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ABSTRACT 

DOE-EM-37 requested a life-cycle cost analysis for disposal of the Foreign Research Reactor-Spent 
Nuclear Fuel (FRR-SNF).1 The analysis was to address life-cycle and unit costs for a range of FRR-SNF 
elements from those currently available (6,000 elements) to the (then) bounding case (15,000 elements). 
Five alternative disposition strategies were devised for the FRR-SNF elements. Life-cycle costs were 
computed for each strategy. In addition, the five strategies were evaluated in terms of six societal and 
technical goals." This report summarizes the study that was originally documented to DOE-EM in 
Reference 2. 

INTRODUCTION 

In a letter from DOE-EM-37 to DOE-SR,1 John Jicha requested that a life-cycle cost analysis of 
disposal of the Foreign Research Reactor-Spent Nuclear Fuel (FRR-SNF) be performed. 

"The analysis should address the life-cycle costs and unit costs for a range of 
FRR-SNF elements from that which are currently available (6,000 elements) to the 
bounding case for the EIS (i.e., 15,000 elements). A broad base of fuel forms should be 
studied, ...[ranging from] direct disposal of multiple elements (e.g., approximately 
165 FRR-SNF elements) in a poison canister to disposal of treated SNF ... in a glass log 
waste form."1 

INVENTORIES OF FRR-SNF 

According to Reference 3, the total amount of aluminum-clad spent fuel, and stainless steel (or 
zirconium) clad TRIGA fuel, accumulated in the FRR spent fuel pools will be: 

Aluminum-based HEU or LEU 
TRIGA HEU or LEU 

Number of elements by 
6/95 6/00 6/05 

7,528 11,563 15,228 
260 1.094 1.582 

7,788 12,657 16,810 

If the above data is interpolated, the time by which 15,000 FRR-SNF elements will have been 
accumulated is about 2003. The 6,000 element total is assumed to be available now. 



The specific inventories of FRR-SNF included in the 15,000 assembly total are:2 

Type of Fuel Avg. Enrichment Heavy Metal Weight Total Metal Weight 
AluminumCladHEU ~67wt%U-235 ~""2.9MTU SumofHEU + LEU 
Aluminum Clad LEU ~10wt%U-235 6.5 MTU 73.5MTU + A1 
SS (andZr) CladTRIGA <34wt%U-235 0.2MTU 5.0*MTU+SS 

(mosdyLEU) 

• Bounding estimate (probably smaller). 

SELECTED CASES 

The following cases were selected for inclusion in this report 

Case Title Case Number 
• Separate and Dilute 1A 
• Separate Only IB 
• Consolidate and Poison 2 
•Dissolve, Dilute and Poison 3 
•Limit Mass 4 

Figures 1-4 illustrate these strategies. Case IB is the historic processing strategy previously followed 
by DOE for aluminum spent fuel disposal. Case 1A is almost identically the same except that the 
recovered enriched uranium is diluted with depleted uranium (or natural uranium) to reduce the enrichment 
to < 20% and, hence, render it unusable for weapons purposes. Case 2 is often referred to as direct 
disposal. Case 3 is a treatment strategy where chemical processing is employed but no attempt is made to 
separate the enriched uranium and the high level waste. Case 4 would limit the mass of U-235 in each 
spent fuel canister to prevent long-term criticality events in the geologic repository. 

CASE EVALUATION CRITERIA 

Reference 1 requests that a "broad range of fuel forms" be included in the life-cycle cost analyses. 
This request takes into account the large uncertainties that exist over the ultimately accepted waste disposal 
forms. No approved acceptance criteria exist for disposal of any waste form at this time. Therefore, we 
have chosen to select cases for analysis that meet in whole or in part a wide range of possible goals that 
could be adopted as the bases for the future waste acceptance criteria. 

The goals we have selected have technical, legal and political aspects. They include: 

• Contribution to Non-Proliferation Goals • Minimization of Regulatory Uncertainty 
• Avoidance of Criticality in Repository • Minimization of Technical Risk 
• Environmental Stability of Waste Forms • High Level Waste Minimization 

The five cases investigated in this report for life-cycle costs will also be evaluated for their compliance with 
the above possible goals. 
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LIFE-CYCLE COST ELEMENTS 

Essentially all data represent the best judgment of the authors. Historical costs were extrapolated for 
some cost elements', in other cases, costs of analogous facilities were utilized. 

