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1.0 Introduction

With the publication of a Request for Recommendations and Advance Notice of Intent in the
November 10, 1994, Federal Register (59 FR 56324 and 56325), the Department of Energy
(DOE) initiated a program to assess alternative strategies for the long-term management or use of
depleted uranium hexafluoride (UFg) stored in the cylinder yards at Paducah, Kentucky;
Portsmouth, Ohio; and Oak Ridge, Tennessee. The current management strategy entails
handling, inspection, monitoring, and maintenance activities to ensure safe storage of the
depleted UF,. The alternatives to continuing the current management strategy are strategies
focusing on use, long-term storage, or disposal of the material, or some combination thereof.
Complete management strategies may also involve transportation and, in many cases, conversion
to another chemical form.

All alternative management strategies, including the current management strategy (the “no action
alternative”), are analyzed in a Programmatic Environmental Impact Statement (PEIS) for their
impacts on the natural environment and on human health.! In addition, an accompanying cost
analysis report has been prepared to provide comparative cost data for the options analyzed in
this Engineering Analysis Report and the alternatives analyzed in the PEIS.?> The PEIS, the
Engineering Analysis Report, and the Cost Analysis Report will be used by DOE in the decision-
making process, which is expected to result in a Record of Decision in 1998. This Record of
Decision will complete the first phase of the Depleted Uranium Hexafluoride Management
Program, management strategy selection. During the second phase, site-specific and technology-
specific issues will be determined.

The Engineering Analysis Project for the Depleted Uranium Hexafluoride Management Program
consists of technology and engineering assessments. The technology assessment identified and
assessed the options which were to be considered in developing management strategy
alternatives. Fifty-seven responses were received to a Request for Recommendations, which
asked members of the general public, industry, and other government agencies to submit
suggestions for potential uses for depleted UFy, as well as for technologies that could facilitate
long-term management of the material. The results of the independent review of the

lus. Department of Energy. Draft Programmatic Environmental Impact Statement for Alternative
Strategies for the Long-Term Management and Use of Depleted Uranium Hexafluoride. 1997.

2Elayat, H., I. Zoller, and L. Szytel, L. Draft Cost Analysis Report for Alternative Strategies for the Long-
Term Management of Depleted Uranium Hexafluoride. Lawrence Livermore National Laboratory. 1997.
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recommendations were presented in The Technology Assessment Report for the Long-Term
Management of Depleted Uranium Hexafluoride, published June 30, 1995.}

The goal of the Engineering Analysis Project is to perform a comprehensive technical analysis of
the options and suboptions involved in the alternative strategies being considered for the long-
term management of depleted UF, based on the technology assessment. Preconceptual, non-site-
specific engineering data were developed under the Engineering Analysis Project for this
purpose. Preconceptual data are developed for a project at the time of project identification.
Since these data are developed prior to conceptual design, they are scoping level, order of
magnitude only. As described in DOE Order 4700.1, conceptual design encompasses those
efforts to develop a project scope that will satisfy program needs; assure project feasibility and
attainable performance levels; develop reliable cost estimates and realistic schedules in order to
provide a complete description of the project for congressional consideration; and develop
project criteria and design parameters for all engineering disciplines.* Preliminary or Title I
design continues the design effort utilizing the conceptual designs. Title I design is usually the
first line-item funded design effort for a facility and the design at this point will be site-specific.
In the current phase of the Depleted UF; Management Program, it is appropriate to consider
engineering and cost data at the preconceptual level in order to determine a long-term
management strategy. Following the Record of Decision, conceptual and then Title I design data
would be developed for the specific technology(ies) and site(s) involved in the implementation.

The analysis of options and suboptions includes the development of facility layouts; estimates of
effluents, wastes, and emissions; specification of resource requirements; preliminary hazards
assessments; parametric assessments; development of accident scenario data; and the analysis of
license, permit, and regulatory requirements. The Draft Engineering Analysis Report presents
the results of the Engineering Analysis Project to date. The final Data Requirements Report,
which established the baseline data requirements for the Cost Analysis Project and the PEIS,
served as the basis for preliminary data development. The data developed in the Engineering
Analysis Project supported preparation of both the PEIS and the Cos? Analysis Report. The Final
Engineering Analysis Report is planned to be published concurrently with the final PEIS.

The results of this analysis will assist DOE in selecting a management strategy for depleted UF,
by providing the engineering information necessary to evaluate the environmental impacts and
costs of implementing the management strategy alternatives.

3Zoller, J.N., etal. The Technology Assessment Report for the Long-Term Management of Depleted
Uranium Hexafluoride. UCRL-AR-1203372. Lawrence Livermore National Laboratory. June 30, 1995.

‘us. Department of Energy. DOE Order 4700.1, Project Management System, Change 1: 6-2-92.
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1.1 Overview of the Depleted Uranium Hexafluoride Management Program

The Depleted UF, Management Program consists of two phases. The first phase is management
strategy selection. Activities in this phase include an engineering analysis, an assessment of
environmental impacts, and an estimate of the life-cycle costs of alternative management
strategies. Selection of the preferred long-term management strategy will be documented in a
Record of Decision, which is scheduled to be published in 1998.

The second phase of the Program will focus on implementation of the management strategy
adopted in the Record of Decision. This phase will involve the selection of specific technologies
or uses, and specific site(s) where implementation is to occur. National Environmental Policy
Act (NEPA) review may result in the preparation of one or more documents to assess the site-
specific impacts from transport of materials along defined routes or from the siting of facilities or
the use of specific technologies.

1.2 Source of the Depleted Uranium Hexafluoride Stored at the Gaseous Diffusion Plants

Uranium is a naturally occurring radioactive element containing several different isotopes,
notably uranium-238 (U-238) and uranium-235 (U-235), which is the fissionable isotope. As
found in nature, uranium is about 99 percent U-238, with a U-235 concentration of only about
0.711 weight percent. To produce controlled fission in nuclear chain reactions, uranium must be
"enriched" in the U-235 isotope. Enrichment is a process by which the different isotopes are
separated and their relative concentrations changed. For example, in uranium for nuclear power
reactors, the concentration of the U-235 isotope is typically increased from 0.711 weight percent
to about 3-5 weight percent, with a corresponding decrease in the amount of U-238. "Highly
enriched" uranium can have concentrations of U-235 ranging from 20 to over 95 percent.

The uranium enrichment process used in the United States is called gaseous diffusion, which was
first developed on a large scale in the 1940s as part of the Manhattan Project at the DOE Oak
Ridge Reservation in Tennessee. Two more plants were added at Paducah, Kentucky, and
Portsmouth, Ohio, in the 1950s to help produce highly enriched uranium for defense purposes, as
well as low-enriched uranium for making commercial reactor fuel. In its natural state, uranium
occurs as an oxide ore (U,0y). This oxide ore is concentrated and then fluorinated to yield
uranium hexafluoride (UFy), the input material for the gaseous diffusion process. When heated at
atmospheric pressure, UF, sublimes (i.e., changes from the solid to the gas phase) at 133.8°F and
can be fed into the isotopic separation equipment.

The basis for enrichment by gaseous diffusion lies in the fact that lighter gas molecules move
more quickly than heavier gas molecules. Thus, if both heavier and lighter molecules are present
in a porous container, the lighter, faster moving molecules will strike the barrier wall more
frequently and more of them will pass through the openings; the heavy molecules strike the

1-3



Draft Engineering Analysis Report for the Long-Term Management
of Depleted Uranium Hexafluoride - Rev. 2

openings less frequently and are more likely to remain behind. Applying this principle to UF,,
molecules containing the lighter uranium isotope (U-235) will diffuse, or pass through the
openings, more easily than the molecules containing the heavier U-238 isotope. (Fluorine has
only one isotope and therefore does not affect the weight difference.)

In a gaseous diffusion stage, a UF, feed stream is pumped into a porous container, or barrier tube.
Aided by large gas compressors, about half the gas diffuses through the tiny holes in the barrier.
This diffused stream is called the "enriched stream" because it will have a slightly higher
concentration of the lighter U-235 isotope than the feed stream had. Conversely, the undiffused
gas will have a slightly lower concentration of U-235 and is therefore called the "depleted
stream."”

