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DPC Direct Disposal Technical Feasibility

Multi-year Budget by Lab and Topic (FY12-15)
Planning, assumptions,| Nuclear |Concepts,| FEPs, |Logistics|Thermal |DPC matl. perf., over-|Ground- |Fillers|Argilla- | Overpack |Costing
regulatory, reporting, [criticality| available | safety mgmt. | pack matl. selection, | water ceous | reliability

peer review tech. [strategy environments salinity THM
FY12 SNL 165

ORNL 45 45

ANL 20 80

LLNL 51 34

Total 440
FY13 SNL 175 75

ORNL 65 165 75 20

ANL 48 30 40

LLNL 45 120

SRNL 30 70

Total 958
FY14 SNL 212 28 181 89

ORNL 121 267 35

INL 25

LBNL 100

SRNL 30 30 60

LANL 100

Total 1,456
FY15 SNL 145 50 35 150 35
ORNL 33 197
SRNL 21 127
Total 793
By Topic 3,647 1,206 727 | 369 | 95 | 221 | 155 | 124 | 1200 | 60 | 100 | 150 | 162
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DPC Direct Disposal Technical Feasibility Evaluation

FY15 Accomplishments

e Vault concept and thermal
calculations

e 37-PWR thermal analysis

e Criticality validation study

e e T

Emplacement in Vertical-Boreho d Rock - UOX40-32 PW
® Add DP‘ S to UNF_ST& DARDS Buffer Thickness = 0.35 m, Buffer Kth = 0.6 W/M K

WP Spacing = 20 m, Drift Spacing = 70 m, 50 Years Storage

——waste package 50 years ventilation

 Overpack reliability (early -

waste package 100 years ventilation

failure) study N e
* Multi-year summary report .

 Conference presentations
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e
DPC Direct Disposal Technical Feasibility Evaluation
Papers and Publications
« Waste Management: 2014 and 2015 (multiple papers)
« NEI Used Fuel Management: 2013, 2014 and 2015 (multiple papers)
« ANS IHLRWMC 2015 Topical: Session on DPC direct disposal
« INMM 2014 Annual Meeting
« [CNC 2015 Annual Meeting
« ORACS Albuquerque Workshop (2015)
« RadWaste Solutions cover article, Spring 2014 issue
« ACS 247" National Meeting (2014)
« NWTRB November, 2013 workshop
e Summary paper FY15?7?
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DPC Cost Perspective (ROM)

e Sunk cost to procure/load/store DPCs ~$100,000 /MTU
Cost to continue through >2055: ~$10B
e Future costs for all fuel, current fleet:
Unload >$10,000 /MTU
Transport and dispose of hull >$150,000 each
Re-canister for disposal ~$100,000 /MTU
Total for 140,000 MTU >$36B*
* Substantial cost savings could be oo Inventory of UNF
achieved by: —— |
1) Direct disposal of all DPCs; or ikiall
2) Direct disposal of existing iﬁiﬂ
DPCs, and transition to E 100000

purpose-built and licensed e

multi-purpose canisters 40000
(storage-transport-disposal). 20000

60000 -

1990 2000 2010 2020 2030 2040 2050 2060
Year

Pool Storage === =EIA Reference Nuclear Case Total
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ke DPC Direct Disposal Concepts

= Engineering challenges are
technically feasible

Shaft or ramp transport

In-drift emplacement

= Repository ventilation (except
salt)

Backfill at emplacement or prior
to cIosure (except unsaturated) N

= S {‘ &:\\“’_

MAsswE cw:suﬁts/‘ \\,\,\

(Hardin et al. 2013. FCRD-UFD-2013-000171 Rev. 1)
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Annual Dose (mRem/yr)

Annual Dose (mremfyr)

Generic Performance Assessment

granite4
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= Nominal performance, 1-D transport
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10e-02}| packages e :
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. Safety of Workers and the Public — Summary

Preclosure operational safety:
e Handling/packaging of large DPCs is within the state of practice
e Operations would be similar for any DPC direct disposal concept

— No significant technical questions concerning operational
safety until the waste is transported underground

Postclosure waste isolation:
e Containment would be assighed to the disposal overpack

e As for any geologic repository, waste isolation is enhanced with
diffusion-dominated transport, and properties that are
insensitive to the expected temperature history

— No significant generic technical concerns for waste isolation
with multiple engineered and natural barriers

' V4 ", - (?6‘) .‘.‘;;:.._ :‘_ \1'
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“Hallway” Engineering Rumors

“DPCs are much heavier than YM TADs.”
Loaded Magnastor (47 MT) vs. loaded TAD (< 49.3 MT)

“DPCs are much larger than YM TADs.”
Magnastor canister (1.80 m D x 4.87 m L - 12.4 m3) vs. TAD dimensional
envelope (1.69mD x 5.39mL - 12.1 m3)

“DPC-based waste packages would be too heavy to lower

down a shaft.”

Not necessarily, e.g., DPC package (70 MT) with shield (80 MT) + carriage
< 175 MT (DBE TEC DIREGT conceptual hoist design)

“DPC-based packages would be too big/hot/heavy for a salt
repository.”
Package bearing stress is small (< 50 kPa) and even creep models calibrated

to recent low-stress data produce < 0.5 m of sinking in 10? years, without
interbeds. Heating/cooling displaces packages up/down due to expansion.

Sources:

1. Greene et al. 2013. Storage and Transport Cask Data for Used Commercial Nuclear Fuel — 2013 U.S. Edition. ATI-TR-13047.
2. BSC 2008. Basis of Design for the TAD Canister-Based Repository Design Concept. 2008000-3DR-MGRO0O-00300-000-003.

3. Hardin & Kalinina 2015. Cost Estimation Inputs for Spent Nuclear Fuel Geologic Disposal. SAND2015-0687.
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Engineering Feasibility — Summary

Engineering feasibility position:
e Solutions are available for transporting and emplacing DPC-
packages underground, although some could be largest of kind
e Repository construction costs would be manageable
e Openings could be stable for >50 years in many rock types
 Improved overpack containment reliability is possible

— No significant technical concept questions concerning
engineering feasibility of DPC direct disposal

V' VAT = (?6‘) .‘.‘;;:.._-. \1 i
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Fuel Burnup-Aging Thermal Requirements

for Disposal Concepts

Power Limits at Closure (32-PWR packages) e For SNF burnup (black
100° Limit on Sedimentary Rock; 200°C for Hard Rock and Salt cu rves) crossin g
20
‘ . . o o
18 Voo e PWR 20 GWd/MT points give minimum
3 \ — = PWR 40 GWd/MT aging time to meet
X
5 16 - "‘ | | — PWR 60 GWd/MT | peak temperature
2 S targets, for 32-PWR
[w] 14 : \ ' ' !Hard rock unbackfilled; 20x70 m spacing! size packages
® : \
12 v ' ' . . . .
g : \ e Heat dISSIpatIOH IS
o 10 . e _ |Sa|t concept {SGxBDmspacmgﬂ best for salt and
(3 . \ [Salt concept {Zﬂxzﬂmspacingﬂ
2 s ey == unsaturated/
o b Y Hard rock unbackfilled; 10x70 m spacing) unbackfilled disposal
\

M . . | .
r 6 ' s concepts
S 200°C - - _ e Where backfill is
d 150°C - —— | .

