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EXECUTIVE SUMMARY 
The U.S. Department of Energy (DOE) has a management challenge and financial liability in the form 
of 50,000 cylinders containing 555,000 metric tons of depleted uranium hexafluoride (UF6) that are 
stored at the gaseous diffusion plants. The annual storage and maintenance cost is approximately $10 
million. This report summarizes several studies undertaken by the DOE Office of Technology 
Development (OTD) to evaluate options for long-term depleted uranium management. 

Based on studies conducted to date, the most likely use of the depleted uranium is for shielding of 
spent nuclear fuel (SNF) or vitrified high-level waste (HLW) containers. The alternative to finding a 
use for the depleted uranium is disposal as a radioactive waste.1 Estimated disposal costs, utilizing 
existing technologies, range between $3.8 and $11.3 billion, depending on factors such as applicability 
of the Resource Conservation and Recovery Act (RCRA) and the location of the disposal site. 

The cost of recycling the depleted uranium in a concrete based shielding in SNF/HLW containers, 
although substantial, is comparable to or less than the cost of disposal. Consequently, the case can be 
made that if DOE invests in developing depleted uranium shielded containers instead of disposal, a 
long-term solution to the UF 6 problem is attained at comparable or lower cost than disposal as a 
waste. 

Two concepts for depleted uranium storage casks were considered in these studies. The first is based 
on standard fabrication concepts previously developed for depleted uranium metal. The second 
converts the UF 6 to an oxide aggregate that is used in concrete to make dry storage casks. 

The concept for using uranium metal as shielding has depleted uranium metal sandwiched between 
stainless steel shells that form a storage cask. The outer stainless steel shell is sufficiently thick to 
meet the structural requirements for transportation as well as storage. Neutron shielding is provided 
by an external polyethylene shell with fins for heat dissipation. This cask concept uses an inner 
canister functionally similar to the DOE Office of Civilian Radioactive Waste Management 
(OCRWM) multi-purpose canister (MPC) containing 21 PWR assemblies. 

This uranium metal cask option appears technically feasible but, because of the high cost of converting 
UF 6 to metal and the high cost of uranium metal fabrication, the estimated cost for these casks is 
substantially higher than current prices for concrete dry storage systems. 

This cost issue gave rise to a different cask concept in which the large aggregate in concrete is 
replaced by an aggregate made from uranium oxide. The concept uses thin walled stainless steel 
shells to hold the concrete containing the depleted uranium aggregate. The shells could be fabricated 
from recycled stainless steel from DOE facilities. Although this concept has not been demonstrated, 
proof-of-principle experiments on materials and design studies on container concepts have shown it to 
be a reasonable concept. 

1. Although the specific radioactivity of depleted uranium is very low and will not interfere with use of the material as shielding, the uranium 
is still radioactive and disposal as a radioactive material is required. 
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This depleted uranium concrete concept is estimated to cost about one third of the depleted uranium 
metal concept. Compared to conventional concrete storage systems, the total weight of the depleted 
uranium dry storage cask system is about 35 tons less and the concrete storage cask diameter is 40 in. 
smaller. The technical feasibility of producing a low-cost aggregate remains to be demonstrated but 
does have precedents for non-nuclear ceramics. 

Engineers at ORNL, LANL and INEL have developed concepts that are projected to lower the cost of 
uranium metal production from UF6 by using a continuous metallothermic furnace or a plasma reactor. 
However, even if the conversion costs of UF6 to uranium metal are reduced to zero, the fabrication 
costs for depleted uranium metal make the DU metal casks considerably more expensive than is 
projected for concrete casks with depleted uranium aggregate. Major reductions in depleted uranium 
metal fabrication cost are needed to make metal containers an economically viable option. 
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1.0 INTRODUCTION 

1.1 Background 

The Department of Energy has been enriching uranium for defense and commercial nuclear fuel 
purposes since the 1940s. The enrichment process produces large quantities of depleted uranium 
(DU), i.e., uranium containing less than 0.7% of its 2 3 5 U isotope (the assay of most of the DU 
inventory is 0.2 to 0.5%). Over the years, this DU has been stored at the three uranium enrichment 
sites, in 10- and 14-ton steel cylinders, as pure (99.9%) solid uranium hexafluoride (UF6). 

As of March 31, 1994, there were 555,000 metric tons of UF 6 (equivalent to 375,000 metric tons of 
uranium metal) stored in 50,000 cylinders throughout the DOE complex (Reference 1). Since the 
United States continues to enrich uranium for commercial nuclear power customers in the U.S. and 
abroad, approximately 2,500 cylinders-are added to this inventory per year. However, since July 1, 
1993, UF 6 generation has been the responsibility of the U.S. Enrichment Corporation. 

Most of the cylinders containing DU are sitting in the open on concrete pads or on gravel beds. Some 
have been stored for over 40 years. Until recent changes in world affairs, there was no thought of 
doing anything with the DU other than storing it until it could be used for further enrichment or as 
fertile blanket material for breeder reactors. Minor quantities of DU are used for tank armor and/or 
for armor-piercing penetrators on artillery shells. These latter uses continue, but the demand is very 
small. While the DOE Field Office in Oak Ridge reported that only about a half dozen of the 50,000 
UF6-filled containers have leaked, public perception is that these DU containers pose still another risk 
of a DOE pollution. 