Because the weights of U-235 and U-238 are so close, only a very small degree of separation
occurs in a single stage. To achieve significant enrichment, gaseous diffusion plants link large
numbers of stages into interconnected series known as cascades. The typical reactor fuel
enrichment to 3-5 weight percent U-235, for example, requires at least 1,200 stages in series;
highly enriched uranium with a U-235 concentration of over 90 percent has to go through more
than 4,000 stages. At the end of each stage, the enriched stream is fed on to the next higher
stage, and the depleted stream is recycled to the next lower stage. When the UF; is depleted to
0.2-0.4 percent U-235, it can no longer be effectively recycled and is withdrawn from the
cascade. Although ratios may vary in practice, producing 1 kilogram (kg) of UF, enriched to 3
percent U-235 will typically result in about 5 kg of depleted UF; at 0.25 percent U-235. This
depleted UF; is usually put into storage by the gaseous diffusion plants. Customers for the
enriched product could take the depleted UF; however, most of them have chosen not to do SO,
and DOE has historically retained the material.

In 1985, due to a decrease in the need for enrichment services, all enrichment operations at the
Oak Ridge plant ceased. In 1992, in response to the reduced requirements of the U.S. defense
programs, the production of highly enriched uranium at Portsmouth was discontinued. The
Department continued to operate the Portsmouth and Paducah Gaseous Diffusion Plants until
July 1, 1993, when it leased them to the United States Enrichment Corporation (USEC), as
required by the Energy Policy Act of 1992. Uranium is still enriched at the Paducah and
Portsmouth sites by USEC. The USEC Privatization Act (P.L. 104-134), signed into law on
April 26, 1996, provides for the transfer of ownership of USEC from the government to private
investors. Section 3109(a)(2) of the Act provides for a Memorandum of Agreement, which will
allocate liabilities among DOE, USEC, the United States government, and the new private
Corporation, including those arising from the disposal of depleted UF, generated by USEC
between July 1, 1993, and privatization. This Memorandum of Agreement is currently under
discussion by the Office of Management and Budget (OMB), USEC, and DOE. The depleted
UF, produced by USEC after July 1, 1993, will be considered once the Memorandum of
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Agreement is finalized and DOE’s responsibilities are clear, either in the final Engineering
Analysis Report and PEIS or in follow-on reviews, as appropriate.

From 1945 until July 1, 1993, approximately 560,000 metric tons (MT) of depleted UF,
accumulated at the three gaseous diffusion plant sites. This depleted UFg is stored as a solid in a
partial vacuum in steel cylinders, each containing approximately 9 to 12 MT. The specifications
for the majority of these cylinders are 3.7 m (12 ft) long and 1.22 m (4 ft) in diameter, with a wall
thickness of 0.79 cm (5/16 in.). The depleted UF, inventory occupies 46,422 cylinders,
distributed as follows: 28,351 cylinders at Paducah; 13,388 cylinders at Portsmouth; and 4,683
cylinders at Oak Ridge (K-25 Site).> The cylinders are stacked two high, resting on concrete or
wooden storage chocks, in open gravel, asphalt, or concrete storage yards.

The Department is responsible for safely storing and managing its depleted UF,. The activities
supporting continued storage include the following:

. Routine visual and ultrasonic inspections of cylinders

. Cylinder painting

. Cylinder valve monitoring and maintenance

. General storage yard and equipment maintenance

. Yard reconstruction to improve storage conditions

. New storage yard construction

. Relocation of cylinders to new yards or to improve access for inspections
. Repair (patch welding) and contents transfer for breached cylinders

. Data tracking, systems planning and execution, and conduct of operations

The UF, Cylinder Program Management Plan is the controlling document for management and
implementation of program operations.® Safety analysis reports were prepared for the three sites
to define the safety basis for operations.

1.3 Rationale for the Depleted Uranium Hexafluoride Management Program

The goal of the Depleted Uranium Hexafluoride Management Program is to select and
implement a long-term management strategy for DOE’s depleted UF, The current DOE plan for
management of the depleted UF is to continue safe storage of the cylinders. If no uses for the
depleted uranium are found to be feasible by about the year 2010, steps would then be taken to
convert the UF; to triuranium octaoxide (U;0g). The U,O4 would be stored until it was

The K-25 site is now called the East Tennessee Technology Park, but is referred to as the K-25 site
throughout this document.

®Lockheed Martin Energy Systems. UF, Cylinder Program Management Plan. K/TSO-30. July 1996.
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determined that all or a portion of the depleted uranium was no longer needed. At that point, the
U;0; would be disposed of as low-level waste.” This plan was based on assumptions that
supported reserving depleted UF; for future defense needs and other potential productive and
economically viable purposes, including possible re-enrichment in an atomic vapor laser isotope
separation (AVLIS) plant, conversion of UF; to depleted uranium metal for fabrication of
penetrators (anti-tank weapons), and use as fuel in advanced liquid metal reactors.

Since the current plan was put in place, a number of developments have occurred that affect
those assumptions. For example, the Energy Policy Act of 1992 assigned responsibility for the
development of AVLIS to the USEC, the demand for penetrators has diminished, and the
advanced liquid metal reactor program has been canceled. In addition, stakeholders near the
current cylinder storage sites have expressed concern regarding potential environmental, safety,
health, and regulatory issues associated with the continued storage of the depleted UF; inventory.
The Ohio Environmental Protection Agency has issued a Notice of Violation to DOE, and the
Defense Nuclear Facilities Safety Board has provided a recommendation to the Secretary of
Energy regarding improvements in the management of depleted UF;. In addition, DOE is facing
increasing budget pressures with respect to the cost of continued cylinder storage.

The unique properties of depleted UFy, as well as the large volume in storage, suggest that the
evaluation, analysis, and decisions on the fate of this material be separate from those for other
DOE materials which are in storage or awaiting disposition. The Department has determined that
this is a major and “broad” Federal action (40 CFR 1502.4[b]) with potentially significant
environmental impacts and therefore requires the preparation of a Programmatic Environmental
Impact Statement (PEIS) in accordance with the National Environmental Policy Act of 1969.

1.4 Program Elements

The first phase of the Depleted Uranium Hexafluoride Management Program, management
strategy selection, is composed of three elements: engineering analysis, cost analysis, and a PEIS.
The relationship between these Program elements is shown in Figure 1. Lawrence Livermore
National Laboratory (LLNL) and its subcontractor, Science Applications International
Corporation (SAIC), have been tasked by DOE to conduct the Engineering and Cost Analysis
Projects, while Argonne National Laboratory (ANL) is developing the PEIS. Bechtel National,
Inc., and Lockheed Martin Energy Systems have also contributed to the Engineering Analysis
Project as subcontractors to LLNL. Selection a preferred long-term management strategy will be
documented in a Record of Decision, which is anticipated to be issued in 1998.

"Sewell, Phillip G. Memorandum to Leo P. Duffy. Subject: Plans for Ultimate Disposition of Depleted
Uranium. February 20, 1992.
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Public participation is an essential part of the Depleted Uranium Hexafluoride Management
Program. Both NEPA and DOE policy call for public involvement in DOE decision making, and
the Depleted Uranium Hexafluoride Management Program has included that involvement from
its early stages. The Request for Recommendations and Advance Notice of Intent published in
the Federal Register began the public involvement process. The factors that were used to
evaluate the responses were also developed with input from the public. Public information
forums were held at Portsmouth, Ohio; Oak Ridge, Tennessee; and Paducah, Kentucky, in
December 1994, July 1995, and November 1996.

The Department announced that it would prepare a PEIS on selection of a strategy for the long-
term management and use of depleted UF, on January 25, 1996, with the publication of a Notice
of Intent (61 FR 2239). Public scoping meetings were held at the three sites during February
1996 to provide an opportunity for the public to comment on the proposed action, the proposed
alternatives, and the range of impacts to be considered in the PEIS. The public was also invited
to comment by using a mail-in or fax-in response form, a toll-free telephone number, or the
e-mail link on the depleted UF; Management Public Scoping Homepage on the Internet.
Additional public meetings are planned for the PEIS preparation process, including a workshop
focused on industry and public hearings on the draft PEIS. The public will also be able to
comment on the draft PEIS through the same means as were used during scoping. The intention
is to provide multiple opportunities for public involvement in the DOE decision-making process
and to ensure effective two-way communication between DOE and its stakeholders.
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Figure 1 - Elements of the Depleted UF; Management Program
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1.4.1 Engineering Analysis/Technology Assessment

Technology assessment was the precursor to the Engineering Analysis Project. The goal of the
technology assessment was to identify and assess options that could be used in the development
of alternative strategies for the long-term management of depleted UF,. To facilitate
identification of options, the Department issued a Request for Recommendations in the Federal
Register on November 10, 1994 (FR 56324), asking individuals, industry, and other government
agencies to submit suggestions for potential uses for depleted UF, as well as for technologies
that could facilitate long-term management of the material. Fifty-seven responses were received,
resulting in 70 recommendations (some responses contained more than one recommendation).
The total recommendations also included five options that DOE was already considering, but that
were not suggested in any of the other responses.