2 T AL rrrrve used, backfill

0 Backfilled (hard rock or sedimentary) at temp. limit indicated constraints dominate

0 50 100 150 200 250 300
Repository (Panel) Closure Time Fuel Age Out-of-Reactor (yr)
: T AL =3 r'l1 ﬁar@dial
11 (Based on Hardin et al. 2013, FCRD-UFD-2013-000170 Rev. 0) N A Ay laal}glrg?ories






Cooling Time With Transition from DPCs to Small
MPCs (Storage-Transport-Disposal)

e Repository start in 2048

e 4-PWR size MPCs
implemented 5 yrs prior

e MPCs meet cooling
targets 20 to 50 yrs
before DPCs (with higher
burnup fuel)

e Other start dates (2036
and 2060):

— Change ratio of MPCs
vs. DPCs

— Earlier start (2036) =
Cooling to 6 kW < 2100

— Later start (2060) -
Cooling to 6 kW > 2150

12

Cumulative Inventory in MTU

100,000 -

80,000 -

60,000 -

40,000 -

20,000 -

0

2025

= 6 kW DPCs (start disposal 2048)
=10 kW DPCs (start disposal 2048)

Cumulative Inventory Cooled to 6 kW or 10 kW Packages, in
DPCs and MPCs, Repository Opening in 2048

~20to 50 years
from MPC cooling
to DPC cooling

~
-~

™ L
atne®
-

2050

2075 2100 2125 2150 2175 2200

esee 6 kW MPCs (implement 2043)
eeee 10 kW MPCs (implement 2043)

TSL-CALVIN simulation of existing reactor fleet with 20-yr life extensions and

gradual burnup increase.
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Thermal Management — Summary

Thermal management position:
e Repository host media exist (salt, unsaturated hard rock) with
high conductivity and high temperature tolerance (200°C)

e Concepts that call for clay-based backfill could require much
longer decay storage/aging time and larger repository layouts

—> Thermal management is not a generic technical concern, at
least for salt and unsaturated hard rock.

V' VAT = (?6‘) .‘.‘;;:.._-. \1 i
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% Criticality Analysis for High-Reactivity

Stylized Case

15 | |
. i . ——5 wt% Enrichment
14 ] i ——4 wt% Enrichment
, E =*=5 wt% Enrichment + 10 GWD/MTU
13 1 ~o=5 wt% Enrichment + 20 GWD/MTU
1z ] 5 wt% Enrichment + 30 GWD/MTU
E 11 High-reactivity case:
* Hexagonal array of
* 8617 PWR fuel
] rods (W17x17WL)
| * Rods from slightly
08 - e tmt more than 32
- Seawater 2 m NaCl Saturated NaCl Brine (20°C) assemblies, in a
07 ... 32PWRDPC
0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000
ppm
(Banerjee et al. 2014. Dual Purpose Canister Reactivity and Sandia
14 Groundwater Absorption AnalysesFCRD-UFD-2014-000520) m&:% '11 El}g]rg?tlmries
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DPC Construction Affects Potential for Postclosure
Criticality and Thus, Disposability

e Fresh-water disposal
Non-Transportable

Canisters with environment, flooding
Degradation pOSSib|e
Susceptible Bolted
Components e ¢ Reliance on uncredited
14% >

margin (as-loaded, full

Non-Transportable burnup credit)

Canisters without

Degradation o After package breach,
Susceptible

Components degradation of neutron

1% Transportable absorbers
Canisters without

e Basket structural integrity

Degradation

Transportable

Canisters with _ Susceptible 4 maintains assembly fuel
Degradation Components rod pitch
Susceptible 69%
Components e Stainless steel has the
6% longest corrosion lifetime
s NISA =






Postclosure Criticality — Summary

 Without flooding criticality potential is negligible
* Once flooded, Al-based neutron absorber materials will degrade
e Reactivity increase can be offset by:

—> Postclosure criticality is not a generic technical concern, at least

Postclosure criticality position:

— High-reliability overpacks (limit manufacturing defects)

— Minimal impact of disruptive events on overpack containment
— Available uncredited margin (for analyzed configurations)

— Natural chloride in ground water (e.g., salt repository)

— Fillers implemented after closure

for salt and unsaturated hard rock media

16
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Technical Feasibility Study Summary

e Technical feasibility evaluation results for:

— Safety of workers and the public
— Engineering feasibility

— Thermal management

— Postclosure criticality control

-~

No generic or
>~ conceptual

-

concerns

e Most favorable disposal concepts: salt and hard rock

unsaturated/unbackfilled

e Transition to MPCs facilitates repository loading/closure

— Begin disposal with MPCs; DPCs cool 20 to 50 years later
e Other considerations important for DPC disposability:

— Basket structural longevity

— Disposal overpack reliability (better than 4.5x10~ /each)
— UNF-ST&DARDS unified database (ORNL) capabilities

Sandia
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Path Forward — Stakeholder Actions

Suggested collaborative stakeholder actions (utilities,
vendors, government):

e Develop a generic disposability standard and licensing
basis for DPCs and MPCs (storage-transport-disposal)
— Mainly for postclosure criticality

— Generic disposability case will be similar for DPCs and MPCs

e Perform as-loaded, burnup credit analysis (e.g., loss of
absorber) when DPCs are loaded

e Ensure DPC lifetime in storage to allow sufficient
cooling for direct disposal (e.g., up to 150 yr)

e Collect data and analyze existing DPCs (e.g., GC-859)

Sandia
[i'! National
Laboratories
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[vIost estimated previously 4-PWR/9- 12-PWR/ 21-PWR/ .
or12-BWR | 24-BWR: 44-BWR DPC Direct
“Enclosed”
Crystalline Based on KBS-3V (SKB 2011) (Note 2) (Note 3) (Note 3)
Argillaceous Based on NAGRA (2002, 2003)
(for in-drift, self-shielded pkgs, (Note 4) (Note 5) (Note 5)
with immediate backfilling)
Salt U.S. reference (in-drift) 4 6 7
“Open”
Hard Rock Unsaturated, unbackfilled, open
(e.g., (YM concept, DOE 2008a) (Note 6) 8 e 10
Crystalline) Saturated, backfilled, open (Note 6) 11 12 13
Argillaceous Backfilled, open (Note 6) 14 _ 16
Notes:

1. The BWR equivalent to 12-PWR assemblies could be 32, and because thermal limits in this report are based
on instantaneous package power, the only impact of such a change would be on Appendix A which
calculates decay storage time and repository throughput.

Tpeak> 100°C; canister handling problematic for borehole emplacement.

Tpeak>> 100°C; canister handling problematic.

Can assume cost would not be significantly different from the concept based on ANDRA (2005).

Tpeak>> 100°C.

Open-mode ventilation not needed to meet thermal goals (use enclosed concepts above).

oOwmeWwN

5 Cost estimated previously for a similar arrangement (Hardin et al. 2012).
Cost estimated previously for YM TSLCC analysis (DOE 2008b)

Sandia
T Y AL National
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Disposal Concept Description (1/5)
Waste Package Capacity, Count and Overpack Material

Table I-2. Summary of waste package capacity. numbers, and materials.

Package 140,000 MT Repository ,
. Disposal Overpack
# Concept Capacity Total Waste Annual Waste Material
(PWR/BWR) Packages Packages”
1. Crystalline (enclosed) 4/9 82,583 1,667 Copper
2. . 4/9 82,583 1,667
3, Argillaceous (enclosed) 12/21 28,792 556 Low-alloy steel
4. 4/9 82,583 1,667
2 Salt (enclosed) ;iﬁi ig:zgg gig Low-alloy steel
7. DPC ~10,000 209°
8. 12/21 28,792 556
S. Hard rock unsaturated (open) 21/44 16,157 318 Corrosion resistant
10. DPC ~10,000 209
11. 12/21 28,792 556
12. | Hard rock saturated (open) 21/44 16,157 318 Corrosion resistant
13. DPC ~10,000 209
14. 12/21 28,792 556
15. | Argillaceous (open) 21/44 16,157 318 Corrosion resistant
16. DPC ~10,000 209
Notes:
A. Figures shown for 3,000 MT per year throughput.
B. Dual-purpose canister (DPC) values are based on average capacity of 32 PWR assemblies (or BWR equivalent).
Sandia
22 m [\Labtg]rg?clnries






Disposal Concept Description (2/5)
Drift Diameter

Table I-3. Diameters for mined openings for access, disposal and service drifts.