During the last several years, environmental officials from the State of Ohio have posed the question 
as to whether DU is a waste. DOE's position is that DU is a "source material" under terms of the 
Atomic Energy Act of 1954, as amended, not a waste, and not subject to the Resource Conservation 
and Recovery Act (RCRA). One exemption from stringent storage and disposal regulations that 
RCRA affords owners of hazardous waste is designation of the waste as a "Recyclable Material". 
However, to meet the definition of recyclable there must be a specific beneficial use identified for the 
material. 

1.2 DOE Environmental Management Challenge and Response 

In the summer of 1992, the DOE Office of Technology Development (OTD, EM-50) began to explore 
whether the large stores of DU could indeed be used for radiation shielding in spent nuclear fuel or 
high-level waste storage casks, or in other products. In FY 1993, EM-50 initiated a series of studies, 
using both DOE laboratories and private sector subcontractors, to better understand options available 
for disposal of the UF 6 and to evaluate possible uses for the depleted uranium. Lastly, since the 
potential uses of depleted uranium are a strong function of cost, other studies were initiated to identify 
possible technology development that might reduce these costs. It was intended that these studies 
provide a basis for establishing future DOE policy and research directions for depleted uranium 
storage, disposal, or future use. These studies and the respective contractors are listed below: 

1) Depleted Uranium Disposal Options Evaluation rSAIC-Idaho/INELI: The study identified and 
evaluated the viable options for disposal of DU. The conversion of the UF 6 to a stable chemical form, 
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regulatory requirements, and functional/operational parameters were considered in estimating the cost 
of disposal of the DU as a low-level waste. Additionally, the cost impact on disposal of DU if it were 
ever declared a RCRA waste was estimated (Reference 2); 

2) HLW Transport and Disposal Evaluation TSandia National Laboratory]: The study examined 
the use of DU metal as shielding material in a storage and transportation cask for DOE's vitrified 
HLW. The study assessed the cost advantages/disadvantages of several DU HLW cask options 
throughout the defense high-level waste management program (Reference 3); 

3) Commercial Capabilities Review [Technics Development Corp.1: A market survey was 
performed to assess the commercial capabilities and costs for conversion of UF 6 to UF4 and uranium 
metal and for fabrication of DU metal components. Additionally, regulatory and strategic issues 
associated with DU recycling were identified (Reference 4); 

4) Federal Capabilities Review fORNLl: A survey of depleted uranium conversion and 
manufacturing capabilities of the Federal government was performed. The study included 
identification of areas for manufacturing technology development (Reference 5); 

5) Depleted Uranium Management Alternatives fSAIC-Idaho/INELI: The study looked at the 
costs of two management alternatives for depleted uranium — continued storage and conversion of UF 6 

into metal for use in a spent fuel storage and transportation cask. A preliminary, conceptual SNF cask 
design was developed and costs for production estimated (Reference 6); 

6) Development of DUCRETE ITNEL1: Concrete mixtures containing U0 2 fuel pellets were 
studied (concrete with DU aggregate is called DUCRETE). Mixtures of conventional concrete and 
DUCRETE were fabricated and cured in identical conditions. The samples were subjected to 
compression and tensile testing. Results from the testing established the adequacy for spent fuel 
storage cask applications (Reference 7); 

7) Depleted Uranium Concrete Container Feasibility Studies TPACTEC/INEL and SNC/TNEL1: 
Two independent studies were performed to assess the feasibility of using depleted uranium in 
concrete as a substitute for conventional aggregate. The depleted uranium oxide concrete, DUCRETE, 
was shown to have tremendous shielding advantages for applications such as spent fuel storage casks. 
Feasibility was clearly established and major weight reductions and diameter reductions were 
identified. These studies identified potential significant advantages to the use of a material where the 
uranium (gamma shielding) and the hydrogen (neutron shielding) can be varied somewhat 
independently based on the aggregate to cement and water ratio (References 8 and 9); 

8) Conceptual Design of A Transportable DUCRETE Storage Cask TSNC/INELI: This study 
evaluated the concept of using a DUCRETE dry storage cask inside of a stainless steel overpack for 
transport to the repository. Although feasible, the design concept is substantially more complex due to 
heat transfer limitations during transport (Reference 10); 

9) Comparative Economics for DUCRETE Spent Fuel Storage Cask Handling, Transportation, and 
Capital Requirements rSNC/TNELI: This study compared conventional concrete storage casks to 
DUCRETE casks on a life-cycle cost basis for three time frames and three utility sizes. Significant 
economies were identified for the DUCRETE storage system when the cask was used for reactor 
storage and as a disposal overpack in the geologic repository (Reference 11). 
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10) Depleted Uranium Plasma Reduction System Study rMK/TNELl: This study provides a 
life-cycle cost estimate of the production of uranium metal with an advanced process that uses a 
plasma reactor to produce uranium metal and anhydrous hydrogen fluoride gas (Reference 12). 

11) Depleted Uranium Market Study (Kaplan): This study found that the only large market 
potential for depleted uranium was shielding applications. 

