repository with 4 UOX-SNFA
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Figure H.2-13 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for UOX-4 in salt
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Figure H.2-14 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for MOX-4 in salt
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Contributions to the rock wall temperature increase
in a salt repository with 1 Co—Extraction glass
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Figure H.2-15 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for co-extraction-1 in
salt
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Contributions to the rock wall temperature increase
in a salt repository with 1 New Extraction glass
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Figure H.2-16 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for new extraction-1 in
salt
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Contributions to the rock wall temperature increase
in a salt repository with 1 EC-Ceramic
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Figure H.2-17 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for ECC-1 salt
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Contributions to the rock wall temperature increase
in a salt repository with 1 EC-Metal
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Figure H.2-18 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for ECM-1 in salt
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Contributions to the rock wall temperature increase
in a deep borehole repository with 1 UOX-SNFA
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Figure H.2-19 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for UOX-1 in a deep

borehole
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Contributions to the rock wall temperature increase
in a deep borehole repository with 1 MOX-SNFA
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Figure H.2-20 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for MOX-1 in a deep

borehole
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Contributions to the rock wall temperature increase
ina deep borehole reposﬂory with 0.29 Co-Extraction glass
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Figure H.2-21 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for one narrow co-
extraction (co-extraction-0.291) HLW canister per waste package in a deep borehole. The
narrow canister contains 0.291 times the waste in a standard canister
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Contributions to the rock wall temperature increase
in a deep borehole repository with 0.29 New Extraction glass
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Figure H.2-22 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for one narrow new
extraction (new extraction-0.291) HLW canister per waste package in a deep borehole. The
narrow canister contains 0.291 times the waste in a standard canister
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Contributions to the rock wall temperature increase
in a deep borehole repository with 0.29 EC-Ceramic
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Figure H.2-23 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for one narrow EC-
Ceramic (ECC-0.291) HLW canister per waste package in a deep borehole. The narrow
canister contains 0.291 times the waste in a standard canister
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Contributions to the rock wall temperature increase
in a deep borehole repository with 0.29 EC-Metal
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Figure H.2-24 Contributions to the transient rock temperature at the calculation radius from
the central package, adjacent point sources and adjacent line sources for one narrow EC-Metal
(ECM-0.291) HLW canister per waste package in a deep borehole. The narrow canister
contains 0.291 times the waste in a standard canister
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H.3 TRANSIENT TEMPERATURE IN THE HOST ROoCK
The calculation radii for the four media are as follows:

Granite: SNF 0.83 m, HLW 0.76 m

Clay: SNF 1.32 m, HLW 0.37 m

Salt: SNF and HLW 4 m

Deep borehole: SNF 0.19 m, HLW 0.20 m

The number of assemblies or canisters per waste package are as defined in Section
H.2, except as indicated in the figure captions below.

Rock wall temperature in a granite
repository with UOX-SNFA
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Figure H.3-1 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for a waste package containing 1, 2, 3, 4 and 12 UOX assemblies in
granite
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Rock wall temperature in a granite
repository with MOX-SNFA
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Figure H.3-2 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for a waste package containing 1, 2, 3, 4 and 12 MOX assemblies in

granite
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Rock wall temperature in a granite
repository with 1 Co—Extraction glass
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Figure H.3-3 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for co-extraction-1 in granite
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Rock wall temperature in a granite
repository with 1 New Extraction glass
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Figure H.3-4 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for new extraction-1 in granite
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Rock wall temperature in a granite
repository with 1 EC-Ceramic
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Figure H.3-5 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for ECC-1 in granite
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Rock wall temperature in a granite
repository with 1 EC-Metal
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Figure H.3-6 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for ECM-1 in granite
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Rock wall temperature in a clay
repository with UOX-SNFA
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Figure H.3-7 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for a waste package containing 1, 2, 3, 4 and 12 UOX assemblies in clay
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Rock wall temperature in a clay

repository with MOX-SNFA
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Figure H.3-8 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for a waste package containing 1, 2, 3, 4 and 12 MOX assemblies in clay
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Rock wall temperature in a clay
repository with 1 Co—Extraction glass
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Figure H.3-9 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for co-extraction-1 in clay
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Rock wall temperature in a clay
repository with 1 New Extraction glass
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Figure H.3-10 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for new extraction-1 in clay
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Rock wall temperature in a clay
repository with 1 EC-Ceramic
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Figure H.3-11 Transient host rock temperature at the calculation radius after storage times of