Diameter (m)

23

# Concept Access DE;?;:?' Service Comment
Drifts . Drifts
Borings
1. Crystalline (enclosed, 4-PWR) 6.5 1.6 6.5 Vertical borehole emplacement
2. Argillaceous (enclosed, 4-PWR) 7.2 1.8 7.2 Horizontal boring emplacement
3. Argillaceous (enclosed, 12-PWR) 7.2 4.5 7.2 In-drift emplacement
4. Salt (enclosed, 4-PWR) 4H x 6W 4H x 6W S5Hx 7.5W
5. Salt (enclosed, 12-PWR) 4H x 6W 4H x 6W S5Hx 7.5W Service drifts have 50% larger area
6. Salt (enclosed, 21-PWR) 4H x 6W 4H x 6W S5Hx 7.5W
7. Salt (enclosed, DPC) 4H x 6W 4H x 6W S5Hx 7.5W
8. Hard rock unsaturated (open, 12-PWR) 8.0 5.5 8.0 8-m diameters for ventilation;
9. Hard rock unsaturated (open, 21-PWR) 8.0 5.5 8.0 5.5 m or 6.5 m for drip shield
10. | Hard rock unsaturated (open, DPC) 8.0 6.5 8.0 clearance
11. | Hard rock saturated (open, 12-PWR) 8.0 4.5 8.0 Use same layout as unsaturated
12. | Hard rock saturated (open, 21-PWR) 8.0 4.5 8.0 case, but smaller (4.5 m) diameter
13. | Hard rock saturated (open, DPC) 8.0 4.5 8.0 for DPCs since no drip shields
14. | Argillaceous (open, 12-PWR) 7.2 4.5 8.0
15. | Argillaceous (open, 21-PWR) 7.2 45 8.0 E:fkﬁslf'er;ialaew”t as hard rock
16. | Argillaceous (open, DPC) 7.2 4.5 8.0
Sandia
ﬂ'l National

Laboratories





Disposal Concept Description (3/5)
Waste Package and Drift Spacings

Table I-4. Waste package and drift spacings for disposal concepts.

Pac'kage Drn‘t{Borlng Comment
Spacing (m) | Spacing (m)
1. Crystalline (enclosed, 4-PWR) 10 20 Access drift spacing is 20 m.
2. Argillaceous (enclosed, 4-PWR) 10 30
3. Argillaceous (enclosed, 12-PWR) 10 60
4, Salt (enclosed, 4-PWR) 10 20
5. Salt (enclosed, 12-PWR) 20 25
6. Salt (enclosed, 21-PWR) 30 30
7. Salt (enclosed, DPC) 30 35
8. Hard rock unsaturated (open, 12-PWR) 5 81 12- and 21-PWR size packages are
9. Hard rock unsaturated (open, 21-PWR) 5 81 line-loaded under continuous drip
10. | Hard rock unsaturated (open, DPC) 10 81 shields
11. | Hard rock saturated (open, 12-PWR) 10 81 Use same spacings as unsaturated
12. | Hard rock saturated (open, 21-PWR) 10 81 concepts
13. | Hard rock saturated (open, DPC) 20 81
14. | Argillaceous (open, 12-PWR) 10 70
15. | Argillaceous (open, 21-PWR) 10 70
16. | Argillaceous (open, DPC) 20 70
24 NYSE ) Nt
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Disposal Concept Description (4/5)
Drift Length and Excavated Volume

Table I-5. Access, disposal and service drift length and volume for disposal concepts.

Access Drifts* Dlspose_ul Drlfts/ 'Ser'wce/ ... a Repository Total
4 Concept Borings Ventilation Drifts

Length | Volume | Length | Volume | Length | Volume | Length | Volume
(m) (m’) (m) (m’) (m) (m’) (m) (m’)
1. Crystalline (enclosed, 4-PWR) 7.8E5 | 2.6E7 | 6.2E5 1.3E6 2.3E5 | 7.7E6 1.6E6 | 3.5E7
2. Argillaceous (enclosed, 4-PWR) 1.4E5 1.6E7 | 7.8E5 2.1E6 3.7E5 1.5E7 1.3E6 | 3.3E7
3. Argillaceous (enclosed, 12-PWR) 3.9E5 1.6E7 2.9E5 4.6E6 3.7ES 1.5E7 1.1E6 3.6E7
4. Salt (enclosed, 4-PWR) 5.6E4 1.3E6 8.5E5 2.0E7 4.2E4 1.5E6 9.5E5 2.3E7
5. Salt (enclosed, 12-PWR) 5.6E4 1.3E6 | 6.0E5 1.4E7 | 4.2E4 1.5e6 | 7.0E5 1.7E7
6. Salt (enclosed, 21-PWR) 5.6E4 1.3E6 | 3.4E5 8.2E6 | 4.2E4 1.5e6 | 4.4E5 1.1E7
7. Salt (enclosed, DPC) 5.6E4 1.3E6 | 3.0E5 7.2E6 | 4.2E4 1.5e6 | 4.0E5 1.0E7
8. Hard rock unsaturated (open, 12-PWR) 8.0E3 4.0E5 1.7E5 4.0E6 8.0E3 4.0E5 1.9E5 5.0E6
9. Hard rock unsaturated (open, 21-PWR) 8.0E3 4.0E5 9.7E4 2.3E6 8.0E3 4.0E5 1.1E5 3.1E6
10. | Hard rock unsaturated (open, DPC) 8.0E3 4.0E5 1.2E5 4.0E6 8.0E3 4.0E5 1.4E5 5.0E6
11. | Hard rock saturated (open, 12-PWR) 8.0E3 | 4.0E5 1.7E5 | 4.0E6 | 8.0E3 | 4.0E5 1.9E5 5.0E6
12. | Hard rock saturated (open, 21-PWR) 8.0E3 | 4.0E5 9.7E4 | 2.3E6 | 8.0E3 | 4.0E5 1.1E5 3.1E6
13. | Hard rock saturated (open, DPC) 8.0E3 | 4.0E5 1.2E5 2.8E6 | 8.0E3 | 4.0E5 1.4E5 3.6E6
14. | Argillaceous (open, 12-PWR) 8.5E4 | 3.5E6 | 3.5E5 5.6E6 5.8E4 | 2.4E6 | 4.9E5 1.2E7
15. | Argillaceous (open, 21-PWR) 8.5E4 | 3.5E6 | 3.9E5 6.2E6 5.8E4 | 2.4E6 | 5.3E5 1.2E7
16. | Argillaceous (open, DPC) 8.5E4 | 3.5E6 | 3.6E5 5.7E6 5.8E4 | 2.4E6 | 5.0E5 1.2E7

Notes:
A. Access, emplacement and service drift estimates include a 10 to 20% contingency to account for unsuitable ground
conditions and inefficiencies in the layout of successive panels.

25
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Disposal Concept Description (5/5)
Numbers of Ramps and/or Shafts for 140,000 MTU Repository

Table I-6. Numbers of shafts and ramps for disposal concepts.

" Concept Ventilation | Waste | Ventilation Waste Transport
Intake Rock Exhaust Shaft Ramp (5 km)
1. Crystalline (enclosed, 4-PWR) 1 1 2 1 0
2. Argillaceous (enclosed, 4-PWR) 1 1 2 1 0
3. Argillaceous (enclosed, 12-PWR) 1 1 2 1 0
4. Salt (enclosed, 4-PWR) 1 1 2 1 0
5. Salt (enclosed, 12-PWR) 1 1 2 1 0
6. Salt (enclosed, 21-PWR) 1 1 2 1 0
7. Salt (enclosed, DPC) 1 1 2 1 0
8. Hard rock unsaturated (open, 12-PWR) 10° 1 54 1° 0
9. Hard rock unsaturated (open, 21-PWR) 10° 1 54 0 1
10. Hard rock unsaturated (open, DPC) 10° 1 54 0 1
11. Hard rock saturated (open, 12-PWR) 10* 1 5% 1° 0
12. | Hard rock saturated (open, 21-PWR) 10" 1 5% 0 1
13. Hard rock saturated (open, DPC) 10* 1 5% 0 1
14. | Argillaceous (open, 12-PWR) 10* 1 5% 1° 0
15. | Argillaceous (open, 21-PWR) 10* 1 5% 0 1
16. | Argillaceous (open, DPC) 10* 1 5% 0 1
Notes:
A. Based on the sedimentary backfilled open concept estimated previously for disposal of 140,000 MT spent
fuel in 21-PWR size packages (Hardin et al. 2012).
B. Based on availability of a friction-winder shaft hoist with 85 MT or greater capacity.