Using evaluation factors that were developed with input from the public, independent technical
experts reviewed and evaluated the recommendations received before the submission deadline
(January 9, 1995). Responses received after the submission deadline were evaluated by the
Independent Technical Reviewers as time allowed, or by Lawrence Livermore National
Laboratory and Science Applications International Corporation staff. The results of the review
were presented in The Technology Assessment Report for the Long-Term Management of
Depleted Uranium Hexafluoride, published June 30, 1995.°

As a result of the technology assessment process, the Department’s efforts to seek and consider a
wide range of options have been successful. Many of the options recommended in response to
the Request for Recommendations were already known, while other responses contained
information on unique technologies and potential uses which had not been evaluated previously.
The feasible recommendations fall into four broad categories—conversion, use, storage, and
disposal—which, along with transportation, comprise the five “modules” or building blocks for
constructing management strategy alternatives. The Engineering Analysis Project, discussed in
detail in Section 2, has developed the engineering data for representative options in each of these
modules.

1.4.2 Cost Analysis

Cost is one of the factors that has an important bearing on the selection of a long-term
management strategy for depleted UF,. The Cost Analysis Project estimated the life-cycle costs
of the depleted UF, management strategy alternatives being considered by DOE. The Draft Cost

870oller et al., 1995.
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Analysis Report’ presents life-cycle cost estimates for each of the options analyzed in the Draft
Engineering Analysis Report and the management strategy alternatives included in the PEIS.
The costs are estimated at a scoping or preconceptual design level and are intended to assist
decision makers in comparing alternatives. The focus is on identifying the relative differences in
the costs of alternatives for purposes of comparison, not on developing absolute costs or bid-
document costs.

The technical data upon which the cost analysis is based are principally found in this Draft
Engineering Analysis Report. Some factors that contribute to and affect the primary capital and
operating costs include the following:

Research and development

Contingency for cost uncertainty

Potential revenue from sales of products or by-products
Permits, licensing, and environmental documentation
Production rate

Title I, II, and III engineering, design, and inspection
Construction management

Waste handling and disposal

Decontamination and decommissioning

1.4.3 Programmatic Environmental Impact Statement

A PEIS is a type of Environmental Impact Statement (EIS) that deals with broad strategies and
decisions, such as those that are regional or national in scope. The impacts analyzed are generic
rather than site-specific. The PEIS on selection of a strategy for the long-term management or
use of depleted UF evaluates the impacts of reasonable alternative strategies and supports the
selection of a strategy for implementation. The alternatives are analyzed for their potential
impacts on the human environment, including risks to worker and public health and safety. The
analysis includes the impacts of the current management activities for depleted UF cylinders at
the Department’s three gaseous diffusion plant sites, technologies for converting the depleted
UF; to other chemical forms, long-term storage, transportation of materials, use, and disposal.
The specific process(es) and the site(s) for conversion, manufacturing, disposal, or storage
facilities will be determined in the second phase of the Program. Additional NEPA documents
will be prepared as necessary to consider these specific impacts.

The Advance Notice of Intent to prepare an EIS published in the Federal Register on November
10, 1994 (59 FR 56325), included a preliminary list of four alternatives for consideration:

’Elayat et al. 1997.
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(1) continuation of current storage and management practices; (2) modification of depleted UF;
storage facilities and procedures; (3) use of depleted UF;; and (4) disposal of depleted UF.
These alternatives were further defined in the Notice of Intent, published in the Federal Register
on January 25, 1996 (61 FR 2239). The preliminary management strategy alternatives, as
described in the Notice of Intent, included the current management plan (the “no action
alternative”), two storage alternatives, two use alternatives, and one disposal alternative. At the
time of public scoping, the no action alternative was based on the course of action outlined by
Sewell (1992). After public scoping and DOE internal review, the no action alternative was
modified to be indefinite storage of depleted UF, cylinders at the three sites.

Two long-term storage alternatives are considered in the PEIS. These are storage as depleted
UF, and storage as an oxide—either triuranium octaoxide (U;O;) or uranium dioxide (UQO,).
Storage for up to 40 years is analyzed. The options for storage as UF, include (1) storage in
yards, (2) storage in enclosed buildings, and (3) deep underground retrievable storage (in a
mined cavity). Storage as U,0, or UO, would involve transport of the depleted UF; to a
conversion facility, conversion to the chosen oxide form, and transport of the oxide to a storage
facility. The storage facilities analyzed for U,O, or UO, are (1) buildings, (2) below ground
cement vaults, and (3) deep underground retrievable storage (in a mined cavity).

Of the various uses for depleted UF, proposed in responses to the Request for Recommendations,
two use alternatives are analyzed in the PEIS: the production of radiation shielding from UO,
(DUCRETE™) and the production of radiation shielding from uranium metal.’® The basic steps
which make up a use alternative are (1) transport of the depleted UF, from current storage to a
conversion facility, (2) conversion of the depleted UF, to UO, or uranium metal, (3) transport of
this new material to a fabrication plant, (4) manufacture into radiation shielding, and (5) transport
of this product to the user.

The disposal alternative for depleted UF, includes conversion to U,0;, or UO, and three different
disposal facility configuration options. Because it is chemically stable and insoluble, the oxide
form is generally regarded as the most appropriate form for permanent disposal. In this scenario,
the material would be disposed of as a low-level radioactive waste. The steps in the disposal
alternative are (1) transport of the depleted UF, from current storage to a conversion facility,

(2) conversion to U,O4 or UO,, (3) transport of the oxide to a disposal facility, and (4) disposal.
The facility designs analyzed in the disposal alternative will include drums placed in

(1) engineered trenches, (2) below ground concrete vaults, and (3) a mined cavity. Both bulk
disposal and grouted disposal forms are considered. Bulk disposal consists of placing the U,Oy
or UQ, directly in the drums. Grouted disposal involves first fixing the oxide in a cement-type

"DUCRETE™ is a trademark of Lockheed Martin Idaho Technologies Company and is licensed to
Nuclear Metals, Inc., Concord, MA.
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medium. General facility configurations are assessed for both humid and arid hypothetical
locations to provide the full range of potential impacts.

In addition to preparing the PEIS, Argonne National Laboratory is responsible for collecting and
developing the data necessary to analyze the continuation of current storage and management
practices (i.e., the no action alternative). Under the no action alternative, cylinder management
activities (handling, inspection, monitoring, and maintenance) would continue indefinitely.
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2.0 Engineering Analysis Project
2.1 Purpose

The goal of the Engineering Analysis Project is to perform a comprehensive technical analysis of
the options and suboptions involved in the alternative strategies being considered for the long-
term management of depleted UF,. The data developed in this project supported preparation of
both the PEIS and the Cost Analysis Report. This is a top-level analysis, projecting the
processes, facility size, and quantities of materials which would be involved in each of the
various options. The generic, non-site-specific data (preconceptual, scoping level) are being
documented in a series of engineering analysis reports (EARs). The first, the Interim
Engineering Analysis Report, was completed November 30, 1995. The data from the interim
EAR were revised in response to comments from Depleted Uranium Hexafluoride Management
Program personnel, and the Predecisional Draft Engineering Analysis Report was completed on
March 22, 1996. Additional accident analyses and another option for preparing the cylinders for
shipment were included in the March 22, 1996, document.

The Predecisional Draft Engineering Analysis Report was updated on November 15, 1996, in
response to comments from Depleted Uranium Hexafluoride Management Program personnel, to
maintain compatibility with the PEIS, and to incorporate new information such as the regulatory
and parametric analyses. The current report reflects the latest revisions to the engineering data.
The Final Engineering Analysis Report, incorporating comments on the draft EAR, will be made
available to the public concurrently with the final PEIS.

With the exception of the no action alternative, long-term management strategy alternatives for
depleted UF, consist of options and suboptions from two or more of the following five
“modules”: use, storage, disposal, conversion, and transportation. Conversion to another form,
such as U,0q, UO,, or metal, is needed to implement most of the alternatives. Likewise,
transportation of materials is an integral part of constructing the complete pathway between the
current storage sites and ultimate disposition for all alternatives except no action The analysis of
options and suboptions includes the development of preconceptual designs; estimates of
effluents, wastes, and emissions; specification of resource requirements; preliminary hazards
assessments; parametric assessments; development of accident scenario data; and the analysis of
license, permit, and regulatory requirements. The results of this analysis will assist DOE in
selecting a strategy by providing the engineering information necessary to evaluate the
environmental impacts and costs of implementing the management strategy alternatives.