These studies provided sufficient information to identify the future disposal cost liability to the 
Department of Energy if the depleted uranium were disposed as waste and the cost of several potential 
recycle/reuse options for shielding applications. During these studies, the participants also looked at 
potential ways to reduce the costs of UF 6 conversion and uranium fabrication with the purpose of 
identifying emerging technologies that might provide a major cost reduction to some facet of the 
disposal process or future use options. Specific future technologies that were identified are: 

Plasma Conversion of UF 6 to Uranium Metal. Researchers at both INEL and LANL have been 
active in adapting high temperature plasmas reactors to new chemical processing concepts that 
minimize the creation of secondary waste streams. INEL has successfully achieved reduction of 
UF 6 at the laboratory scale using a plasma reactor. 

Continuous Metallothermic Reduction. Under sponsorship of the DOE Advanced Vapor Laser 
Isotope Separations (AVLIS) Program, a continuous metallothermic reduction process for UF 6 has 
been developed at ORNL. This process combines UF 6 reduction with alloying uranium with iron to 
produce a lower melting point eutectic. This alloy will have nearly identical shielding properties as 
uranium metal. Although this method of conversion of UF6 to uranium metal is expected to be 
lower cost than the Ames process used at Fernald, it still produces a MgF2 waste stream that is 
expected to be slightly radioactive and costly to dispose as low-level waste. Costs of fabrication of 
this metal alloy are not known. 

Depleted Uranium Concrete (DUCRETE). A major barrier to widespread use of uranium metal in 
shielded casks is the combined cost of UF 6 conversion to metal and fabrication of the metal to a 
shape. INEL has conceived a concept that would use the depleted uranium oxide as an aggregate 
in concrete. DUCRETE is expected to have density of about 450 lb/ft3. Using DUCRETE instead 
of conventional concrete, the size and weight of a spent fuel storage cask is reduced substantially. 
The UF 6 would first be converted to an oxide, then the oxide would be formed into aggregate. The 
conversion of UF6 to an oxide is the same as would be incurred for the disposal option, and the 
formation of an aggregate can be argued to be the best and lowest cost stabilization method for the 
oxide powder. Thus, the fabrication cost of a DUCRETE cask is expected to be comparable to 
conventional concrete casks if the aggregate is supplied by the DOE instead of disposal. 

UF 6 Reduction to Oxide. The disposal cost studies used published estimates for UF6 conversion to 
U 3 O g of $8.40/kg-U. Over the duration of this project, various companies interested in performing 
the UF 6 conversion services for DOE have suggested that prices closer to $4 to $5/kg-U could be 
expected in a competitive bid process. This expected cost reduction is from companies that produce 
nuclear fuel and/or from companies active in production of UF6 as feed material to the enrichment 
plants. This reduction in cost will reduce both the cost for disposal and the cost of implementing 
the DUCRETE cask option by about $1.5 billion if the entire UF6 inventory is converted to oxide. 
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Advanced UF 6 conversion methods produce anhydrous hydrogen fluoride which has a recycle 
value of $1000 to $1500 per ton. This not only reduces the cost of UF 6 conversion, it precludes 
conversion of aqueous hydrogen fluoride to calcium fluoride and disposal as a radioactive waste. The 
anhydrous HF can be use to fluorinate uranium or sold for other purposes. 

If spent fuel and high-level waste storage and disposal canisters were made with DU as shielding 
(either in metal or DUCRETE form), the following could result: 

1) The maintenance, re-packaging, and future storage costs of UF 6 would be phased out. Storage 
sites could be remediated and released. Recyclable UF 6 storage cylinders could be made available to 
the U.S. Enrichment Corporation for reuse once emptied. 

2) Shielded casks using DU could be used by utilities for storage of spent fuel or used by DOE 
for spent fuel and high level waste. Cask conceptual designs developed during this project are 
compatible with the DOE Multi Purpose Container planned for the storage of commercial nuclear fuel. 

3) Decisions on actual disposal of DU could be postponed until the decision is made to place the 
shielded cask into a repository. Future international energy supply conditions could make DU a viable 
source of fertile material for breeder reactors. Recovery of the uranium from the concrete is very 
feasible if energy supplies justify recovery. 

4) The future decontamination and decommissioning of shielded storage facilities for the 
high-level waste glass would be unnecessary as the self-shielded casks could be sent to the repository 
or other disposal site. 

This report summarizes the findings of the studies introduced above and presents conclusions drawn 
from that information. DOE is reviewing all of this material in a planned Environmental Impact 
Statement to determine the most responsible course of action. 

2.0 DEPLETED URANIUM FEASIBILITY STUDY RESULTS 

2.1 Depleted Uranium Disposal Alternatives 

SAIC-Idaho was contracted by INEL to study disposal options and costs for depleted uranium 
(Reference 2). It was concluded that, due to both cost and regulatory/political considerations, disposal 
of DU is only feasible at existing DOE sites. Since UF 6 reacts with water to form uranyl fluoride and 
hydrogen fluoride gas at relatively low temperatures, it is an unsuitable chemical form for disposal. 
Thus, uranium oxide (U 30 8) was considered the preferred chemical form for disposal. This 
observation is consistent with UF 6 management practices in England and France. 

The cost for conversion of UF 6 to oxide, packaging, transportation, permitting, and disposal as a 
low-level waste ranged from $9.50/kg-U at the Nevada Test Site (NTS) to $15.00/kg-U at the Hanford 
site. Under the premise that the UF 6 might be declared a RCRA waste, these costs escalate to at least 
$18.56 and $30.19/kg-U for the same disposal sites2. 