26
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Disposal Concept Details (1/2)
Emplacement power and timing, package dimensions

Salt Repository Concepts

Table 4-1. SNF package size. emplacement power limits. and repository spacings for salt repositories

Areal power loading limit: 11 W/m?’Drift dimensions: 6 m W x4 m H

Package Emplacement | Time to Center- Center-Center Package Loaded Total Pkg.
# | Capacity (PWR | Power Limit Emplace- | Center Drift Package oD (m) Canister Weight
assemblies) (kW) ment (yr) | Spacing (m) | Spacing (m) Weight (kg) (kg)
4. 4 2.2 <10 20 10 0.82 7,000 13,000
5. 12 5.5 40 25 20 1.17 20,000 28,000
6. 21 10.0 70 30 30 1.53 33,000 45,000
7. 32 (DPQ) 11.5 70% 35 30 1.9 50,000 65,000

Note: “Using semi-cylindrical cavities in the floor to receive waste packages (Hardin et al. 2013b).

Hard-Rock Unsaturated, Unbackfilled Concepts

limits for hard-rock unsaturated, unbackfilled (open-mode) repositories.

Table 8-2. Repository emplacement drift and waste package package dimensions and emplacement power

Line loading power limit at closure: 0.8 kW/m

Approximate years since reactor discharge, based on high-burnup (60 GW-d/MT).

Package Size| Emplace- Closure |Time to| Drift |Center-Center|Center-Center Pkg. OD) Loaded [Total Pkg.
# (PWR ment Power|Power Limit|Closure| Dia. | Drift Spacing | Pkg. Spacing, ) Canister | Weight
assemblies) | Limit (kW) (kW) (yr)® | (m) (m) Nominal (m) (m) Weight (kg) (kg)
8. 12° 10 4 75 5.5 81 5 1.17 20,000 28,000
9. 21° 18 7 75 5.5 81 5 1.57 33,000 50,000
10. | 32 (DPC) € 18 7 100 6.5 81 10 1.94 50,000 70,000
Notes:
A. Emplacement and closure power limits are scaled to 21-PWR concept. Higher limits may be possible with
extended aging or ventilation.
B. Similar to YM thermal analyses which showed that rock wall (200°C) and cladding temperature (350°C) limits
would be met (SNL 2008).
C. Based onthe 21-PWR concept. The DPC case with a 5.5-m diameter drift and 150-year fuel age at closure was
analyzed by Hardin et al. (2013, Section 4.6.1).
D.
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Disposal Concept Details (2/2)
Emplacement power and timing, package dimensions

Hard-Rock Backfilled Concepts

Table 11-2. Repository emplacement drift and waste package package dimensions and emplacement power
limits for hard-rock saturated, backfilled (open—mode) repositories.

Package Emplace- Closure Time to Drift Center- |Center-Center Loaded Total Pkg.
# Size (PWR | ment Power| Power” Closure | Diameter| Center Drift Package Package Canister Weight
assemblies)| Limit (kW) | Limit (kW) (yr) ¢ (m) Spacing (m)| Spacing (m) D (m) Weight (kg) (kg)
11. 12° 10 2 150 4.5 70 20 1.17 20,000 28,000
12. 21° 18 3 200 4.5 70 20 1.57 33,000 50,000
13. | 32 (DPC)© 18 3 300 4.5 70 25 1.94 50,000 70,000
Notes:

A. Emplacement power limit scaled to 21-PWR concept.
B. Similar to YM thermal analyses which showed that rock wall (200°C) and cladding temperature (350°C) limits would be

met (SNL 2008).
C. The case with 5.5-m drift diameter and 150-yr age at closure was analyzed by Hardin et al. (2013, Section 4.6.1).

D. Closure power of 3 kW produces peak backfill temperature of approximately 200°C, while 2 kW produces 150°C (backfill
thermal conductivity 0.6 W/m-K).
E. Approximate years since reactor discharge, based on high-burnup (60 GW-d/MT).

« Argillaceous Backfilled Concepts

28

Table 14-2. Repository emplacement drift and waste package package dimensions and emplacement power
limits for argillaceous, saturated, backfilled (open—mode) repositories.

Pkg. Size | Emplace- Closure | Time to |Drift |Center-Center|Center-Center| Pkg. Loaded |Total Pkg.
# (PWR |ment Power| Power® | Closure | Dia. | Drift Spacing | Pkg. Spacing | OD Canister Weight
assemblies)| Limit (kW) | Limit (kW) | (yr)© (m) (m) (m) (m) |Weight (kg) (kg)
14. 12"° 10 2 150 4.5 70 20 1.17 20,000 28,000
15. 21 18 3 200 4.5 70 20 1.57 33,000 50,000
16. | 32 (DPC) 18 3 300 4.5 70 25 1.94 50,000 70,000
Notes:

A. Emplacement power limit scaled to 21-PWR concept.

B. Closure power of 3 kW produces peak backfill temperature of approximately 200°C, while 2 kW produces

150°C (backfill thermal conductivity 0.6 W/m-K).

C. Approximate years since reactor discharge, based on high-burnup (60 GW-d/MT).
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—ocd LOGISTIC SIMULATION OBJECTIVES

Disposition

O Amount of SNF in DPCs available each year for disposal.
U Repository annual acceptance rate constrained by emplacement power limit

0 Maximum capacity and operating time of an interim storage facility (ISF).
U Fuel age and burnup at emplacement.

Load DPCs

2025 to ? 20487 to ?

g

Emplacement Power Limit (P):
18 kW - unsaturated hard rock
10 kW - salt

6 kW - sedimentary media

June 9-11, 2015 UFD Technical Group Meeting





Used
Fuel LOGISTIC SIMULATION SETUP

Disposition

Parameters

= Repository Starting Dates: 2036 (early start); 2048 (planned
start); and 2060 (late start).

= Emplacement Thermal Power Limits: 6 kW; 10 kW; and 18 kW.
* Fuel Loading Scenarios: DPCs-Only and DPCs and MPCs (4PWR)
Assumptions

» Loading of MPCs at power plants begins 5 years prior to the
repository opening.

> All DPCs (and “storage only” canisters) are transportable and
disposable.

» ISF begins its full operations in 2025.

» The DPCs and MPCs are stored at ISF until they meet the
repository emplacement power thermal limit.

June 9-11, 2015 UFD Technical Group Meeting 3





Used DIRECT DISPOSAL OF DPCS LOGISTIC
Fuel SCENARIOS
Disposition
. Repositor Emplacement Fuel Loadin
Scenario P y placer g
Starting Date Power Limit (kW) Strategy
1 5 DPCs-Only
2 DPCs and MPCs
3 DPCs-Only
4 2036 10 DPCs and MPCs
5 18 DPCs-Only
6 DPCs and MPCs
7 5 DPCs-Only
8 DPCs and MPCs
9 DPCs-Only
10 2048 10 DPCs and MPCs
11 18 DPCs-Only
12 DPCs and MPCs
13 5 DPCs-Only
14 DPCs and MPCs
15 DPCs-Only
16 2060 10 DPCs and MPCs
17 18 DPCs-Only

June 9-11, 2015

18

UFD Technical Group Meeting
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Used  NEEDED ISF CAPACITY AND DURATION OF

Fuel
Disposition OPERATIONS

ISF Capacity and Operational Time for Different Repackaging Alternatives

160000 2036 2048 2Q60
140000 - l : '
( | T Shaded region:
120000 - | | . capacity > 70,000 MTU
= l (S |
= 100000 | [ a5
S 80000 - SIS i 3
o l .'..' l *s .
] K .
S 60000 | L/ ! X
7] 72 Beveeen, | .
40000 - [ " \
q [ r.
20000 . \ b
l | I - \ .
0 T T l l T |l .. T .. I T
2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120
2036 3000 MTU/yr «+sveee 2036 4500 MTU/yr 2048 3000 MTU/yr
------- 2048 4500 MTU/yr 2060 3000 MTU/yr ++++--+ 2060 4500 MTU/yr

ISF Operational Time:
O 47 yrs for all alternatives with 3,000 MTU/yr repository throughput
O 31 yrs for all alternatives with 4,500 MTU/yr repository throughput
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gj;d WHEN IS SNF COOL ENOUGH FOR DISPOSAL?