2.2 Work Breakdown Structure

A work breakdown structure (WBS) was prepared to provide a disciplined basis for analysis and
comparison of depleted UF; management strategies. The Engineering Analysis Project analyzed
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the alternative strategies by their components (modules). Figure 2 summarizes the WBS

modules and the top-level options that are the building blocks for any alternative. The depleted
UF, work breakdown elements and levels were chosen to facilitate the preparation of complete
management strategy alternatives from a common database. While certain WBS elements will be
alternative-specific, many are applicable to a range of alternatives. For example, those WBS
elements that pertain to transportation and conversion apply to most alternatives. The WBS
levels are briefly described as follows:

Level 1 Depleted UFy Management Program (general).

Level IT Modules.
— The basic building blocks for constructing complete management
strategies.

Level IT Options.
— The general options for implementing modules and global actions
related to individual modules.
— Characteristic actions, material forms, applications, and end points that
capture basic differences in environmental risks.

Level IV Suboptions (e.g., technology-specific or application-specific).
— A breakdown of implementation alternatives.
— Data to support environmental risk analyses will be developed from
this level, as will flowsheets.

Level V Cost elements or accounts.
— Cost data will appear at this level.

Level VI Cost subaccounts, where necessary.

As shown in Figure 2, there are five modules in the WBS—transportation, conversion, use,
storage, and disposal. Conversion of the depleted UF, to another form is needed to implement
most of the alternatives. Three chemical forms have been identified as options within the
conversion module: U,Oq, UO,, and uranium metal. A number of technologies are possible for
each of these conversion options, and, likewise, there are multiple possibilities under each of the
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Figure 2 - Depleted UF; Management Work Breakdown Structure,

Showing Modules (Level II) and Options (Level III)
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other module options. This next level of detail in the WBS is referred to as suboptions.
Suboptions provide the technology and application definition necessary for the engineering
analysis and determination of environmental risks. The WBS for the U,O, conversion option is
graphically presented in Figure 3. Note that this figure illustrates the defluorination with
anhydrous hydrogen fluoride (HF) by-product suboption, one of two representative processes for
conversion to U;O, examined in the engineering analysis.

2.3 Data Requirements

A document entitled The Preliminary Depleted Uranium Hexafluoride Program Data
Requirements Report was developed jointly by the Engineering Analysis Project and PEIS teams
to specify the preliminary data requirements."" This preliminary Data Requirements Report was
forwarded to DOE on November 30, 1994, and signed by LLNL and ANL on December 13,
1994. The Final Depleted Uranium Hexafluoride Program Data Requirements Report, which
was forwarded to DOE on June 15, 1995, and signed by LLNL and ANL on July 18, 1995, is the
basis for data development for this Engineering Analysis Report."?

The Data Requirements Report established the baseline data requirements for the Cost Analysis
Project and the PEIS and served as the basis for preliminary data development prior to
completion of the Technology Assessment Report or scoping of the PEIS. The following
elements are included in the final Data Requirements Report:

® Definition of top-level pathways. This element involves definition of the pathway
between the current storage state and the end state for each option.

® Definition of technology modules. This element includes the work breakdown structure,
flowsheets, process descriptions, material and energy balances, and top-level design and
layouts.

® Definition of transportation requirements. This element includes identification of
material quantities, characteristics, transportation packaging, transport mode, and number
of shipments.

® Parametric analysis. Schedule and throughput impacts are considered in this element.

"Letter from J.N. Zoller to C. Bradley. Subject: Preliminary Depleted Uranium Hexafluoride Program
Data Requirements Report. UP-DUF-G-95-011. November 30, 1994,

2 etter from J.N. Zoller to C. Bradley. Subject: Final Depleted Uranium Hexafluoride Program Data
Requirements Report. UP-DU/95-06-G-053. June 15, 1995.
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Figure 3 - Work Breakdown Structure for the U,0; Conversion Option, Showing
Detail to Level VI for the Defluorination with Anhydrous HF By-product Suboption
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® License, permit, and regulatory analysis. This element considers regulatory impacts upon
design and construction; licensing, permitting, and operations; and management of by-
products and waste.

® Preliminary definition of hazards. Potential radiological, chemical, and industrial hazards
from normal operations and from accident conditions are considered under this element.

® Personnel radiation exposure. This element includes estimates of the number of workers,
the approximate distance of the workers from the radiation source, and the approximate
thicknesses of construction materials.

2.4 Methodology

Individual Engineering Data Input Reports were developed for the various options (WBS Level
IIT) and suboptions (WBS Level IV) that make up the depleted UF, management strategy
alternatives. These Data Input Reports included process flowsheets, top-level facility layouts,
resource requirements, emission and waste data, and preliminary hazards assessments. The basis
for the selection of these options is described in Section 3, which is largely derived from the
report entitled Characterization of Options for the Depleted Uranium Hexafluoride Management
Program, Basis for the Interim Engineering Analysis Report.® Figure 4 shows the options and
suboptions that are being analyzed in depth. Shaded blocks indicate principal options not
analyzed in depth and their suboptions. Additional suboptions not analyzed in depth are
discussed in Section 4.

Preliminary draft Engineering Data Input Reports were furnished to DOE and ANL for review
and comment. Comments were resolved during Engineering Analysis Project team meetings and
by the use of comment response documents. The Data Input Reports were revised and are
included in Section 6 of this report.

l'3Dubrin, James W., and J.N. Zoller. Characterization of Options for the Depleted Uranium Hexafluoride
Management Program, Basis for the Interim Engineering Analysis Report. November 1995.
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Figure 4 - Table of Options
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In the responses to the Request for Recommendations, a significant number of conversion
technologies were recommended that, with minor exceptions, are less technically mature, but
potentially offer unique features in the areas of environmental and cost benefits. Because these
recommendations are either in the early stages of conceptualization or development, or else
contain key design aspects that are proprietary, Engineering Data Input Reports were not
generated for these options and/or suboptions. These recommended options/suboptions are
nonetheless preserved for later decision making during the second (implementation) phase of the
Depleted UF; Management Program, when more narrowly focused issues such as specific siting,
technology, and transportation issues will be analyzed. Section 4 of this Engineering Analysis
Report summarizes the set of key recommendations for which Engineering Data Input Reports
are not being generated.

2.5 Assumptions

For the purpose of developing engineering data, assumptions were made regarding throughput,
isotopic composition, bulk density, operational availability, scheduling, packaging of materials
for transportation, and lag storage of materials. These assumptions are stated in each
Engineering Data Input Report and are somewhat dependent upon the option or suboption being
analyzed. Following are some of the major assumptions used in the reports.

¢ The depleted uranium is assumed to be chemically pure, with an average isotopic
composition of 0.001 percent U-234, 0.25 percent U-235, and 99.75 percent U-238 and a
corresponding specific activity (alpha) of 4 x 107 curies per gram (Ci/g) depleted uranium
(one curie equals 3.7 x 10'° nuclear disintegrations per second). In the filled UF, cylinders,
the short-lived daughter products of U-238, thorium (Th)-234 and protactinium (Pa)-234, are
in the same equilibrium with the U-238; therefore, these beta emitters each have the same
activity as U-238 (i.e., 3.3 x 107 Ci/g)

* Itis assumed that the depleted UF, will be transported in 14-ton cylinders like those
currently used for storage and that emptied cylinders will be shipped off site for treatment,
disposal, or use. Facilities provide three months’ onsite storage for outgoing emptied
cylinders (to allow for the decay of radioactive daughter products in the heel).

¢ U;0q will have a final bulk density of 3.0 g/cubic centimeter (cc) and will be transported in
55-gallon (208-liter) drums.

* UQ,, in sintered pellets (0.82 in. x 0.82 in.) or microspheres (1200 micron and 300 micron)
will have a final density of about 10 g/cc and will be packaged for transportation in 30-
gallon (113-liter) drums.

*  Metal derbies from the batch reduction process will be about 20 in. in diameter and 6.7 in.
high and will be packaged in wooden boxes.

*  Metal billets from the continuous reduction process will be 2 in. x 3 in. x 20 in. and will be
packaged in boxes.

’
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» Itis assumed that wastes will be compacted and shipped off site for treatment and disposal.
Hazardous wastes will be hauled to a commercial waste facility for treatment and disposal
according to Environmental Protection Agency (EPA) Resource Conservation and Recovery
Act (RCRA) guidelines.

e Depleted uranium, including depleted uranium waste forms, is subject to regulation by the
Atomic Energy Act (AEA), rather than by RCRA.