2. At the time of the study, NTS was considering the acceptance of Mixed Waste {Containing RCRA controlled materials in addition to 
radionuclides). At this time, officials at NTS have no such plans. Thus, only Hanford might be a suitable future RCRA material site. 
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Disposal costs were also estimated for uranium in metal form as it was thought the higher effective 
packing density might provide a cost advantage if environmental considerations were acceptable. Only 
LLW disposal at the NTS was considered. The U.S. Army has set a precedent for acceptance of DU 
metal encapsulated in concrete at the NTS. However, total costs estimated for DU metal disposal were 
about the same as for oxide disposal, primarily due to the higher cost of conversion of UF 6 to metal. 
The comparison between disposal as an oxide and disposal as a metal is quite unfavorable to the metal 
if the reduced cost of advanced UF 6 conversion to oxide methods as discussed in Section 2.1.2 is used. 

2.1.1 Adjustments for Changes in Disposal Option Basis 

Total cost for disposal in the SAIC study was based on a June 1992 inventory of 534,000 metric tons 
of UF6 (361,000 MT of uranium metal). The 
total disposal cost estimated ranged from a low 
of $3.4 billion (as LLW at the NTS) to a high 
of $10.9 billion (as RCRA waste at Hanford). 
Adjusting these costs to the updated inventory of 
555,000 metric tons makes the range of the 
disposal option $3.5 to $11.3 billion. Since this 
study was completed, disposal fees at the NTS 
have also increased;3 the impact of the increased 
disposal fee for disposal of oxide as LLW at 
NTS is significant. Adjusting for the increase in 
the NTS low-level waste disposal fee from $10 
to $30/ft3 increases the cost of this option by 
$320 million. Table 1 summarizes the disposal 
costs after these adjustments for all of the 
disposal options. 

2.1.2 Cost Reduction Options 

In all disposal options, the dominant cost is 
conversion of UF6 to oxide or metal. The 
second largest cost element is disposal of the 
CaF2 or MgF2 as LLW. If technology advances 
can, as claimed by industry, reduce the 
conversion cost to about half of that used in the 
original study and eliminate the fluoride wastes 
(by producing anhydrous hydrogen fluoride 
which can be resold rather than calcium or 
magnesium fluoride which must be disposed as 
LLW), then substantial reductions in the conversion to oxide and disposal costs can be expected. The 
adjusted totals would be $1.9 billion for LLW at the NTS and $2.5 billion at Hanford. Note that this 

3. A disposal fee of S10/ft3 was used in Reference 2. Per telecon, W. J. Quapp with Carl P. Gertz, DOE NV, LLW Manager (4/5/95), the fee 
for LLW at NTS as of October 1996 will be $17/ft3 for DOE sites. For trade-off studies such as this, the estimated full cost recovery of $30/ft3 should be 
used. 
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Table 1. Disposal Options Cost Summary 
(375,000 MTU Basis) 

Disposal 
Form 

Disposal 
Location 

Total Cost 
(Billions) 

LLW Oxide Nevada Test 
Site 

$3.8 

Hanford $5.6 

RCRA 
Oxide 

Nevada Test 
Site 

$7.0 

Hanford $11.3 

LLW Metal Nevada Test 
Site 

$3.9 

SAIC cost estimates adjusted to DU 
inventory of 375,000 MTU and current 
disposal fees 



cost reduction assumes a price of $4.20/kg-U or one half of that used in the SAIC study. For the 
RCRA costs for the disposal at Hanford option, if one assumes the conversion cost is also reduced by 
half and no CaF2 is created for disposal, the cost becomes $4.8 billion. Actual costs for conversion 
will not be known until a procurement is executed. 

Another cost reduction option is to reduce the volume of material disposed. Using DU oxide 
aggregate, a ceramic aggregate with a bulk density of about 8 g/cm3, for the disposal waste form 
instead of U 3O g powder results in a substantial disposal volume reduction, with attendant cost 
reductions for disposal containers and the disposal fee.4 It was assumed that this solidification process 
would preclude the separate stabilization step required for U 3O g powder to meet the Hanford waste 
acceptance criteria. Consequently, the use of DU oxide aggregate produces large volume reductions, 
66% for NTS and 83% for Hanford, with savings of $300 to $600 million in packaging and disposal 
costs5. 

Costs of the existing conversion technology and potential new technologies are compared in Table 2. 

Table 2. Total Cost Comparison With Technology Advancements 
(375,000 MTU Basis) 

Cost(Billions) 

Existing Conversion Technology 

Oxide LLW Disposal (NTS & Hanford $3.8 to $5.6 

Oxide RCRA Disposal (Hanford) $11.3 

Metal LW Disposal (NTS) $3.9 

New Plasma UF6 Reduction 

Metal LW Disposal $1.8 

Advanced UF6 Conversion & Elimination of CaF2 

Oxide LW Disposal (NTS & Hanford) $1.9 to $2.5 

Oxide RCRA Disposal (Hanford) $4.7 to $6.6 

Advanced UF6 Conversion to Oxide and DU Oxide Aggregate 

LW Disposal (NTS & Hanford) $1.6 to $1.9 

RCRA Disposal (Hanford) $2.4 to $3.4 

4. Depleted Uranium (DU) oxide aggregate density used for the estimated cost reduction was 8 g/cm3; values of 9 have been achieved in 
laboratory samples. 