Disposition 6 KW WITH DPCS AND MPCS

6 kW Emplacement Power Limit

Cumulative Fraction of Inventory Avaialble for
Disposal
(=]
(%)
|

|
|
|
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= DPCs and MPCs 2036 ===DPCs and MPCs 2048 DPCs and MPCs 2060
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e WHEN IS SNF COOL ENOUGH FOR DISPOSAL?

Disposition 10 KW WITH DPCS AND MPCS

10 kW Emplacement Power Limit
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> WHEN IS SNF COOL ENOUGH FOR DISPOSAL?

Disposition 18 KW WITH DPCS AND MPCS

18 kW Emplacement Power Limit

1 ] =1 1 T
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Cumulative Fraction of Inventory Available for
Disposal
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e DPCs and MPCs 2036 ====DPCs and MPCs 2048 DPCs and MPCs 2060
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—ocd REPOSITORY ACCEPTANCE RATE

Disposition REPOSITORY IN 2036

Repository in 2036
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Fuel
Disposition

REPOSITORY ACCEPTANCE RATE

REPOSITORY IN 2048

June 9-11, 2015

Repository in 2048

3500
=)
<3000 -
=
£
o 2500
]

- 4
¥ 2000 -
(=
m 4
2 1500 ]
g .
< ]
£ 1000 -
5 ]
_%, ]
. 500 -
o
0 +——
2030

2050 2070 2090 2110 2130 2150 2170

6kw DPCs and MPCs  «+=++-- 6kw DPCs-Only
= 10kw DPCs and MPCs «++++-+ 10kw DPCs-only

2190

UFD Technical Group Meeting

10





—ocd REPOSITORY ACCEPTANCE RATE

Disposition REPOSITORY IN 2060

Repository in 2060
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Fuel
Disposition

AVERAGE AGE AT EMPLACEMENT

June 9-11, 2015

Shaded region: age > 80 years
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Used
Fuel
Disposition

AGE AT EMPLACEMENT
6 kW, DPCS AND MPCS

June 9-11, 2015

MTU
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150
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Used
Fuel
Disposition

BURNUP AT EMPLACEMENT
6 kW, DPCS AND MPCS

June 9-11, 2015
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Used ISF MAXIMUM CAPACITY AND OPERATIONAL

Fuel TIME
Disposition
Repository Emplacement Fuel Loading Additional Additional
Start Date Power Limit (kW) Strategy Capacity (MTU) Operation (yrs)

5 DPC only 69,701 79
DPCs and MPCs 0 36
DPC only 20,245 29
2036 10 DPCs and MPCs 0 0
18 DPC only 0 0
DPCs and MPCs 0 0
5 DPC only 33,701 67
DPCs and MPCs 0 50
DPC only 0 17
2048 10 DPCs and MPCs 0 0
18 DPC only 0 0
DPCs and MPCs 0 0
5 DPC only 0 55
DPCs and MPCs 0 53
DPC only 0 5
2060 10 DPCs and MPCs 0 3
DPC only 0 0

18
0 0

June 9-11, 2015 UFDQQ%%a@(%pMQUngS 15





JUsed  cASES WITH LONGER THAN FOR RE-PACKAGING

Fuel
Disposition ISF STORAGE

160000 -
140000 -
120000 -
100000 -
80000 -
60000 -
40000 -

linterim Sorage Capacity, MTU

20000 -

0
2010 2030 2050 2070 2090 2110 2130 2150

= Repackaging 2036 ceeees 10kw DPCs-Only 2036 = = 6kw DPCs-Only 2036
= Repackaging 2048 = = 6kw DPCs-Only 2048
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Used Cumulative Inventory Cooled to 6 kW and 10 kW

Fuel (Repository in 2036 and 2048)
Disposition
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Used CONCLUSIONS
Fuel

Disposition

O 18 kW Scenarios — Direct disposal of DPCs is possible with no additional
cooling time or ISF capacity.

0 10 kW Scenarios — Direct disposal of DPCs requires some additional cooling
time and ISF capacity. With MPCs, little additional cooling time or ISF capacity
would be needed.

0 6 KW Scenarios — Direct disposal of DPCs requires significant additional
cooling time and ISF capacity. With MPCs less cooling time and no additional
ISF capacity would be needed.

O Throughput — 3,000 MTU/yr throughput is only possible for 18 kW scenarios.
L MPC Benefits — Greatest for low power limits and early repository start dates.
L MPC Usage — Used for relatively young (<30 yr), higher burnup fuel.

O Cooling Time with MPCs — For 6 kW scenarios the cooling time is still
reasonable (~80 yr or less) when MPCs are used.

0 SNF in MPCs does not require decay storage and can be disposed off as soon
as the repository becomes operational.

June 9-11, 2015 UFD Technical Group Meeting 18





gsgfj Effects of Repository Thermal Limits

Disposition for System Architecture Study (FY15)

Purpose: Examines the impact of repository thermal limits on capacity
of the ISF

Scenarios

4 PWR - Clay/Granite, (a) ISF and (b) MGR Repackaging, 3000 MTHM/yr, Cans

4 PWR - Clay/Granite, (a) ISF and (b) MGR Repackaging, 3000 MTHM/yr, Cans+Bare
4 PWR - Clay/Granite, (a) ISF and (b) MGR Repackaging, 4500 MTHM/yr, Cans

4 PWR - Clay/Granite, (a) ISF and (b) MGR Repackaging, 4500 MTHM/yr, Cans+Bare
12 PWR - Salt, (a) ISF and (b) MGR Repackaging, 3000 MTHM/yr, Cans

12 PWR - Salt, (a) ISF and (b) MGR Repackaging, 3000 MTHM/yr, Cans+Bare

12 PWR - Salt, (a) ISF and (b) MGR Repackaging, 4500 MTHM/yr, Cans

12 PWR - Salt, (a) ISF and (b) MGR Repackaging, 4500 MTHM/yr, Cans+Bare

21 PWR - Open, (a) ISF and (b) MGR Repackaging, 3000 MTHM/yr, Cans

10 21 PWR - Open, (a) ISF and (b) MGR Repackaging, 3000 MTHM/yr, Cans+Bare

11. 21 PWR - Open, (a) ISF and (b) MGR Repackaging, 4500 MTHM/yr, Cans

12. 21 PWR - Open, (a) ISF and (b) MGR Repackaging, 4500 MTHM/yr, Cans+Bare

©CONoOOGOkWNE
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Used Fuel Disposition Campaign

Technical Feasibility of Direct
Disposal of DPCs — Summary and
Recommendations
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Used _
Fuel Outline
Disposition

B Purpose of the report

B Contributors

W Safety

B Engineering Feasibility

B Thermal Management

M Postclosure Criticality Control

B Recommendations and Conclusions

June 11, 2015 UFD Working Group Meeting





Used
Fuel Purpose of the Report
Disposition

B Summarize results of a multi-year study of the feasibility of
disposing of spent nuclear fuel in dual-purpose canisters

— Safety
— Engineering feasibility
— Thermal management

— Postclosure criticality control

B Recommend further information needs, particularly site-
specific information needed to take disposal of SNF in DPCs
Into account in site screening or siting decisions

B Summary of Investigations on Technical Feasibility of Direct
Disposal of Dual-Purpose Canisters (FCRD-UFD-2015-000129)

June 11, 2015 UFD Working Group Meeting





Used _
Fuel Contributors
Disposition

B Sandia National Laboratories

— Ernie Hardin, Elena Kalinina, Teklu Hadgu, Anastasia llgen, Charles
Bryan, Michael Voegele, Geoff Freeze, and Katrina Groth

B Los Alamos National Laboratory
— Frank Perry
B Oak Ridge National Laboratory

— John Scaglione, Kaushik Banerjee, Justin Clarity, Robert Jubin,
Vladimir Sobes, and Rob Howard

B Savannah River National Laboratory

— Joe Carter, Thomas Severynse

June 11, 2015 UFD Working Group Meeting
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Disposition