* A period of 20 years is assumed to disposition the entire depleted uranium stockpile (about
560,000 MT UFq in 46,422 cylinders). This corresponds to an annual throughput rate of
28,000 MT of UF; or about 19,000 MT of uranium.

*  Operations are assumed to be continuous for 24 hours/day, seven days/week, 52 weeks/year;
annual operating time would be 7,000 hours, based on a plant availability factor of 0.8.

»  Allowance for onsite storage space generally assumes one month’s supply of incoming
materials (e.g., cylinders), product, and other outgoing materials (with the exception of three
months’ storage for emptied cylinders).

A generic schedule was assumed for conversion (including empty cylinder treatment) and
manufacturing facilities in the program. Schedules were not differentiated for DOE or privatized
facilities. Beginning from the time of the Record of Decision (ROD), technology verification
and piloting were assumed to take five years, including preliminary assessments.

Simultaneously, design activities and the safety approval/NEPA processes would be proceeding,
both of which were assumed to be completed within seven years. Site preparation, facility
construction, procurement of process equipment, and testing/installation were assumed to require
four years, which would have plant start-up occurring about 11 years after the ROD. Following a
20-year period of operation, decontamination and decommissioning would require three years.

All facilities were assumed to be constructed and operated at a generic green field site. The
general design basis was DOE Order 6430.1A, General Design Criteria."* DOE-STD-1027-92,
Hazard Categorization and Accident Analysis Techniques for Compliance with DOE Order
5480.23, Nuclear Safety Analysis Reports,"” was used as a guide to develop preliminary hazards
classifications and related design features. DOE-STD-1020-94, Natural Phenomena Hazards
Design and Evaluation Criteria for Department of Energy Facilities,'® was also used.

These categories were assigned based on engineering judgment and require additional analyses
before final hazards categories can be defined.

"*U.S. Department of Energy. DOE Order 6430.1A, General Design Criteria. April 6, 1989.

'5U.S. Department of Energy. DOE-STD-1027-92, Hazard Categorization and Accident Analysis
Techniques for Compliance with DOE Order 5480.23, Nuclear Safety Analysis Reports. December 1992.

y.s. Department of Energy. DOE-STD-1020-94, Natural Phenomena Hazards Design and Evaluation
Criteria for Department of Energy Facilities. April 1994,
p .
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The size, number, and arrangement of facility buildings and equipment are preconceptual and can
change significantly as the design progresses. Facilities and processes would require
optimization during subsequent design development.

2.6 Accident Analyses

Each Engineering Data Input Report found in Section 6 includes an accident analysis.
Preliminary radiological and nonradiological hazardous accident scenarios that bound and
represent potential accidents for each facility are described in each report. Accident descriptions
include the following elements:

* A description of the accident scenario.

* An estimate of the frequency of the scenario.

* An estimate of the effective amount of material at risk in the accident, based on the
equipment sizes.

* An estimate of the fraction of the effective material at risk that becomes airborne in
respirable form.

* An estimate of the fraction of material airborne in respirable form released to the
atmosphere, taking into account the integrity of the containment system.

A supplemental accident analysis was prepared for externally initiated events with very low
probabilities and significant hazardous or radiological material releases. Several plausible
accidents in the frequency range between below 10 and above 107 are considered, and each
accident is applicable to several of the options and suboptions described in the Engineering
Analysis Report. In addition to the low-probability/high-consequence accidents, accidents
involving depleted UF; in cylinders in temporary storage or involving onsite handling are
analyzed in the Supplemental Accident Analysis. This analysis is found in Section 7.0.

2.7 Parametric Analyses

A parametric analysis, considering throughput impacts, was performed for the cylinder transfer
facility option before the completion of the predecisional draft EAR. The need for parametric
analysis of other options being considered for the long-term management of depleted UF, was
determined after the end of the scoping period for the PEIS (March 25, 1996). The following
options were selected for parametric analyses:

*  Conversion to U,Oy: defluorination with anhydrous hydrogen fluoride (AHF)
*  Conversion to UO,: ceramic UO, with AHF

*  Conversion to uranium metal by continuous metallothermic reduction

*  Manufacture and use as shielding (metal and DUCRETET™)

*  Storage in buildings as UO, and UF,
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« Disposal in a mined cavity as bulk U,Oq

Data requirements and a schedule for performing these analyses were finalized in early June
1996, and the analyses were completed in October 1996. Key data elements for throughput
variations that are 50 percent and 25 percent of the reference capacity case (28,000 MT/year of
depleted UF) were evaluated. The results of the parametric analyses are presented in Section
8.0.

2.8 Regulatory Analyses
2.8.1 License, Permit, and Regulatory Analysis

A brief study was conducted to identify the major federal legislation and implementing
regulations that would apply to the options discussed in the EAR, the main compliance
requirements (e.g., permits, licenses, monitoring, and record keeping), and any regulatory
uncertainties or potential major regulatory compliance issues. For purposes of this analysis, a
“major issue” is defined as having one or more of the following characteristics: (1) there is little
or no previous experience in meeting the requirement; (2) similar activities in the past have
encountered problems; (3) an above-average amount of time would be required for compliance;
(4) there is likely to be controversy. The license, permit, and regulatory analysis will assist in the
evaluation of the different options for conversion, use, storage, disposal, and transportation, as
well as in eliminating or reducing potential problems related to regulatory issues in the design for
a particular option.

The following federal statutes/regulations were analyzed in the report (the order reflects the
number of potential regulatory compliance issues addressed):

»  Atomic Energy Act (AEA) - Nuclear Regulatory Commission (NRC) regulatiéns
e Atomic Energy Act - DOE regulations

e Clean Air Act (CAA)

e National Environmental Policy Act

* Resource Conservation and Recovery Act (RCRA)

¢ Clean Water Act (CWA)

*  Hazardous Materials Transportation Act (HMTA) and NRC transportation regulations
e Safe Drinking Water Act (SDWA)

e Occupational Safety and Health Act (OSHA)

¢  Toxic Substances Control Act (TSCA)

*  Emergency Planning and Community Right-to-Know Act (EPCRA)

Additional federal laws and regulations whose provisions deal with the protection of site-specific
resources (e.g., the Endangered Species Act) were not analyzed because the options in this EAR
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are for generic facilities only. For the same reason, state-specific laws and regulations were
beyond the scope of this study. State- and site-specific regulatory issues will be addressed in the
second, implementation, phase of the Program.

In addition to the assumptions used in the EAR, other assumptions were also used in analyzing
the regulations and determining if major issues exist. Following are some of the major
regulation-related assumptions:

*  Depleted UF; in any form will retain its classification as “source material” and will continue
to be regulated under the AEA.

¢ Depleted UF is not considered a hazardous waste; it is considered a resource with future use
applicability.

»  All of the options assume green field facilities.

*  For compliance under the AEA, it is assumed that all privately owned and operated facilities
would be regulated by the NRC and that DOE-owned and -operated facilities would be
regulated by DOE.

*  All facilities that generate hazardous waste are considered small quantity generators under
RCRA.

*  All transportation of radioactive materials would take place within the continental United
States.

The overall conclusion of the regulatory analysis is that no particular option stands out, either
positively or negatively, in terms of regulatory compliance, nor do there appear to be any
regulatory issues that would preclude an option from being chosen. A number of options for
storage and disposal present major issues in terms of AEA licensing or compliance and NEPA
compliance; options for conversion and use present major compliance issues in terms of CAA
permitting and potentially for CWA permitting. The reclassification of depleted UF; as other
than a source material could have major impacts on both RCRA and CWA compliance, affecting
the permitting requirements for both regulations. Compliance at green field sites appears to be
more problematic for a number of regulations in comparison with compliance at existing DOE or
private facilities, where permit modifications may be all that are needed under the AEA, the
CAA, the CWA, and RCRA. The time and uncertainty for such modifications is significantly
less than for new permits. Ownership of materials and facilities has implications for regulatory
compliance under the AEA and NEPA. In general, DOE’s compliance burden is reduced
whenever a private entity is the owner or operator.

2.8.1.1 Conversion
RCRA could involve some major compliance issues and uncertainties with regard to hazardous
waste generation from conversion processes. Like the use and disposal facilities included in this

EAR, the conversion facilities would ship mixed waste off site to a RCRA-permitted facility for
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treatment, storage, and disposal. However, treatment and disposal options for mixed wastes are
currently limited. Because conversion, use, and disposal facilities would be considered small
quantity generators under RCRA, RCRA permits would not be required. However, if onsite
storage of hazardous or mixed waste becomes necessary for longer than the period allowed for a
small quantity generator, a RCRA storage permit would have to be obtained.