5. Although DU oxide aggregate was conceived for use in DUCRETE, it is believed to be an excellent disposal media because of its chemical 
inertness and projected low cost of production. 
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2.2 Shielding for Defense High-Level Waste 
The Sandia National Laboratories (SNL) study evaluated the system costs of using depleted uranium 
metal casks for storage and transportation of the vitrified HLW instead of vault storage as is planned 
at Savannah River Laboratory (Reference 3). In the SNL study, the economic effect of various cask 
sizes was evaluated. The study concluded that between 81,000 and 95,000 metric tons of DU could be 
used in HLW canisters. Using a 3% cost escalation factor and 1993 dollars, costs of a total system 
range from $4.1 to $6 billion (or $51-74/kg-U used in the casks). However, the cost estimated in the 
SNL study did not include the cost of converting the UF 6 to metal. Including this cost, at the present 
estimate of $10/kg-U, adds between $810 and $950 million ($10 times 81,000,00 to 95,000,000 kg) or 
$61-$84/kg-U used in the casks. The adjusted total cost then ranges from $4.9 to $7 billion. 

The study came to several other conclusions: 

• The total system cost for use of DU metal as a shielding material for defense HLW was 
essentially the same as the baseline case for HLW disposal, a result of using much larger cask 
and emplacement overpack costs. 

• Multiple canister transportation/disposal casks will result in significant reduction of repository 
surface (shielded storage) and subsurface facilities (remote handling) and operations costs. 

• The three DU cask scenarios show it is less costly to use a DU shielded cask than vault storage 
given a cask of equivalent or larger capacity. The principal cost benefit came from the ability 
to eontact handle and store the waste on relatively inexpensive open concrete pads, thereby 
eliminating the cost for constructing a permanent shielded storage vault. 

• Larger transportation cask capacity reduced transportation costs. This result is due primarily to 
the dedicated train mileage charge, which became the controlling transportation cost element. 
Larger cask capacity resulted in fewer train miles needed to move the waste to the repository. 

• The costs of integral and reusable transportation overpacks were equivalent. The larger integral 
cask capital costs are offset by not having a separate transportation overpack cost and some 
reduction in waste acceptance cost. However, a cask that can be directly buried in the 
repository may have significant cost benefits if all disposal operation were to use contact 
handled versus remote handled systems. 

2.3 Depleted Uranium Spent Fuel Shielding 
Spent fuel storage is needed by the nuclear utilities in the U.S. due to the delays in the development of 
a high-level waste repository for permanent fuel disposal as required in the 1982 Waste Policy Act. 
Over the last ten to fifteen years, several vendors in the U.S. and Europe have developed a variety of 
spent fuel dry-storage casks. These casks use materials such as lead, steel, and concrete to provide the 
required radiation shielding. Costs and benefits of using DU metal or oxide for spent fuel storage 
have been studied. The physical properties of DU are such that it would offer superior shielding 
efficiency compared to conventional materials. The major barrier to widespread use of DU for 
shielding is the current costs of production of uranium metal based storage casks. 
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The concrete at-reactor fuel storage casks now used by utilities cost about $30/kg of spent fuel 
contained, expressed as uranium metal. Steel and lead storage casks which are considerably more 
expensive were developed first by the industry but, since concrete systems have been licensed, the 
metallic systems are no longer competitive. The concrete cask is designed only for storage and is not 
capable of being transported to the MRS or HLW repository. The fuel, which is contained within a 
relatively thin-walled steel canister6 inside the concrete storage cask, must be removed and placed in a 
transport overpack for shipment. After its useful life for SNF storage, the concrete cask must be 
decontaminated and disposed. 

2.3.1 Depleted Uranium Metal Spent Fuel Storage Casks 

Results of the SAIC-Idaho study on Depleted Uranium Management Alternatives (Reference 6) 
indicate that the cost for a DU metal shielded cask having design characteristics that would allow 
at-reactor storage and shipment to, and potentially placement in, the repository is $165/kg of spent fuel 
contained, expressed as uranium metal. This translates to approximately $1.5 million for a cask that 
holds 21 PWR assemblies. If cost credits reflecting the avoided cost of disposal were provided, the 
cost would be $102/kg-U contained for low-level waste and $41/kg-U contained for RCRA disposal. 
(The credits are based on disposal costs in Reference 2 and represent an average of the costs 
determined at that time). 

The spent nuclear fuel cask of the SAIC study would be fabricated from DU.metal for radiation 
shielding, stainless steel shells for structural strength, high nickel alloy (Alloy 825) as a corrosion 
barrier, and a removable polyethylene barrier for neutron radiation shielding. It was estimated that 
approximately 9,500 of these casks (6,300 PWR and 3,200 BWR) would be required to meet the spent 
fuel storage/disposal requirements through the year 2045 if the geologic repository did not open 
earlier. The DOE inventory of depleted uranium (375,000 metric tons) is sufficient to fabricate about 
8150 casks. The balance of the 9500 casks, if needed, could come from the depleted uranium being 
generated by the U.S. Enrichment Corporation. The study assumed the casks would be designed for a 
reference SNF age (time after reactor discharge) of ten years, would not exceed a crane hook load of 
100 tons, and would be optimized for PWR fuel bum up of 35,000 MWD/MTU and BWR fuel burn 
up of 30,000 MWD/MTU. 