Postclosure Safety

ENGINEERED BARRIER SYSTEM (EBS)

NATURAL BARRIER SYSTEM (NBS)

BIOSPHERE

SOURCE

NEAR FIELD

FAR FIELD

RECEPTOR

June 11, 2015
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Used
Fuel Postclosure Safety
Disposition

B Salt repository concept
— Postclosure safety relies primarily on backfill and host rock
B Hard-rock, unbackfilled, open concept
— Postclosure safety relies primarily on waste package
B Hard-rock, backfilled, open concept
— Postclosure safety relies primarily on waste package
B Sedimentary, backfilled, open concept
— Postclosure safety relies primarily on host rock
B Cavern-vault disposal concept
— Postclosure safety relies primarily on backfill/buffer

June 11, 2015 UFD Working Group Meeting





Used

Fuel Engineering Feasibility
Disposition

M Disposal Overpacks

— Site-specific design, either corrosion-resistant or corrosion-allowance
B Shielding

— Within current state of practice
B Surface-to-Underground Transportation

— Vertical shaft with hoist; hoist with required payload not yet developed

— Straight ramp with rail-based or rubber-tire based transport vehicle

— Spiral ramp with rubber-tire based transport vehicle; rubber-tire based
vehicle with required payload not yet developed

B Underground Transportation

— Rail-based or rubber-tire based

June 11, 2015 UFD Working Group Meeting





Used . . . g
Fuel Engineering Feasibility (cont’d)
Disposition

B Emplacement Methods
— Open or enclosed

B Buffer and Backfill Materials

— Clay-based materials studied extensively; have low thermal conductivity
and peak temperature target of 100°C

— Salt would be used for a salt repository; higher thermal conductivity,
peak temperature tolerance of at least 200°C

B Water Diversion
— Drip shield or backfill/buffer

B Ground Support
— Excavation and ground support methods readily available

— Requiring long-term stability (100 years or more) would involve a more
complex system

June 11, 2015 UFD Working Group Meeting 8





Used
Fuel

Thermal Management

Disposition

B Peak temperature and time limits used in study

100°C for clay-based buffer/backfill and clay-rich sedimentary host rock
200°C for crystalline hard rock and salt

350°C for cladding

100 years of above-ground storage for DPCs

50 years of ventilation

B Enclosed disposal modes not recommended (except for
disposal in salt)

B Salt disposal concept and hard-rock unbackfilled open
disposal concept are the most feasible with respect to thermal
management

June 11, 2015 UFD Working Group Meeting
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Fuel

Disposition

Thermal Management

Canister (32-PWR) Power at Closure (kW)
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Used N _
Fuel Postclosure Criticality Control

Disposition

B Neutron-absorber materials will not last over repository time
scales

M Criticality is possible ONLY if DPCs are flooded with
groundwater

B To be excluded from the postclosure performance assessment
on the basis of probability, the probability of criticality must be
less than 10 over 10,000 years (or 108 per year).

B To be excluded from the postclosure performance assessment
on the basis of consequence, the criticality events must have a
negligible effect on repository performance objectives.

June 11, 2015 UFD Working Group Meeting 11





Used Postclosure Criticality Control —

Fuel _ S
Disposition Increasing Overpack Reliability

B Examined the 2007 DOE estimate of the probability of failure of
an overpack from manufacturing defects

B Conducted an importance analysis to identify primary drivers
of the failure probability

B Concluded that no single change to the system would drive the
probability of failure below 108 failures per package

M |dentified several opportunities for improving the previous
modeling approach

— Use updated Human Reliability Analysis methods

— Include a well designed monitoring system to the overpack
manufacturing process and take credit for it in the analysis

June 11, 2015 UFD Working Group Meeting 12





Used Postclosure Criticality Control —
Fuel Degradation Configurations and
Disposition Effect of Chlorine

B Developed two stylized configurations representing degraded
states

— Total loss of neutron absorber from unspecified degradation and
transport processes

— Loss of the internal basket structure (including neutron absorber
components) resulting in elimination of assembly-to-assembly spacing.

B Looked at 17 common dissolved aqueous species in various
pore water compositions

B Chlorineis the only naturally abundant, neutron-absorbing
element in groundwater that can offer significant reactivity
reduction

June 11, 2015 UFD Working Group Meeting 13
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Postclosure Criticality Control —

Fuel Effect of Chlorine with Degraded
Disposition Basket Configuration
1.5
—a—5 wt% Enrichment
14 —— 4 wit% Enrichment
_ —#—5 wt% Enrichment + 10 GWD/MTU
137 —o—5 wt% Enrichment + 20 GWD/MTU
_ —+—5 wt% Enrichment + 30 GWD/MTU
1.2
t |
v 1.1
- ]
' — — R\\q
08 | Suberitical Limit Critical Limit
0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000
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Used
Fuel
Disposition

Postclosure Criticality Control —
Calculations for As-Loaded DPCs

B Summary of analysis results for eight sites
— Seven PWR sites, one BWR site

— Seven used loss-of-absorber configuration; one used basket-
degradation configuration

215 215 53 19 0

June 11, 2015 UFD Working Group Meeting 15





Used _
Fuel Recommendations - Safety
Disposition

B Determine site-specific attributes of natural and engineered
materials with respect to radionuclide transport

B Determine site-specific attributes of natural and engineered
materials with respect to limiting postclosure criticality

B Develop performance assessment models that can discern
differences in waste isolation performance for direct disposal
of commercial SNF in DPCs compared to packaging purpose-
designed for disposal

B Investigate effects of using cementitious materials in
repository construction

June 11, 2015 UFD Working Group Meeting 16





Used

Recommendations — Engineering

Fuel i
Disposition Feasibility
B Understand fuel characteristics that are age-dependent for the

purposes of aging management
Develop logistical model and perform logistical simulation

Investigate vertical handling of canisters designed for horizontal
handling

Further development of surface-to-underground transport
Further development of underground emplacement vehicle
Develop self-shielding waste package

Perform corrosion tests for DPC basket materials

Perform corrosion tests for corrosion-resistant overpacks

Develop more robust overpack reliability analysis and design
overpack manufacturing process

Establish underground stability for extended repository ventilation

June 11, 2015 UFD Working Group Meeting
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Used
Fuel
Disposition

Recommendations — Thermal
Management

B Determine site-specific host rock thermal properties

B Establish backfill properties, degradation, and temperature
tolerance (peak temperature tolerance of 200°C is desirable, as
Is high thermal conductivity)

M Investigate sinking of heavy packages in plastic host media
(salt and perhaps clay)

M Develop process models for thermally driven coupled
processes

June 11, 2015 UFD Working Group Meeting
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Fuel
Disposition

Recommendations — Postclosure
Criticality Control

Criticality analysis for as-loaded DPCs

Develop misload analysis

Develop and justify stylized scenarios

Develop in-package criticality consequence model*
Develop burnup credit approach for BWR SNF

Evaluate effects from radiolysis on basket degradation*
Develop and evaluate DPC fillers for criticality control*

Establish accuracy of reactor records for SNF

* Not needed for salt site

June 11, 2015 UFD Working Group Meeting
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Used
Fuel
Disposition

Technical Feasibility of Disposal of
SNF in DPCs

June 11, 2015

Discussion
Questions
Comments

UFD Working Group Meeting
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Used
Fuel

Cost Estimates for 16 Generic Concepts

Disposition

B 16 Disposal Concepts

Mode Media Emplacement Features | Package Size Basis
Crystalline | Vertical borehole 4P SKB (2011)
Horizontal in-line StTr::rr'ft 4p ANDRA (2005)
Enclosed Argillaceous Self-
Horizontal In-line shielded 12P NAGRA (2002,2003)
package
. . . 4p, 12P,
Salt Horizontal in-drift 21P. DPC SRNL (2011)
12P, 21P
Hard Rock | Horizontal In-line | Unsaturated D’PC " | YM concept
g, 12P, 21P
Open Crystalline) | Horizontal In-line Saturated D’PC * | Open, backfill at closure
Argillaceous | Horizontal In-line Saturated 12I|;,P2ClP, Open, backfill at closure