Preparing the depleted UF; cylinders for transport from the current storage sites to offsite
conversion facilities presents a potential major compliance issue because a number of the
cylinders do not currently meet Department of Transportation (DOT) requirements for offsite
shipment. Options for preparing cylinders for shipment are analyzed in Sections 6.1 and 6.2 of
the EAR. Preparation of nonconforming cylinders for shipment is also addressed.

2.8.1.2 Use

Like conversion facilities, manufacturing facilities could potentially have to comply with RCRA
storage and permitting requirements if adequate offsite treatment and disposal options for
hazardous or mixed waste are not available.

2.8.1.3 Storage

Licensing under the AEA for private, long-term storage facilities is unprecedented and inherently
controversial. Convincing regulators that storage options do not constitute disposal, especially in
the case of the below ground vault or mine options, could be a major regulatory compliance
issue. This would require extensive negotiations and demonstration that there is a defined term
for storage and likely use of the material at the end of the storage period.

NEPA compliance represents a potential major issue because of the likelihood of controversy.
Previous DOE NEPA documents on long-term storage facilities have often taken much longer
than anticipated and have sometimes resulted in litigation. Options involving vault and mine
storage may be perceived by both regulators and the public as disposal. Site-specific EISs for
these options would take longer to develop (between three and six years) than a typical EIS.

Like the conversion options, storage as depleted UF, could present major regulatory compliance
issues related to the shipment of existing cylinders. Many of these cylinders currently do not
meet DOT requirements for offsite shipment.

2.8.1.4 Disposal

The licensing of new low-level waste (LLW) disposal facilities under the AEA would be a major
compliance issue. Licensing under the AEA by NRC or authorized states may be difficult due to
the extensive regulatory requirements and the inherently controversial nature of the subject.
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Approvals under the AEA by DOE for new LLW disposal facilities may be difficult due to
extensive performance assessment requirements. Disposal facilities could potentially be required
to comply with RCRA storage and permitting requirements if offsite treatment and disposal
options for mixed waste continue to be limited.

2.8.2 Transportation Regulatory Analysis

A study was made to identify recent and potential future changes in the regulatory requirements
for depleted UF cylinder transportation and their possible effects on activities related to the
implementation of a long-term management strategy. The results of the analysis are summarized
below."”

2.8.2.1 49 CFR and ANSI N14.1

The final rule amending the regulations in 49 CFR pertaining to the transportation of radioactive
materials which was published in the Federal Register on September 28, 1995 (60 FR 50248),
and took effect on April 1, 1996, and the 1995 revision of American National Standards Institute
(ANSI) N14.1 did not significantly change the regulatory requirements for UF shipments.
Depleted UF is still defined as a low specific activity (LSA) material, allowing it to be packaged
and transported in a strong, tight or Type A packaging. The biggest change is the authorization
of industrial packagings (IP-1) for use in transporting depleted UF.

2.8.2.2 Proposed Revisions to IAEA Safety Series No. 6

The regulatory basis for UF; transportation appears poised to undergo changes which could
significantly impact offsite transportation options. Of several proposed changes to the
International Atomic Energy Agency (IAEA) Safety Series No. 6 (Regulations for the Safe
Transport of Radioactive Material)," the most significant is the thermal test, which would
require UF cylinders to be able to survive a 1475°F (800°C) fire for 30 minutes. The United
States is not in concurrence with the necessity for this requirement, except for cylinders
containing UF enriched to more than 1 percent; however, 49 CFR has generally incorporated
IAEA regulations in the past. It is therefore reasonable to assume that a thermal testing
requirement could be in effect in this country by the time transportation activities associated with
the implementation phase begin (estimated to be around 2008).

17Messimorc:, Jason. Depleted Uranium Hexafluoride Transportation Regulatory Analysis, UCRL-AR-
125086. Lawrence Livermore National Laboratory. August 22, 1996.

®International Atomic Energy Agency. Safety Series Number 6: Regulations for the Safe Transport of
Radioactive Material, 1985 Edition (As Amended 1990). Vienna, 1990.
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Thermal testing studies in France indicate that a protective covering of some sort may be
necessary for all cylinders, including 5/8 in. thick-walled cylinders. It is not known whether thin-
walled (5/16 in.) cylinders could pass the test even with thermal protection like that used in the
studies (96 percent of the U.S. cylinder population is thin walled). These developments will need
to be closely monitored, as they could potentially have a major effect on the implementation of a
long-term management plan for the Department’s depleted UF.
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3.0 Summary of Options Analyzed in Depth

As stated in Section 1.4.1, the Engineering Analysis Project developed the engineering data for
representative options which were determined to be feasible in The Technology Assessment
Report for the Long-Term Management of Depleted Uranium Hexafluoride. The feasible
recommendations fell into four broad categories—conversion, use, storage, and disposal—which,
along with transportation, comprise the five “modules” or building blocks for constructing
management strategy alternatives. The options that were analyzed in depth are summarized here.
The complete data for these options are contained in Section 6, where the individual Engineering
Data Input Reports are found. Other options which were considered but not analyzed in depth
are summarized in Section 4.

3.1 Transportation Module

This element includes options for cylinder preparation, emptied cylinder disposition, and
transport. Transport of all forms of depleted uranium by both truck and rail is included in the
individual Engineering Data Input Reports for the various conversion, use, storage, and disposal
options. No specific transportation technologies were described in the responses to the Request
for Recommendations.

3.1.1 Cylinder Preparation Option

This element refers to the preparation of the depleted UF, cylinders at their current storage sites
for transportation to an offsite facility, generally for conversion. A number of the cylinders
currently do not meet Department of Transportation (DOT) requirements for offsite shipment.
The cylinder problems are of three types: (1) overfilled cylinders, (2) overpressured cylinders,
and (3) substandard cylinders (e.g., cylinders with below the minimum value wall thickness or
other characteristics that render them unsafe or unserviceable according to ANSIN14.1)." There
are no definitive data on the number of cylinders affected by any of these problems, so the basis
for the engineering analysis is empirical data provided by site personnel. It is anticipated that
these estimates may be revised as the issues are further examined, including additional cylinder
data. It should be noted that these cylinder conditions are problems only for offsite transportation
and do not restrict onsite transport or storage.

In accordance with the 49 CFR 173.420(a)(4) transportation requirements for UF, the volume of
solid depleted uranium hexafluoride at 20°C (68°F) may not exceed 62 percent of the certified
volumetric capacity of the packaging. Overfilled cylinders are those in which the amount of

19 American National Standards Institute. ANSI N14.1-1995, American National Standard for Nuclear
Materials - Uranium Hexafluoride - Packaging for Transport. December 1, 1995.
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depleted UF; exceeds the fill limit. Prior to 1987 there were no fill limits in 49 CFR—only in
ORO-651 and ANSIN14.1, and these limits, with one exception, were below 61 percent. The
exception was the fill limit for the 48G cylinder, which was given as 28,000 1b, or 63.4 percent
of the minimum volume (139 ft*) at 20°C. Cylinders filled before 1987 were filled up to this
limit.

Overpressured cylinders are those in which the vapor space above the solid UF; contains excess
gas (non-UFy), causing the total pressure to be above atmospheric. These contaminants are
mostly air, HF, or other light constituents (with a density less than that of UF,) that were drawn
into or became trapped within the cylinder. At ambient temperatures, these cylinders do not meet
the DOT requirement that UF cylinder pressures be below atmospheric pressure for shipment.
When liquid depleted UF; was initially withdrawn from the cascades into the cylinder, this liquid
contained dissolved impurities, including gases. When the depleted UF, solidified, these gases
became trapped in the solid depleted UF, and as the solid continually sublimes and desublimes
over the years, these gases are released. The other mechanism that can increase light gases in a
cylinder is leakage of air into the cylinder through a leaking valve or plug or a breach. Moisture
in the air then reacts with UF; to form HF in the vapor space, which subsequently increases the
cylinder pressure.

Substandard cylinders are those that do not meet shipping criteria for other reasons. It is
anticipated that cylinders whose wall thickness has dropped below the minimum required
thickness would make up the largest component of the substandard cylinder population. Damage
or defects would also put a cylinder into the substandard category. For thin-walled cylinders,
which had a nominal original thickness of 312.5 mils (5/16 in.), the minimum required thickness
for transportation is 250 mils (1/4 in.). Most of the cylinders in storage are thin walled. Other
cylinder models have different wall thickness requirements.