General Cost Elements 

Decontamination, decommissioning (D&D) and removal costs for new facilities required for the 
FRR-SNF mission are based on 15% of the estimated project's capital costs. Similarly, the 
pre-operational costs are estimated at 50% of the estimated project's capital costs. No D&D costs for 
existing facilities have been charged to the FRR-SNF. 

The existing facility operation and maintenance costs are greatly affected by assumptions pertaining to 
Current and future missions. The current F and H Area de-invcniory plans were utilized to forecast facility 
availability. 

Specific Cost Elements 

Receiving Basin for Off-site Fuels (RBOF) 
$10 million capital upgrades for staging FRR-SNF to dry storage. 
$4 million/year operating costs (1997 - 2005). 

H-Canyon Processing 
$10 million capital for electrolytic dissolver 
$65 million/year operating costs (6000, 2000 - 2001: 15,000, 2000 - 2005) 

(These are the costs above the Maintenance and Surveillance costs in cold-standby that have 
to be paid whether FRR is processed or not.) 

Waste Processing (Waste Tanks, DWPF, Salisione, Interim 1ULW Storage) 
$1 million/canister 

Modular Vault Dry Storage Facility (MVDS) 
Capital CostA Operating Cost Time of Storage 
$100 million (6.000) Case 2 $4 million/year 2005 - 2045/46 
$120 million (15,000) Case 3 

Case 4 
$4 million/year 2(X)5-2017 

(6,(X)0) $4 million/year 2(K)5 - 2045/46 
(15,000) $5 million/year 2005 - 2045/46 

Dry-Storage Canisters 
$0.3 million/unit [could be Multi-Purpose Canisters (MPCs)] 

Geologic Repository Canisters 
Case 1A & IB - included in waste processing costs 
Case 2 - $0.3 million/unit (zero if MPCs) 
Case 3 - included in waste processing costs 
Case 4 - $12 thousand/unit (very small size) 
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New Dissolver and DWPF Upgrades (Case 3) 
$300 million capital 
$0.5 million/canister operating costs 

New Glass Waste Storage Buildings (GWSB) (Case 3) 
$40 thousand/canister 

PROJECTION OF WASTE DISPOSAL CANISTERS AND REPOSITORY FEES 

The number of waste canisters and associated costs for disposal of the 15,000 FRR spent fuel 
assemblies (FA) were calculated in accord with the following assumptions. 

Case 1 (A&B) - Separate Uranium. Canister projections for FRR FA are based on Al content of 
equivalent fuel tubes at 10.3 kg/tube. Resulting alkaline waste slurries contain 7.2 lbs. oxide per 
equivalent tube. These slurries are processed to waste glass containing 27 wt% oxide in canisters of 
3700 lbs. glass. Saltstone volume is equal to about 200 cu.yd. per canister. 

Case 2 - Consolidate and Poison. Spent fuel is consolidated into canisters with nuclear poisons 
sufficient to preclude criticality at 165 FA/canister. The required canister size is not specified. 

Case 3 - Dissolve, Dilute, and Poison. Spent fuel is dissolved with depleted uranium additions to 
reduce U-235 content of high enriched fuels to 20% and Gd additions to preclude criticality during 
processing. Canister projection is based on total oxides including UO2, AI2O3, Fe203/Fe304, and poison 
Gd203, with no dilution required for LEU fuels. Gd is added in 1:1 atom ratio with U-235. Glass 
composition is limited to 12 wt% AI2O3, in canisters containing 3700 lbs. glass. 

Case 4 - Limit Mass. Spent fuel is assembled into canisters at limit of 700g U-235 per canister. 
Approximately 4 FA are loaded per canister at this limit. 

Repository costs were based on Nuclear Waste Fund fee assessments for single and two repository 
systems equal to $265,000 and $400,000 per canister, respectively, for Cases 1A, B and 3, $560,000 and 
$700,000 for Case 2 and $320,000 and $400,000 for Case 4. 