The study also found: 

• Uranium metal's lack of certification by the American Society of Testing and Materials 
(ASTM) is a barrier to its use in structural applications even though, if alloyed, it has 
mechanical/structural properties comparable to stainless steels. Therefore, DU metal must be 
used in combination with steel in spent fuel storage and transportation applications. If 
certification can be received for a DU metal alloy, an 11% weight reduction in storage casks 
could be achieved. 

6. This canister in the future will be the DOE Multipurpose Canister (MPC). 
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Conversion of UF6 to uranium metal in the study was by the magnesium reduction process 
(Ames process), which has costs of approximately $10/kg-U metal. This process is a candidate 
for cost reduction. INEL and LANL plasma processes and a continuous reduction process 
developed for the Advanced Vapor Laser Isotope Separation (AVLIS) program by ORNL are 
possible solutions for reducing UF6 conversion costs. 

Fabrication costs are another prime target for cost reduction. For 8150 SNF casks, the cost 
was estimated to be $12 billion without any disposal credits. The highest single cost element is 
the DU metal, which costs $7.9 billion ($21/kg-U) for conversion and fabrication. 

The costs of the depleted uranium metal cask, with and without disposal credits, are listed in Table 3. 
Costs include all material, labor, design, licensing, and profit for producing an integral SNF storage 
and transport cask (as conceptualized). 

Table 3. Cost Summary for Fabrication of 8150 DU Metal Casks (375,000 MOTU basis) 

Case Total Cost 
(Billions) 

Total Cost per kg-
U SNF Contained 

Container Cost w/o DU Disposal Credits $12 $165 

Container Cost w/DU LW Disposal Credits 
($12.25/kg-U, Reference 2) 

$7.4 $102 

Container Cost w/DU RCRA Credits 
($$24.38/kg-U, Reference 2) 

$2.8 $41 

Costs estimated in the SAIC study use a $10/kg-U conversion cost (includes HF resale and MgF 2 

disposal) and an $11/kg-U DU fabrication cost. Others have reported the cost for conversion at 
$8.80/kg-U and fabrication of a simple as-cast shape as being $2.20/kg-U (Reference 4). 

Plasma conversion technology, suggested by both the INEL and LANL, could significantly reduce the 
cost of converting UF6 to U metal, with minimal secondary waste generation. Preliminary cost 
estimates for conversion of UF 6 to U metal using plasma technology have been developed as a part of 
EM-50 activities. INEL costs developed to date include capital cost for constructing a 4 metric ton 
per hour (20,000 tonne per year) conversion facility as well as utility and operational cost (Reference 
12). The unit cost estimates from this study are $3 per kg of UF 6 ($4.47/kg-U) processed, without 
credits for the anhydrous HF byproduct. The preliminary cost estimate from LANL for a 
40,000 MT/yr hydrogen plasma reduction plant (capital and operating costs), including resale of HF, is 
$3.30/kg-U (Reference 13). The impact this new technology could have on the manufacture of DU 
shielded SNF/HLW casks is depicted in Table 4 (INEL cost numbers were used, LANL estimated 
costs are lower). 
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Table 4. Cost Comparison of Recycle Options Assuming Production of 8150 Spent Fuel 
Storage Casks (375,000 MOTU basis) 

Cost 
(Billions) 

Metal Casks, Existing Technology of UF6 to Metal Conversion (Cost range due 
to variations in estimates from suppliers) 

$8.2 to $12 

Metal Casks, New Plasma Based UF6 to Metal Conversion $9.5 

DUCRETE Storage Casks $4.1 

2.3.2 Depleted Uranium Concrete Spent Fuel Storage Casks 

The feasibility of using DU oxide7 as an aggregate in concrete is being explored at the INEL. 
Preliminary testing and analyses have been performed to determine the structural properties and the 
shielding effectiveness of various mixtures of sand, cement, and DU oxide aggregate (References 7-10 
and 12). 

Shielding analyses have shown that concrete with uranium dioxide (U0 2) as an aggregate is 
approximately 68% better at shielding gamma radiation and 12% better at shielding neutron radiation 
than conventional concrete (see Figure 1). This significantly reduces the wall thickness required to 
shield the SNF and, thus, reduces the cask weight sufficiently that handling in the spent fuel pool at 
the reactor is possible. In addition to modeling concrete with U0 2 aggregate, various types of sands 
high in hydrogen [e.g., bauxite sand - Al(OH)3] were evaluated for their impact on neutron shielding 
wall thickness. DU concrete samples using depleted U0 2 fuel pellets as the aggregate have been made 
and tested for structural characteristics. Results show that the tensile and compressive strengths of 
DUCRETE are similar to those of typical construction grade concrete (3,000 to 6,000 psi compressive 
strength) (Reference 7). The strengths, although 15%-20% less on average than those of the 
conventional concrete samples tested, are sufficient to meet structural design criteria for a SNF storage 
cask. The somewhat lower compressive strength is attributed to the use of smooth, centerless-ground 
U0 2 nuclear fuel pellets (right circular cylinders) as the aggregate in these tests instead of angular 
rock. When DU oxide aggregate is manufactured, its physical shape and surface finish is expected to 
be more like that of rock. DU oxide aggregate will also be composed of other binder materials 
compatible with cement. 

Oxidation tests performed on samples of this DUCRETE (using U0 2 fuel pellets) at elevated 
temperatures have shown that the DU concrete performance is excellent at temperatures up to 150C. 
Further experimentation is necessary using DU oxide aggregate to determine the thermal, chemical and 
physical stability. 