Preliminary estimates of the numbers of cylinders which are overfilled, overpressured, or
substandard have been made, but they are very rough and are associated with many uncertainties.
For purposes of this analysis, the number of nonconforming cylinders projected for the year 2020
is used as the reference case to define the activities necessary to prepare the cylinders for
shipment. It is recognized that this preliminary estimate may change over time as estimates of
the number of nonconforming cylinders are refined and as cylinder conditions and regulatory
requirements change. Accordingly, additional cases are considered as shown in the following
table.
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Table 3.1

Preliminary Estimate of the Number of Depleted UF, Cylinders Conforming to Off-Site
Transportation Criteria

Reference Capacity Low-Capacity Case High-Capacity Case
Case

Number of Number of Number of | Number of Number of Number of
Non- Conforming Non- Conforming Non- Conforming

conforming cylinders conforming | Cylinders conforming Cylinders

Cylinders Cylinders Cylinders

Paducah 19,200 9,151 9,600 18,751 28,351 0
Portsmouth 5,200 8,188 2,600 10,788 13,388 0
K-25 4,683 0 2,342 2,341 4,683 0
Total 29,083 17,339 14,542 31,880 46,422 0

Lockheed Martin Energy Systems identified a number of methods for addressing each of these
problems, including the following: :

® Obtaining a DOT exemption
® Administratively raising the allowable fill limit
® Transferring excess depleted UF, from an overfilled cylinder into another cylinder using a

transfer facility
® Venting overpressured cylinders to new or empty cylinders or through a UF/HF cleanup

system

® Transferring the depleted UF, from all substandard cylinders into new cylinders using a

transfer facility
® Administratively lowering the wall thickness requirements
® Shipping the cylinders as they are within a protective overcontainer

In the cylinder preparation option, two distinct suboptions are evaluated to address
nonconforming cylinders: the overcontainer suboption and the transfer facility suboption. The
overcontainer appears to be an optimal solution because handling is minimized, construction and
operation of facilities to transfer material to new cylinders are avoided, waste is minimized, and
operational risk is anticipated to be similar to current cylinder handling operations. The transfer
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facility suboption provides an alternative to the overcontainer. The probability of obtaining a
DOT exemption or administratively lowering fill limits or wall thickness requirements is
unknown.

3.1.1.1 Overcontainer Suboption

Lockheed Martin Energy Systems has developed an initial design concept for a protective
overcontainer approach that would address all three problems in meeting DOT shipping
requirements. The overcontainer would be suitable to contain, transport, and store the cylinder
contents, regardless of cylinder condition, and could be designed as a pressure vessel enabling
volatilization of the depleted UF for transfer out of the cylinder. Thermal design analyses are
required to establish heat transfer rates for volatilization. Wall thickness and other design details
would be determined during conceptual design.

One of the technology concepts analyzed for this suboption involves placing the depleted UF,
cylinder in a horizontal “clamshell” vessel for shipment. Two other concepts were also
investigated— up-ending the depleted UF, cylinder and placing it into a vertical overcontainer or
inserting a cradle-mounted cylinder horizontally into an overcontainer using a loading ramp and
rollers. Each of these concepts would require a bolted sealing flange on one end of the
overcontainer to effect closure. Handling and support equipment for onsite movement and
loading the cylinder into the clamshell overcontainer would be of the same type that is currently
used for cylinder management activities. This is a major advantage in terms of minimizing
design and fabrication costs.

Based on the Cost Analysis Report and the PEIS, the overcontainer suboption appears to have the
lowest potential environmental impacts and the lowest potential costs. However, it may not
bound impacts if other options were implemented.

The Engineering Data Input Report for the overcontainer suboption is located in Section 6.1.
3.1.1.2 Transfer Facility Suboption

The second suboption for cylinder preparation is to transfer the depleted UF from
nonconforming cylinders to new cylinders. Unlike the overcontainer suboption, the transfer
facility suboption would appear to bound potential environmental impacts. Not only would a
building containing autoclaves be constructed (no facilities would be constructed for the
overcontainer suboption), but operation of the transfer facility would involve the heating of
cylinders and the movement of depleted UF, from nonconforming cylinders to conforming
cylinders. The transfer facility could also be used to develop a long-term storage alternative for
storing all the depleted UF in conforming cylinders.

3-4



Draft Engineering Analysis Report for the Long-Term Management
of Depleted Uranium Hexafluoride - Rev. 2

The reference case is designed to transfer the contents of 960 nonconforming cylinders per year,
for a total of 19,200 cylinders over 20 years. As shown in Table in 3.1, this is the number of
cylinders which preliminary estimates project to have problems by the year 2020 at the Paducah
site. Twelve air heated autoclaves would be provided to empty the incoming, full cylinders, four
in each of three parallel trains of depleted UF; transfer and filling equipment. Air heating would
be utilized to assure safe vaporization of the depleted UF, because it was assumed that the use of
steam heated units could result in a reaction between the depleted UF, and the water vapor in the
steam if there were a breach (a more likely possibility for a substandard cylinder than for a
conforming one). The depleted UF would be transferred by sublimation rather than liquefaction,
and the sublimed UF, gas would be compressed, liquefied in a condenser, and drained into a
new, empty cylinder.

The technology feasibility for cylinder transfer of UF; is well established. Although domestic
experience is primarily with steam heated autoclaves, there are no fundamental technical issues
with air heated autoclaves. Industrial-based heat transfer coefficients were unavailable for the
transfer facility engineering analysis to precisely establish the required number of autoclaves.
These data and the impact of cylinder condition on the transfer rate would be established in a
subsequent engineering development phase of the Program.

Two parametric cases have also been developed using substantially larger and smaller numbers
of cylinders being transferred annually than in the reference case. These cases were sized by
using multiples of the standard autoclave module developed in the reference case and have the
following throughputs:

® Five autoclave modules transferring 1,600 cylinders per year (32,000 cylinders over a 20-
year period)

® One autoclave module transferring 320 cylinders per year (6,400 cylinders over a 20-year
period)

The larger facility would be capable of transferring all the cylinders at Paducah, the site with the
most cylinders (28,351). The smaller facility would be appropriate for transferring all the
cylinders at K-25 (4,683) or all the projected nonconforming cylinders at Portsmouth (5,200) in
fewer than 20 years. These cases were developed to reflect a range of possible cylinder
conditions. The high-capacity case assumes that all of the cylinders would be nonconforming
and would either be placed in an overcontainer or transferred into conforming cylinders. The
high-capacity case may also be used to support an option for transferring all the UF, from the
existing cylinders into new cylinders and storing it.

The Engineering Data Input Report for this suboption is located in Section 6.2.
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3.1.2 Cylinder Treatment Facility

Most of the options being considered involve removing the depleted UF, from the cylinders and
converting it to another form. Disposition of the empty cylinders (46,422) and the residual
“heel” of depleted UF is addressed in the Engineering Data Input Report, Depleted Uranium
Cylinder Treatment Facility. This report provides the initial engineering data for a stand-alone
facility for removal of depleted UF, heels remaining in emptied cylinders. The treatment facility
supports all Engineering Data Input Reports for conversion options, as well as a possible storage
suboption in which the depleted UF is transferred to new cylinders for long-term storage. The
stand-alone facility described here would maximize the land, resource, and transportation
requirements for heel removal. In practice, it is likely that this function would be integrated into
other facilities at the conversion sites as a cost savings measure.

The cylinders are washed with water, and the aqueous wash solution containing uranyl fluoride
(UOQ,F,) and hydrogen fluoride (HF) is evaporated and converted to solid triuranium octaoxide
(U304) and HF by pyrohydrolysis using steam and heat. The U,0j is packaged and sent for either
disposal or storage. The HF is neutralized with lime to calcium fluoride (CaF,) and separately
packaged. The quantity of HF produced is assumed to be too small to warrant marketing it.

This report assumes that the treated cylinders will become part of the scrap metal inventory at the
gaseous diffusion plant sites. Final disposition for the cylinders, along with that for other similar
materials, would be determined in other analyses. The residual radiation level is assumed to be
very low; however, in the absence of a regulatory value, it is unclear that the cylinders could be
released for unrestricted use.

The Engineering Data Input Report for the cylinder treatment facility is located in Section 6.3.
3.2 Conversion Module

Conversion of the depleted UF; to another chemical form is required for most management
strategy alternatives. Triuranium octaoxide (U,Oy), uranium dioxide (UQ,), and uranium metal
(U) are the three principal uranium forms of interest. Due to their high chemical stability and
low solubility, uranium oxides in general are presently the favored forms for the storage and
disposal alternatives. High density UO, and U metal are the preferred forms for spent nuclear
fuel radiation shielding applications due to their efficacy in gamma ray attenuation. Uranium
metal is the required form for most dense material applications, where high density and high
kinetic energy transfer are the required properties.