EVALUATION OF CASES 

Table 1 compares the five strategies for FRR-SNF disposal in terms of goal fulfillment. 

Non-Proliferation 

Cases 1A and 3 meet the possible non-proliferation goal because the HEU is diluted with depleted 
uranium to 20 wt% U-235. The LEU fraction of the FRR-SNF already averages 10 wt% U-235. Case 
IB does not meet the non-proliferation goal per se. However, the recovered HEU would be safeguarded 
at Oak Ridge along with the weapons returns so that the non-proliferation threat is mitigated. Cases 2 and 
4 leave the HEU fraction at 67 wt% U-235 in the geologic repository and, therefore, raise the issue of 
permanent safeguards for the repository to prevent diversion of bomb-capable material. 

Criticality 

Cases 1 A, IB and 4 will unequivocally prevent criticality in the canisters when they degrade, Cases 1A 
and IB because there is no HEU in the canisters and Case 4 because the HEU in each canister is 
insufficient to cause a criticality in the canister. When the canisters degrade, the fuel and poison materials 
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will be exposed to the leaching effects of water. Cases 2 and 3 rely on neutron poisons to prevent 
cnticality in the degraded canister. Poisons will provide criticality protection for only as long as thenokon 
remains with the fissile material. v 

Stable Chemical Form 

The aluminum cladding provides a very poor barrier for release of fission products and actinides 
Once the stainless steel of the canister has degraded, the aluminum cladding will quickly degrade and 
permit release of the enclosed fuel and fission products for Cases 2 and 4. Cases 1A IB and 3 
incorporate the high level waste into borosilicate glass which is known to be a very stable waste form and 
should delay waste form degradation for up to 10,000 years (if not longer). 

Orders/Regulations 

The borosiHcate glass waste form for Cases 1A and IB appears to meet present orders and regulations 
canisters tor Cases 2 - 3 incorporate large amounts of uranium. Cases 2 and 4 have HEU at 67 wt% and 
have only aluminum cladding as a barrier to biosphere contamination once the canister corrodes No 
orders or regulations have yet been formulated for such canisters; therefore, it is impossible to determine 
whether such canisters will or will not meet the future orders and regulations. 

Technical Risk 

Processing without dilution has been the practice for some 40 years at Savannah River TheDWPF 
facility for the production of the borosilicate glass canisters of high level waste has been constructed and 
is now in the test phase. The Saltstone facility has been fully proven and is now in operation The 
technical risks for Cases 1A and IB are thus known. The technical risks for the non-existing facilities 
necessary for Cases 2 - 4 appear to be modest 

Waste Amount 

Cases 1A and IB generate the smallest number of high level waste canisters (50), and Case 4 generates 
the largest number (3,800), Case IB (and 1A by extension) has often been criticized because of the 
perceived large volume of Saltstone. Note that the 50 high level waste canisters will contain approximately 
1U million curies of-15 year cooled material while all of the Saltstone will contain less than 1,000 curies 
(<0.1 cunes/yd3). The volume of the additional low level Saltstone is only 1 - 2% of the Saltstone volume 
generated in processing the Defense HLW. 

Table 2 compares the life-cycle costs from the standpoints of: 

• number of foreign fuel assemblies included in the analysis (6000 available now or 15,000 by 2005), 
• the assumed number of geologic repositories (one or two). 

1 TJ T h e U £ e _ c y c l

1

e c o s t s summarized on Table 2 show that for the 6000 assembly case, Cases 1A and 
IB appear to be me least costly but a firm conclusion is not possible because of the large uncertainties of 
Case 2. For the 15,000 assembly case, the apparent cost advantages of Cases 1A and IB over Case 2 are 
reducedi primarily because it is necessary to operate H-Canyon for 6 years beyond the end of the current 
t and H Area De-inventory plan. During this prolonged time, the FRR-SNF processing would have to 
bear the cost of H-Canyon (beyond that required for maintenance only). For the 15,000 assembly case, 
¥ l f ° S 6 S 1 A ' 1 B a n d 2 a P P e a r comparable (with due acknowledgment of the uncertainties). 
1 able 2 demonstrates clearly that the number of repositories will not be a significant factor in the life-cycle 
costs for any of the strategies. 