7. Uranium oxide contained in the aggregate can be either U308 or U02 depending on fabrication parameters. 
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Preliminary concepts for DUCRETE based storage casks were evaluated (References 8 ~ 11). The 
most reasonable concept evaluated uses a pair of steel shells which will contain the DUCRETE 
shielding. The outer steel shell provides the structural strength. Approximately 10 inches of 
DUCRETE will provide the necessary shielding. Compared to conventional concrete, this concept, 
which is compatible with the MPC specified by DOE, is about 40 inches smaller in diameter and 
weighs about 35 tons less. The smaller diameter reduces the size of fuel storage at a utility site. The 
reduced weight allows direct fuel loading in the spent fuel pools for about 88% of the nuclear utilities. 
This direct loading saves utilities time and reduces radiation exposure to workers (Reference 11). The 
stainless steel shells for these casks could be fabricated from recycled steel from DOE facilities. 
Surface radiation doses from the depleted uranium and the previously contaminated steel is probably 
less than 1% of the total dose when the cask contains spent fuel. 

Costs for fabricating SNF storage casks from DUCRETE are estimated to be comparable to those for 
conventional concrete. Current cost estimates for the DU concrete portion of a SNF storage cask are 
based on a cost for conversion of UF6 to U3Og of $4.20/kg-U ($1.91 /lb -U). This is the range that 
commercial firms have been discussing and is the same as used in Table 2 for the Advanced Oxide 
Conversion Options. The estimate of $2.20/kg-U is used for sintering the U 0 2 into a dense aggregate 
and $0.12/kg-U for fabricating the DUCRETE into a cylindrical cask. The sintering allowance is 
judged to be very high, actual costs less than one fourth of that value are probable. Based on these 
preliminary cost factors, the total estimated cost of conversion and fabrication of the DUCRETE used 
in the storage cask is $6.55/kg-U. Associated costs for design and licensing, stainless steel liner 
fabrication, internals (e.g., fuel basket), and profit are provided in Table 5. The total cost estimated 
for a 24-PWR DUCRETE storage cask, without DU disposal credits, is ~$502K, or $46/kg of spent 
fuel contained, expressed as uranium metal. 

Total cost for 8150 storage casks, neglecting credits for disposal or credits that may be associated with 
future reuse of the storage cask as a greater than Class C low-level waste cask,9 is estimated to be $4.1 
billion. More refined cost studies are in progress. The cost estimate for the DUCRETE cask without 
the internals and with the DU oxide aggregate furnished by DOE (in lieu of disposal) is $220K. If the 
internals cost listed above ($140K) is included, the total cost for 8150 units becomes $2.9 billion 
($360K each). In other words, although the final cost of UF 6 conversion to oxide and production of 
DU oxide aggregate is not well established, the cost estimates show that even with an allowance of 
$142K per cask for UF 6 conversion and DU oxide aggregate production ($502K - S220K -$140K), the 
DUCRETE cask is an attractive option compared to depleted uranium metal. Furthermore, the 
advantages of smaller size and lighter weight provide transportation advantages. Thus, total life-cycle 
cost of DUCRETE casks is lower than that of conventional concrete storage casks if the DU oxide 
aggregate is furnished by DOE in lieu of the costs for disposal (Reference 11). This study assumes 
the DUCRETE casks are transported empty but with the trains transporting the spent fuel to the 
geologic repository and then are disposed with the fuel. 

8. If the DUCRETE cask is not disposed with spent fuel in the repository, it can be used as a greater than Clas C low-level waste transport and 
disposal cask and disposed with its contents as LLW. 
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Table 5. Preliminary Cost Estimate for a DUCRETE SNF Container 

Cost Category Unit Cost 
($/kg) 

Quantity 
(Metric ton) 

Estimated Cost 
($1000) 

UF 6 to Oxide Conversion $4.20 40 $168 

Aggregate Fabrication $2.20 40 $88 

Concrete Fabrication $0.18 40 $7.3 

Stainless Steel Liner $10.12 3.76 $38 

Internals $140 

Design and licensing $15 

Subtotal $456 

Profit @ 10% 46 

Total $502 

2.4 High-Level Waste DUCRETE Storage Casks 

No conceptual studies have been conducted to date to evaluate the applicability of DUCRETE to HLW 
casks. However, the feasibility is certain since the functional requirements for HLW storage are 
similar to those for spent fuel. DUCRETE HLW casks are expected to be considerably lower in cost 
than the uranium metal casks evaluated in the Sandia National Laboratory study (Reference 3). 

2.5 Domestic Commercial Capability to Convert UF6 and/or 
Fabricate DU Metal Components 

Domestic capabilities for conversion of UF 6 to UF4 and uranium metal were investigated as a part of 
the DOE EM-50 DU recycle program activities (Reference 4). This investigation was performed to 
determine if commercial capabilities existed within the U.S. and Canada to support a large-scale DU 
metal recycle program. 

Given the lack of markets for uranium materials with the evaporation of the Cold War, it was 
questioned whether the existing uranium conversion and/or fabrication base was adequate to support 
the DU recycle alternatives discussed above. To address this concern, Technics Development 
Corporation was contracted to visit Canadian and U.S. companies to assess their DU conversion and/or 
fabrication capabilities. 