6-11-15
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Used _ _
Fuel Estimate Basis
Disposition

B Receipt/emplacement rate: 3,000 MT/year
B Same assumptions as 2012 study (FCRD-UFD-2012-000211)

— Schedule

e Preconceptual/conceptual design ~ 10 years
e Preliminary design 2 years

e Final design 4 years

e Construction & Startup 7 years

e Operations 47 years
¢ Ventilation (for “open” modes) 100 years
e Closure 10-12 years
e Post-closure 50 years

— Surface infrastructure includes remote handling area and hot cell for
transfer of fuel from shipping cask to waste overpack

— No bare fuel handling

6-11-15 UFD Working Group Meeting





Used
Fuel
Disposition

Summary Waste Package Inventory

Package 140,000 MT Repository )
. Disposal Overpack
Concept Capacity Total Waste Annual Waste Material
(PWR/BWR) Packages Packages”®
Crystalline (enclosed) 4/9 82,583 1,667 Cu and/or low-alloy steel
—1 Argillaceous (enclosed) 4/9 82,583 1,667 Low-alloy steel
12/21 28,792 556
] 4/9 82,583 1,667
12/21 28,792 556
: Salt (enclosed) 21/44 16,157 318 Low-alloy steel
DPC ~10,000 209°
] 12/21 28,792 556
| Hard rock unsaturated (open) 21/44 16,157 318 Corrosion resistant
DPC ~10,000 209
| 12/21 28,792 556
. | Hard rock saturated (open) 21/44 16,157 318 Corrosion resistant
DPC ~10,000 209
Argillaceous (open) 12/21 28,792 556 Corrosion resistant

6-11-15
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Used

Fuel Package and Drift Spacing Data
Disposition
Case Concept Pacfkage Drift/_Boring Excavation i
Spacing (m) | Spacing (m) Length, m Volume, m
1 Crystalline (enclosed, 4-PWR) 10 20 1,600,000 35,000,000
2 Argillaceous (enclosed, 4-PWR) 10 30 1,300,000 35,000,000
3 Argillaceous (enclosed, 12-PWR) 10 60 1,100,000 36,000,000
4 Salt (enclosed, 4-PWR) 10 20 970,000 23,000,000
5 Salt (enclosed, 12-PWR) 20 25 700,000 17,000,000
6 Salt (enclosed, 21-PWR) 30 30 440,000 11,000,000
7 Salt (enclosed, DPC) 30 35 400,000 10,000,000
8 Hard rock unsaturated (open, 12-PWR) 5 81 190,000 5,000,000
9 Hard rock unsaturated (open, 21-PWR) 5 81 110,000 3,100,000
10 | Hard rock unsaturated (open, DPC) 10 81 140,000 5,000,000
11 | Hard rock saturated (open, 12-PWR) 10 81 190,000 5,000,000
12 | Hard rock saturated (open, 21-PWR) 10 81 110,000 3,100,000
13 Hard rock saturated (open, DPC) 20 81 140,000 3,600,000
14 | Argillaceous (open, 12-PWR) 10 70 490,000 12,000,000
15 | Argillaceous (open, 21-PWR) 10 70 530,000 12,000,000
16 | Argillaceous (open, DPC) 20 70 500,000 12,000,000
Length, volume of excavation vary by an order of magnitude
6-11-15 UFD Working Group Meeting






Used

Fuel Package and Layout Data
Disposition
Overpack Total Drift | Total
Material !
Case Media/Mode Size Total # Packagesly . Length, Area,
Packages ear (Thickness, cm) 2
km km
Inner /Outer
1 Crystalline/enclosed 4/9 82,583 1,757 Cu (2)/CS (4) 1,600 154
2 Argillaceous/enclosed 4/9 82,583 1,757 CS (5) 1,300 28
3 Argillaceous/enclosed | 12/21 28,792 556 CS (15) 1,100 19.6
4 Salt/enclosed 4/9 82,583 1,757 CS (5) 950 14
5 Salt/enclosed 12/21 28,792 556 CS (5) 700 14
6 Salt/enclosed 21/44 16,157 344 CS (5) 440 14
7 Salt/enclosed DPC 10,000 209 CS (7) 400 14
Unsaturated Hard
8 Rock/open 12/21 28,792 556 SS (3)/Alloy-22 (2) 190 13.5
Unsaturated Hard
9 Rock/open 21/44 16,157 344 SS (5)/Alloy-22 (2) 110 6.7
Unsaturated Hard
10 Rock/open DPC 10,000 209 SS (5)/Alloy-22 (2) 140 10
Saturated Hard
11 Rock/open 12/21 28,792 556 SS (3)/Alloy-22 (2) 190 435
Saturated Hard
12 Rock/open 21/44 16,157 344 SS (5)/Alloy-22 (2) 110 25.2
Saturated Hard
13 Rock/open DPC 10,000 209 SS (5)/Alloy-22 (2) 140 21
14 Argillaceous/open 12/21 28,792 556 SS (3)/Alloy-22 (2) 490 435
15 Argillaceous/open 21/44 16,157 344 SS (5)/Alloy-22 (2) 530 25.2
16 Argillaceous/open DPC 10,000 209 SS (5)/Alloy-22 (2) 500 21
6-11-15 UFD Working Group Meeting






Used
Fuel
Disposition

Cost Estimate Basis

B TPC includes Design, Construction, Startup

Facility capital cost + 2 years of mining
Largest contributor is the remote handling/hot cell facilities
Assumes PA/SAR support is ~ 40%

Contingency is +30%, +100%

B Operations

6-11-15

Assumes 47 year duration

Mining rates per 2012 study

Labor escalated by 2.6% per year

Includes labor and material for backfill for “enclosed” modes
Contingency is +10%, +50%

UFD Working Group Meeting





Used

Fuel

Disposition

Waste Packages

B Fabricated from plate of appropriate material and size

B Includes labor for rolling, welding, pre/post welding activities

B Unit cost per package:

Case

1

2

3

8,11,14

9,12,15

10,13,16

Unit Cost, $K

274

194

521

194

256

297

595

818

905

1,323

B Contingency is +5%, +30%

B Up to 30 — 40% of cost for corrosion resistant packages (e.g.
Cases 8-16)

6-11-15
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Used
Fuel Closure
Disposition

M Duration is 10 years
B Uses backfill material costs per 2012 escalated to 2015

B Includes capital project support @ 15% of TPC facilities over 10
years

B Contingency is +10%, +50%

6-11-15 UFD Working Group Meeting
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Fuel

Other Functions

Disposition

B Regulatory & Licensing

Includes site screening, field studies, environmental assessments done
by project team

Funds external support from EPA, NRC and state regulatory agencies

Majority of effort during site screening, characterization and
construction/startup phases.

Relatively small contributor to cost: 2-3%

B Monitoring

Based on 2008 YMTSLCC of $21.7M per year for 1500 acre site

Scale based on area, and provide for Operations, Closure, Post-
closure, and Ventilation periods

— ~ 5% for enclosed, ~ 10% for open

6-11-15
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Used _
Fuel Other Functions
Disposition

B Performance Confirmation
— Based on YM 2008 TSLCC of $28,600,000 per year

— Activities defined in YM Performance Confirmation Plan
(TDR-PCS-SE-00001)

— Pro-rated based on area, for TPC and Operations activities
B Program Integration

— Catch-all for program support

— Continues through all phases

— < 5% of cost, lower for enclosed alternatives

6-11-15 UFD Working Group Meeting
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Used
Fuel
Disposition

Life Cycle Cost Range Summary ($,Bs)

6-11-15

Case # Low High
1 62,900 83,900
2 83,400 112,600
3 50,600 67,700
4 44,100 59,000
5 30,000 40,700
6 24,700 33,600
7 31,600 43,000
8 59,800 79,200
9 43,900 58,600
10 43,900 58,700
11 57,700 76,200
12 42,900 57,300
13 40,000 53,500
14 60,400 79,900
15 46,700 62,400
16 43,800 58,700

UFD Working Group Meeting
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Used