10, 50 and 100 years for ECC-1 in clay
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Rock wall temperature in a clay
repository with 1 EC-Metal
150¢ 4

- = 10y surface storage
- = = 50 y surface storage
— 100 y surface storage

—r

o

o
-

Rock wall temperature (°C)

‘
50F .,.,~.~.sv~ ......................................
1 r ~‘~ N~ ~ .l
N e e i od iRttt
O A A A A i ™ A A A A A A A A A A A A A L A A A A ]
0 100 200 300 400 500
Time (y)

Figure H.3-12 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for ECM-1 in clay
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Rock wall temperature in a salt
repository with UOX-SNFA
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Figure H.3-13 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for a waste package containing 1, 2, 3, 4 and 12 UOX assemblies in salt
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Rock wall temperature in a salt

repository with MOX-SNFA
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Figure H.3-14 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for a waste package containing 1, 2, 3, 4 and 12 MOX assemblies in salt
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Rock wall temperature (°C)

Rock wall temperature in a salt
repository with 1 Co—Extraction glass
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Figure H.3-15 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for co-extraction-1 in salt
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Rock wall temperature in a salt
repository with 1 New Extraction glass
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Figure H.3-16 Transient host rock temperature at the calculation radius after storage times of

10,50 and 1

00 years for new extraction-1 in salt
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Rock wall temperature in a salt
repository with 1 EC-Ceramic
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Figure H.3-17 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for ECC-1 in salt
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Figure H.3-18 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for ECM-1 in salt
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Rock wall temperature in a deep borehole
repository with 1 UOX-SNFA
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Figure H.3-19 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for UOX-1 in a deep borehole
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Rock wall temperature in a deep borehole
repository with 1 MOX-SNFA
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Figure H.3-20 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for MOX-1 in a deep borehole
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Rock wall temperature in a deep borehole
repository with 0.29 Co—-Extraction glass
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Figure H.3-21 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for co-extraction-0.291 in a deep borehole
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Rock wall temperature in a deep borehole
repository with 0.29 New Extraction glass
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Figure H.3-22 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for new extraction-0.291 in a deep borehole
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Rock wall temperature in a deep borehole
repository with 0.29 EC-Ceramic
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Figure H.3-23 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for ECC-0.291 in a deep borehole
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Figure H.3-24 Transient host rock temperature at the calculation radius after storage times of
10, 50 and 100 years for ECM-0.291 in a deep borehole
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H.4 WASTE PACKAGE SURFACE TEMPERATURE
The calculation radii for the four media are as follows:

* Granite: SNF 0.83 m, HLW 0.76 m

Clay: SNF 1.32 m, HLW 0.37 m

Salt: SNF and HLW 4 m

* Deep borehole: SNF 0.19 m, HLW 0.20 m

The following temperature limits were applied at the interface between the waste
package surface and the EBS (or rock wall, depending on design):

* Granite: 100°C. This is based on a bentonite layer near the waste package
surface

* (lay: 100°C. This is based on the host rock for the HLW cases, and on a
bentonite layer for the UOX and MOX cases

e Salt: 200°C. This is based on the bulk salt

* Alimit for deep borehole remains to be determined.

These temperature limits are not final, and may be lower than the limits that will
eventually be set after site investigations and in license applications.

This section shows the results of a steady state calculation at each point in time
inward from the calculation radius to the outer surface of the waste package. The
calculation uses the temperature result from the homogeneous calculation in
Section H.3 above. The calculation assumes that the waste package heat travels
through the calculation radius with no storage or heat loss within the interior layers
of the EBS.