The Technics investigation identified four commercial companies with existing capabilities and 
experience in conversion (UF6 to UF4 and U metal) and/or fabrication of DU metal into products. 
Additionally, the investigation identified several companies, which support other aspects of the 
uranium enrichment industry (e.g., Allied Signal, Inc.), that would have interest in a DU recycle 
program. The companies identified and their capabilities are summarized below. 
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• Cameco Corporation (Port Hope, Canada) primarily converts U 0 3 to U0 2 or UF 6; however, they do 
have the capability to convert UF 4 to U metal and to cast U metal to shape. Cameco \ F O to U 
metal capacity is 2,500 MOTU/yr, while their casting capacity is 1,660 MOTU/yr (estimated). 

• Nuclear Metals Inc. (Concord, MA) and its wholly-owned subsidiary, Carolina Metals, Inc. 
(Barnwell, SC) has had as its principal product DU penetrators for anti-armor applications for the 
U.S. Department of Defense. Carolina Metals Inc. has the capability to convert UF 6 to U F 0 and U F 0 

to U metal at the rates of 2,500 MT/yr and 5,000 MOTU/yr respectively. DU metal melting, 
cladding, machining, and processing capabilities exist at the Nuclear Metals, Inc. facility in 
Massachusetts. The cost for UF 6 to U F O conversion is $2.20/kg- lJFO , while that forU F O to U metal is 
$6.60/kg-U. 

• Aerojet Ordnance (Jonesborough, TN) has the capability to convert U F 0 to U metal at a rate of 4,000 
MOTU/yr. Aerojet is currently producing U metal from U F 0 purchased from Sequoyah Fuels. 
Additionally, Aerojet has the capability to convert UF6 to U F O ; however, their plant is on standby 
status at this time. 

• Allied Signal (Metropolis, IL) has the capability to convert natural U oxide to UF 6 at a rate of 
14,000 MOTU/yr using HF and fluorine as reactants. Allied Signal has expressed interest in 
providing a service to DOE for conversion of depleted UF 6 and recovery of anhydrous HF for use in 
their uranium fluorination process. 

Other companies contacted included Sequoyah Fuels (Gore, OK) and Manufacturing Science 
Corporation (MSC, Oak Ridge, TN). Sequoyah Fuels has been a major processor of uranium 
compounds, but due to the declining market they have not reapplied for a NRC license to operate. 
Sequoyah Fuels is now under an NRC Order for decontamination and decommissioning. MSC has 
uranium re-melting and metal plate forming capabilities but no UF 6 t o U F O o r U F O to U metal 
conversion capabilities. 

If DU is determined legally to be a waste, some firms that would otherwise participate in the DU 
recycle process may refrain from doing so because of the complications of environmental permitting 
and operation under RCRA. On the other hand, since the size of the potential market is very large, 
informal inquiries made to date indicate that there will be no shortage of offers if DOE seeks 
proposals for conversion services. 

2.6 Federal Capability to Convert and/or Fabricate Depleted 
Uranium 

In the ORNL (Martin Marietta Energy Systems, MMES) study (Reference 5) on the Federal 
government's capabilities to handle DU, it was presented that: 

No DOE facility can convert UF 6 to either metal or oxide on anything beyond a laboratory scale. 
The AVLIS technology may be applicable to either or both processes and is being investigated 
further. 

Regarding uranium metal fabrication, DOE has metal working facilities at the INEL, Rocky Flats, 
Y-12 (ORNL), LLNL, and LANL. 
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3.0 CONCLUSIONS 

Based on existing technology and its associated costs, the minimum cost to DOE of dealing with its 
current DU inventory is in the neighborhood of $3.9 billion (for conversion to an oxide and 
subsequent disposal as low-level waste). This assumes that UF6 is not declared a RCRA waste and 
that no special permits are required for continued interim storage in existing cylinders. If the UF 6 

were ever declared a RCRA waste, costs for future processing and disposal could more than triple. 

The lowest cost option appears to be recycling DU to useful product such as DUCRETE spent fuel 
and HLW casks. Both the lower cost of converting UF6 to an oxide and the low cost of fabricating 
concrete components make these estimated costs lower than those of the metallic uranium casks 
considered. Although the cost for fabrication of the depleted uranium aggregate is uncertain, there are 
precedents for large scale, low-cost manufacturing of nonnuclear ceramic materials. DUCRETE is 
not cost competitive with conventional concrete. However, if DOE provides the converted oxide in 
the form of aggregate in lieu of having to pay the cost of disposal, DUCRETE casks then appear 
competitive to conventional concrete casks. 

Metal uranium storage casks appear to be much more costly than DUCRETE casks. However, there is 
a large potential savings in conversion of the UF 6 to uranium metal through application of the direct 
plasma reduction processes being explored by both INEL and LANL. The technology would directly 
reduce UF 6 to metal without requiring a reductant such as Mg and, consequently, would eliminate the 
MgF2 waste stream and associated costs of MgFj disposal. However, this concept has not yet been 
proved beyond lab scale. To reduce the costs of DU metal casks to levels competitive with current 
concrete casks or to the projected cost of DUCRETE casks, considerable reduction in the fabrication 
cost of DU metal is also required. In summary, for DU metal to be competitive, its costs will have to 
be reduced well below that for present metallic steel and lead casks. This cost objective appears 
ambitious. 
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