Fuel Cost Comparison: Case 9vs. YM 2008 TSLCC

Disposition

Functional Area
TPC
Operations
Closure
Waste Packages
Drip Shields
Regulatory & Licensing
Monitoring
Post Closure
Total

6-11-15

YM 2008 TSLCC

15.9 2.7t04.2
8.0 8.2t011.4
1.0 7.61010.3
12.5 15.3to0 19.0
7.7 7.0t0 9.5
1.0 1.5t02.1
1.1 3.0to4.1
2.8 2.8t03.8
52.5 43.9 to 58.6

UFD Working Group Meeting
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Used Fuel Disposition Campaign

Criticality Aspect of the
Direct Disposal
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Used

Fuel Outline
Disposition

B As-loaded analysis to support direct disposal of DPC
B As-loaded analysis with CI credit

B As-loaded analysis with filler materials

B Conclusion and future work





Used Several new criticality analyses were carried
Fuel out in FY15 to support the feasibility of direct
bisposition  4isnosal of DPCs

B Criticality scoping assessment to support the feasibility of DPC direct
disposal started in FY13

B Objective is to evaluate available margins, options and parameters of
importance to support the feasibility of direct disposal of DPCs from
criticality perspective

B M4FT-150R0816013 — issued on December 19, 2014
— Validation basis for Cl reactivity suppression in groundwater

B M4FT-150R0816011 - issued on March 30, 2015

— Updated all criticality results with a set of 29 principal isotopes from criticality
analysis topical report

— Three new sites including a boiling water reactor (BWR) site (additional 36
DPCs) were analyzed

— Reactivity impact Cl applied to as-loaded DPCs

— Reactivity impact of filler material applied to as-loaded DPCs





Used A new tool has been developed to perform as-
Fuel loaded analyses to quantify realistic safety
Disposition  margins

= Used Nuclear Fuel- Storage,
Transportation & Disposal
Analysis Resource and Data
System (UNF-ST&DARDS) is
used for as-loaded analyses

= UNF-ST&DARDS uses template
based process for automated
analyses

= Templates are being developed for
various degradation scenarios to
support disposal criticality analysis

= ORNL’s SCALE code is used for
criticality analyses






Used Criticality analyses were performed for loaded
Fuel DPCs at eight sites using as-loaded
Disposition  configuration

= 215 loaded DPCs at eight sites [,
were analyzed

— Six DPC types including 24-assembly | %,

baskets (flux trap design) and 32- Lo . e : :
assembly basket 102 g, g
1 LTI . H
— One BWR site analyzed IR ,
1% . . v
= Two degradation scenarios F o - i |
were considered : ; : y
'lln'il i i !
— Loss of neutron absorber panels I||| :
(Seven SlteS) n..:“." : Critical Limit
— loss of carbon steel components and | o Subcritca Limit

(Representative)

neutron absorber panels (one site)
2. With loss of neutron absorber panels

* Representative subcritical limit and carbon steel components (Site C)
— K <0.98 was used in this study as a 09
representative acceptance criteria for 20! e 20 m . = s B33

as-loaded calculations





Used /5% of analyzed DPCs are below the
Fuel representative subcritical limit with as-loaded

Disposition analysis (fresh water)

Description Value

Total DPCs analyzed 215

Totgl DPQS that fail subcriticality with loss of neutron absorber (design- 215 (100%)

basis loading)

Total DPCs that fail subcriticality (as loaded)

Loss of neutron absorber 34 (16%)
4+1

Loss of neutron absorber and carbon steel structures (523 SE’;O) )

What else can be credited?

2. Aqueous species in groundwater such as Chlorine
3. Preconditioning with filler materials

1. Components such as burnable poison rod assemblies (BPRAS)






Used Cl is expected to present in all the geological

Fuel media under consideration and provides
Disposition noticeable reactivity reduction

= In addition to salt repository
concepts, Cl is also available (in
moderate quantity) in clay*, granite*

1.05

iy & 2

l_)‘: - Y

and crystalline rock**

— The quantity of Cl varies between the
geological media

commu - 3| e o

0.95

Ko

= Literature reviews show that Li and
B may also be available in small
guantity in some geological media* =

= Other commonly available dissolved .,
aqueous species may not yield a
significant neutron absorption
effect, but together may provide a o
significant moderator displacement
effect (not studied here)
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*Y. Wang et. al., “Integrated Tool Development for Used Fuel Disposition Natural System Evaluation — Phase | Report,” Prepared for U.S.
Department of Energy Used Fuel Disposition, FCRD-UFD-2012-000229 SAND2012-7073P, 2012.
**C.F. Jove Colon et. al. “Disposal Systems Evaluations and Tool Development — Engineered Barrier System (EBS) Evaluation,” Pr?epared

for U.S. Department of Energy Used Fuel Disposition Campaign, SAND2010-8200, 2011.






Used . e .
Euel A dedicated set of criticality experiments to

Disposition  validate CI credit Is required

= Extensive literature search has been conducted

— Experiments involving CI (in PVC, plexiglas) were only found in International
Handbook of Evaluated Criticality Safety Benchmark Experiments (ISCBEP)

= |dentified 11 best applicable experiments through statistical
analysis (similarity coefficients)
— Small sample size doesn’'t provide good statistics
= Other validation options explored

- Sensitivity and uncertainty analysis of nuclear data to predict biases for
individual nuclides (NUREG/CR 7109)

- Cross-section adjustment within cross-section covariance data using
TSURFER (SCALE) to estimate the bias and bias uncertainty of the
application systems (loss of absorber and loss of basket)

- A dedicated series of criticality configurations for generating CI validation
data using Sandia’s critical experiment facility





Used Filler materials can also be used to prevent

Fuel

Disposition
frames

flooding of the DPCs during the repository time

= The moderator displacement
aspect of the filler materials was
Investigated using as-loaded
DPCs at Site E (with loss of
neutron absorber)

= Aluminum was used as a
representative filler material that
only provides water displacement

= Gibbsite (AI(OH);), which is a
mineral of aluminum and can
potentially form from aluminum in
the presence of water over the
repository performance period,
was also considered

= 58% and 68% volumetric mixtures
of filler materials were considered
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Used Filler materials should occupy substantial DPC
Fuel volume to provide criticality control over
Disposition : :

repository time frames

= About 34% volume (58%
volumetric mixture) is required

1.05

to be filled (uniformly) by 1} e —

. . . i | : LI T
aluminum slurry to maintain K E E mEE ] | | T
below 0.98 for all the DPCs at 035 ‘ 5 g E s L1
Site E in the year of 9999 il n E E -

. . 09 Subcritical Limit .
= However, iIf the aluminum turns : (epresenate) E E |
into gibbsite (or other similar ] 1R

g ) ( ) 085 * Site E - Al (58%, 18 casks) E 2 a M
materials that react with water to e (%, 1] | | E ||
form a hydrogenous compound) lebrebebp B |

* Site E - Gibbsite (68%, 18 casks) E

over the repository time frames,
about 72.5% volume would be
required to be filled

0.75

0.7
0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

Volume Fraction
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Used DPC disposal criticality safety demonstration
Fuel may require both canister-specific evaluations
Disposition  gand Cl credit

= Direct Disposal of DPCs has many potential benefits

— Criticality is a challenge

= |f chlorine from the repository environment is in the groundwater,
there may be substantial criticality benefits

— It may be difficult to benchmark this analysis with current criticality experiments

= Using actual as-loaded cask models (instead of design basis
models), provides another significant criticality benefit

= Preconditioning measures such as adding filler materials to fill the
canister void region and displace the moderator could be another
option to mitigate post-closure criticality

11





Used
Fuel Near future work to support DPC

Disposition  Criticality licensing

= Only ~10% of the currently loaded DPCs were evaluated
— Need to analyze more high density (e.g., 32-assembly or higher) DPCs

= Currently we are incorporating GC-859 into UNF-ST&DARDS
which will provide loading maps of many loaded DPCs

- Need to develop disposal criticality templates to utilize all these loading
maps

= Misload analysis methodology to support full burnup credit for
as-loaded configurations needs to be developed

= Full (actinides + fission products) BWR burnup credit
methodology needs to be developed

= Development of an integrated criticality consequence
methodology

12
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