The number of assemblies or canisters per waste package are as defined in Section
H.2, except as indicated in the figure captions below.
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Waste package surface temperature
in a granite repository with 4 UOX-SNFA
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Figure H.4-1 Calculated waste package temperature after storage times of 10, 50 and 100
years for UOX-4 in granite

LLNL-TR-491099 H-52



Waste package surface temperature
in a granite repository with 4 MOX-SNFA
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Figure H.4-2 Calculated waste package temperature after storage times of 10, 50 and 100
years for MOX-4 in granite
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Waste package surface temperature
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Figure H.4-3 Calculated waste package temperature after storage times of 10, 50 and 100
years for co-extraction-1 in granite

LLNL-TR-491099 H-54



Waste package surface temperature
in a granite repository with 1 New Extraction glass
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Figure H.4-4 Calculated waste package temperature after storage times of 10, 50 and 100
years for new extraction-1 in granite
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Waste package surface temperature
in a granite repository with 1 EC-Ceramic

150¢ :
ry : - = 10y surface storage
1y : - = =50 y surface storage
: " ; — 100 y surface storage
L% f '
8100_:“ ,,,,,, .....................
S 3 . :
o . . :
= = ' :
g 1 :“ ‘\ :
Q ' . L :
QE) B i ‘s ~~ :
'_ 50... N TET TR \.~. . §.~. L. ..............................
1 ' ~~ - -
' ' : s s e e amal
O A i A A A A A A A A A A A A A ]
0 100 200 300 400 500
Time (y)

Figure H.4-5 Calculated waste package temperature after storage times of 10, 50 and 100
years for ECC-1 in granite
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Waste package surface temperature
in a granite repository with 1 EC-Metal
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Figure H.4-6 Calculated waste package temperature after storage times of 10, 50 and 100
years for ECM-1 in granite
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Waste package surface temperature
in a clay repository with 4 UOX-SNFA
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Figure H.4-7 Calculated waste package temperature after storage times of 10, 50 and 100
years for UOX-4 in clay
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Waste package surface temperature
in a clay repository with 4 MOX-SNFA
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Figure H.4-8 Calculated waste package temperature after storage times of 10, 50 and 100
years for MOX-4 in clay
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Figure H.4-9 Calculated waste package temperature after storage times of 10, 50 and 100
years for co-extraction-1 in clay
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Waste package surface temperature
in a clay repository with 1 New Extraction glass
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Figure H.4-10 Calculated waste package temperature after storage times of 10, 50 and 100
years for new extraction-1 in clay
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Waste package surface temperature
in a clay repository with 1 EC-Ceramic
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Figure H.4-11 Calculated waste package temperature after storage times of 10, 50 and 100
years for ECC-1 in clay
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Waste package surface temperature
in a clay repository with 1 EC-Metal
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Figure H.4-12 Calculated waste package temperature after storage times of 10, 50 and 100
years for ECM-1 in clay
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Waste package surface temperature
in a salt repository with 4 UOX-SNFA
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Figure H.4-13 Calculated waste package temperature after storage times of 10, 50 and 100
years for UOX-4 in salt, with 75% of the waste package surface contacting intact salt
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Waste package surface temperature
in a salt repository with 4 MOX-SNFA
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Figure H.4-14 Calculated waste package temperature after storage times of 10, 50 and 100
years for MOX-4 in salt, with 75% of the waste package surface contacting intact salt

LLNL-TR-491099

H-65



Waste package surface temperature
in a salt repository with 1 Co—Extraction glass
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Figure H.4-15 Calculated waste package temperature after storage times of 10, 50 and 100
years for co-extraction-1 in salt, with 75% of the waste package surface contacting intact salt
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Waste package surface temperature
in a salt repository with 1 New Extraction glass
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Figure H.4-16 Calculated waste package temperature after storage times of 10, 50 and 100
years for new extraction-1in salt, with 75% of the waste package surface contacting intact salt
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Waste package surface temperature
in a salt repository with 1 EC-Ceramic
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Figure H.4-17 Calculated waste package temperature after storage times of 10, 50 and 100
years for ECC-1 in salt, with 75% of the waste package surface contacting intact salt
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Waste package surface temperature
in a salt repository with 1 EC-Metal
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Figure H.4-18 Calculated waste package temperature after storage times of 10, 50 and 100
years for ECM-1 in salt, with 75% of the waste package surface contacting intact salt
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Waste package surface temperature
in a deep borehole repository with 1 UOX-SNFA
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Figure H.4-19 Calculated waste package temperature after storage times of 10, 50 and 100
years for UOX-1 in a deep borehole
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Waste package surface temperature
in a deep borehole repository with 1 MOX-SNFA
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Figure H.4-20 Calculated waste package temperature after storage times of 10, 50 and 100
years for MOX-1 in a deep borehole
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Waste package surface temperature
in a deep borehole repository with 0.29 Co-Extraction glass
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Figure H.4-21 Calculated waste package temperature after storage times of 10, 50 and 100
years for co-extraction-0.291 in a deep borehole
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Waste package surface temperature
in a deep borehole repository with 0.29 New Extraction glass
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Figure H.4-22 Calculated waste package temperature after storage times of 10, 50 and 100
years for new extraction-0.291in a deep borehole
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Waste package surface temperature
in a deep borehole repository with 0.29 EC-Ceramic
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Figure H.4-23 Calculated waste package temperature after storage times of 10, 50 and 100
years for ECC-0.291 in a deep borehole
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Waste package surface temperature
in a deep borehole repository with 0.29 EC-Metal
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Figure H.4-24 Calculated waste package temperature after storage times of 10, 50 and 100
years for ECM-0.291 in a deep borehole
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H.5 WASTE PACKAGE PEAK TEMPERATURE AS A FUNCTION OF STORAGE TIME
AND NUMBER OF ASSEMBLIES