Parks, et al. 



For all of the non-processing cases, the uncertainties of many of the individual cost items are very 
large (of the same order as the absolute assigned costs). To resolve these uncertainties will require firm 
decisions in at least the following areas: 

• Conceptual designs for required facilities. 
• Time lines for receipt of FRR-SNF and operation of the required facilities. 
• Requirements to be imposed on the canisters to be used for disposal of the FRR-SNF in the 

geologic repository, especially with respect to safeguards and criticality issues. 
• Which repository the FRR-SNF will be disposed in and the riming of mat disposal. 

REFERENCES 

1. Letter from J. J. Jicha (DOE-EM-37) to C. C Mason (DOE-SR), "Foreign Research Reactor Spent 
Nuclear Life-Cycle Cost Analysis", Nov. 30,1993. 

2. P. B. Parks, W. R. McDonell, et al., "Life-Cycle Cost Analysis for Foreign Research Reactor Spent 
Nuclear Fuel Disposal (U)", WSRC-TR-94-039, March 30,1994. 

3. J. Matos (Argonne National Laboratory), "Aluminum - Based Spent Fuel of U.S. - Origin 
Possessed by Foreign Research and Test Reactors" and "TRIGA Spent Fuel of U.S. Origin 
Possessed by Foreign Research and Test Reactors", Oct 14, 1993. (Supplemented by additional 
data provided on Nov. 22,1993 and March 4,1994). 

4. Costs based on INEL report. D. Hale and E. Reutzel, "Summary Engineering Description, Dry 
Storage Facility for Foreign Research Reactor Spent Nuclear Fuel", EG&G Idaho Inc. Report, 
B430-93-076, October, 1993. 

Parks, et al. u 



Figure 1 
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CASE 3 
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Table 1. Comparison of Goal Fulfillment 
for FRR-SNF Disposal Strategies 

Strategy 

Meets Prevents Provides 
Non-Prolif. Criticality Stable 

Goals In Repos. Chem. Form 

Waste Amt. #,„ 
Meets Level HLW Canisters, 
Orders of Tech. Vol. Saltstone, 
/Regs . Risk Ct (15,000 elements) 

1A. Separate and Yes 
Dilute 

IB. Separate Only No 

Consolidate No 
and Poison 

Dissolve, Yes 
Dilute and 
Poison 

Limit Mass No 

Yes 

Yes 

Yes for 
limited time 

Yes for 
limited time 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes Known 50 canisters (DWPF) 
10,000 yd 3 saltstone 
- 230,000 Ci/canister 
< 0.1 Ci/yd3 saltstone 

Yes Known 50 canisters (DWPF) 
10,000 yd 3 saltstone 
- 230,000 Ci/canister 
< 0.1 Ci/yd3 saltstone 

TBD Low to 90 canisters 
Mod. (Larger canisters 

than DWPF type) 

TBD Mod. 600 canisters (DWPF) 
small saltstone 

TBD Low to 3800 canisters 
Mod. (smaller canisters 

than DWPF type) 

Strategy 
1A. Separate and 

Dilute 

IB. Separate Only 

Consolidate 
and Poison 

3. Dissolve, Dilute 
and Poison 

Limit Mass 

Table 2. Comparison of Life-Cycle Costs 
for FRR-SNF Disposal Strategies 

Constant 1994 $*s * 

of 
rles 

Total Costs 
($ Millions ) 

Costs/kg. Total Metal 
($ Thousands) 

Number 
Reposito 

of 
rles 6,000 assy. 15,000 assy 6,000 assy 15,000 assy 

1 
2 

210 
210 

560 
570 

7 
7 

7 
7 

1 
2 

210 
210 

560 
570 

7 
7 

7 
7 

1 
2 

540 
540 

650 
660 

17 
17 

8 
8 

1 
2 

1290 
1320 

1660 
1750 

41 
42 

21 
22 

1 
2 

1060 
1200 

2000 
2350 

34 
38 

25 
30 

Includes effects of DOE cost adders. 
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