For granite, clay and salt media, the peak temperature was calculated for storage
times ranging from 10 years to 1400 years, for 1, 2, 3, 4 and 12 UOX or MOX
assemblies per waste package. The long storage time range is not intended to imply
that a repository would be designed for such a long storage period; this allows
interpolation, rather than extrapolation, when constructing the trade curves in the
following Section H.6. The figures in this section are displayed out to 300 years to
show the detail for storage periods of 100 years or less.

Waste package surface peak temperature as a function
of storage time in a granite repository with UOX
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Figure H.5-1 Waste package surface peak temperature as a function of surface storage time
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a granite repository
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Waste package surface peak temperature as a function
of storage time in a granite repository with MOX
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Waste package surface peak temperature as a function
of storage time in a clay reposﬂory with UOX
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Figure H.5-3 Waste package surface peak temperature as a function of surface storage time
for UOX in a clay repository
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Waste package surface peak temperature as a function
of storage time in a clay repository with MOX
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Figure H.5-4 Waste package surface peak temperature as a function of surface storage time
for MOX in a clay repository
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Waste package surface peak temperature as a function
of storage time in a salt repository with UOX
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Figure H.5-5 Waste package surface peak temperature as a function of surface storage time
for UOX in a salt repository with 75% of the waste package surface contacting intact salt
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Waste package surface peak temperature as a function
of storage time in a salt repository with MOX
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Figure H.5-6 Waste package surface peak temperature as a function of surface storage time
for MOX in a salt repository with 75% of the waste package surface contacting intact salt
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H.6 TRADE-OFF OF STORAGE TIME AND WASTE PACKAGE CAPACITY

This section documents calculation of the minimum surface storage time required to
maintain a temperature at interface between the waste package and the nearest EBS
component (or rock wall depending on design) below the prescribed thermal
constraint at all times. This storage time was determined by interpolating the peak
temperature data (illustrated in Section H.5 for times up to 300 years). Decay heat
values were available starting from 5 years; therefore, storage times less than 5
years have not been considered.

The temperature limit at the waste package surface for the three media is as follows:

¢ (Granite: 100°C
e (lay: 100°C
e Salt: 200°C

Storage time required to comply with temperature limits
as a function of UOX assemblies per waste package
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Figure H.6-1 Minimum surface storage time necessary to comply with waste package surface
temperature limit as function of UOX assemblies per waste package in a granite, clay, and salt
(with 75% of the waste package surface contacting intact salt) repository
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Storage time required to comply with temperature limits
as a function of MOX assemblies per waste package

15007+ R SRR SRR
z z z _z__-_--"‘_s
— CIay . '_'—"-f‘"’—' -
> : v —_—_’—“
£ \::’g— \Granlte 5 5
= 1000 ,ﬁ """""""""""""" e S
o R
© < : : : : :
S oo e
g n: : - SGalt o7
1/ : ; : ¢
3 500p :':'" """"""" \," """"""""""""
= & : SPR At
0p) é ’?‘
: g : : : :
N | : : : : :
ol—o-=u i i i i i
0 2 4 6 8 10 12

Number of assemblies

Figure H.6-2 Minimum surface storage time necessary to comply with waste package surface
temperature limit as function of MOX assemblies per waste package in a granite, clay, and salt
(with 75% of the waste package surface contacting intact salt) repository
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