All conversion processes start with the volatilization of depleted UF,, and all those being
analyzed in depth involve the processing of major quantities of HF. Uranium hexafluoride and
HF represent the most significant chemical hazards to the environment and the worker.
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3.2.1 U,0, Option

The conversion of uranium hexafluoride to U,O; through the introduction of steam is often
referred to as defluorination. This “dry” process is well established and is practiced on a large
scale industrial basis by Cogema in France for the defluorination of depleted UF,. The
conversion process involves two steps. In the first, exothermic, step, the gaseous UF; is
hydrolyzed with steam to produce solid uranyl fluoride (UO,F,) and HF. In the second, highly
endothermic, step, the UO,F, is pyrohydrolyzed with superheated steam (optionally containing
H,) to U,0; and additional HF.

The reactions are as follows:
Step 1: UF,(g) + 2 H,0(g) = UO,F, (s) + 4 HF(g)

Step 2: UO,F, (s) + H,0(g) — 1/3 U,04(s) + 2 HF(g) + 1/6 O,(g)

or
Step 2" UO,Fy(s) + 2/3 H,0(g) + 1/3 Hy(g) — 1/3 U0, (s)+ 2 HF(g)

Due to the large excess steam requirements for the second step, concentrated HF (typically 70
percent HF - 30 percent H,0) is the direct process by-product. The U,0; would be compacted to
achieve a bulk density of about 3.0 g/cc prior to storage or disposal.

As indicated, the technology feasibility for the large scale conversion of UF, to U,;0; is well
established. For the engineering analysis, there are scaling uncertainties, including residency
times, associated with the conversion reactors. These and the uncertainties in materials of
construction and the optimal operating conditions would be resolved in a subsequent engineering
development phase of the Program. Although anhydrous HF is not produced as the by-product
from the Cogema facility, distillation (the assumed process to upgrade the aqueous HF) is well
established. Again, any uncertainties with the specific distillation process and its integration
assumed for the engineering analysis (see 3.2.1.1) would be addressed in a subsequent
engineering development phase of the Program.

Two suboptions were developed in the Engineering Analysis Project for the dry conversion of
UF, to U504 The first process upgrades the concentrated HF to anhydrous HF (AHF < 1 percent
H,0) for sale with unrestricted usage, based on the very low uranium contamination level. The
second process neutralizes the HF to calcium fluoride (CaF,) for sale or disposal. In addition to
several technologies recommended by industry, the U.S. Nuclear Regulatory Commission and
the State of Tennessee Department of Environment and Conservation made general
recommendations for conversion to U,0;.
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It is considered unlikely that the presence of trace amounts of uranium would prevent the AHF
from being made available for unrestricted use, and even more unlikely that this would prevent
its being recycled in the nuclear fuel industry for the conversion of yellowcake (concentrated
U,0y) to natural UF; however, in the unlikely event that the AHF could not be marketed, the
acid would be neutralized with lime. In the absence of regulatory constraints regarding the
uranium content, the CaF, could be sold as a fluorspar substitute for the commercial production
of AHF. This would avoid the potential hazards associated with the handling, storage, and
transportation of large quantities of AHF. Alternatively, the CaF, could be disposed of as
nonhazardous solid waste in a sanitary landfill. A potential vulnerability is that disposal as low-
level waste (LLW) would be necessary because of the small uranium content in the CaF, and the
disposal costs would rise significantly.

3.2.1.1 Defluorination with Anhydrous HF Production Suboption

Defluorination with AHF production is superior to defluorination with HF neutralization in terms
of waste avoidance and by-product value. This is because there is a considerable market for AHF
in North America, while the market for aqueous HF is limited. However, handling, storage, and
transportation of large quantities of AHF present more of a potential hazard than the suboption in
which the HF is neutralized.

Based on Cogema’s experience, it is anticipated that the AHF will contain only trace amounts of
depleted uranium (less than 1 part per million, or 0.4 picocuries [pCil/g). As generally
recommended in the responses to the Request for Recommendations (RFR), the HF is upgraded
to AHF by distillation. The HF/H,O mixtures from the hydrolysis and pyrohydrolysis reactors
are combined and then the components are separated in a distillation column to obtain an AHF
stream and an azeotrope (constant boiling) stream. The azeotrope stream is vaporized and
recycled to the hydrolysis reactor as the steam feed.

Distillation is a common industrial process and was the design basis for this suboption. The
processing of the azeotrope and the process parameters for the conversion reactors were
patterned after the General Atomics/Allied Signal response to the RFR and the Sequoyah Fuels
Corp. patented process. This representative process has not been industrialized, but the initial
research and development have been completed.

The Engineering Data Input Report for this suboption is located in Section 6.4.

3.2.1.2 Defluorination with HF Neutralization Suboption

As discussed in Section 3.2.1, it is reasonable to expect that, due to the very low uranium
contamination level in the HF by-product stream, the AHF could be used commercially.

However, in the unlikely event that the recovered HF could not be sold or even recycled in the
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nuclear fuel industry, the concentrated HF would be reacted with lime (CaO) to form CaF,. In
the absence of regulatory constraints regarding the uranium content, the CaF, could be sold as a
feedstock (i.e., a high quality fluorspar substitute for the commercial production of AHF). Here,
the rationale is the avoidance of the potential hazards associated with the processing, general
handling, storage, and transportation of large quantities of AHF. The by-product value of CaF, is
less than that of AHF, and major quantities of lime would be required for the neutralization.
Alternatively, the CaF, could be sent to a disposal facility. This case would result in a large
waste stream (approximately 1 kg per kg uranium) and would bound the waste generation for
defluorination.

The engineering analysis for this suboption assumes the basic two-step defluorination process
described above (Section 3.2.1), but with the deletion of the HF acid distillation step and the
addition of a neutralization step. The specific process parameters are largely based on data from a
previous report.”’ That process includes the addition of hydrogen gas to the steam pyrolysis step
to reduce the external heat requirements (Step 2'). Accordingly, with the exception of HF acid
neutralization, this overall process parallels the defluorination process recommended by Cogema.

Cogema operates the world's only defluorination facility for converting depleted UF; to U,Oq in
Pierrelatte, France. Cogema stores the U,Oy in buildings on the conversion plant site and sells
the aqueous HF to a ready European market. The average purity of the HF is below the 0.1 ppm
uranium instrument detection levels, well within the 5 ppm specification given for aqueous HF
sales (there are no regulatory limits for free release in France). The aqueous HF is viewed as
very pure and highly desirable by potential purchasers, and is readily marketed to outside buyers
in the glass and steel industries.

The Engineering Data Input Report for this suboption is located in Section 6.5.
3.2.2 U0, (Ceramic) Option

High density UO, is uranium dioxide with an assumed particle density of about 9.8 g/cc (90
percent of its theoretical density [10.8 g/cc]) and bulk density of about 5.9 g/cc. Depending on
the particle shape, size, and size distribution, the bulk density of UO, will generally be two to
three times that of compacted U,O, powder. This higher density translates into substantially
reduced space requirements for the storage and disposal alternatives. It also enables those
radiation shielding applications in which depleted uranium oxide is substituted for the course
aggregate material in conventional concrete.

OCharles, L.D., et al. Cost Study for the D&D of the GDPs, Depleted Uranium Management and
Conversion (Draft). K/D-5940-DF. Martin Marietta Energy Systems Central Engineering. September 1991.
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The conversion of UF to dense UO, is industrially practiced in the nuclear fuel fabrication
industry. By either a "wet" or a "dry" process, the UF; is converted to a low density UO, powder
under controlled conditions to assure suitable powder morphology for sintering to high density
for use as nuclear power reactor fuel pellets. The wet processes are based upon precipitation of
uranium from an aqueous solution, while the dry processes are based upon decomposing and
reducing the UF by steam and hydrogen in either fluidized bed reactors or rotary kilns. The
powder is pressed into a pellet under high pressure, and the pellet is sintered at high temperatures
to yield a solid which is typically 95 percent of the theoretical density. For depleted uranium, the
chemical process equipment can be scaled, as there are no nuclear criticality constraints. Product
morphology and other quality factors which are critical in the fabrication of nuclear fuels are
relatively unimportant here.

Three suboptions were developed in the Engineering Analysis Project for the conversion of UF;
to UO,. A generic industrial dry process with conversion (similar to that described for U,04)
followed by conventional pelletizing and sintering to produce centimeter-sized pellets is the basis
for the first two suboptions. The first suboption upgrades the concentrated HF to AHF <1
percent H,0) for sale with unrestricted usage, based on the very low uranium contamination
level. The second suboption neutralizes the HF to calcium fluoride (CaF,) for sale or disposal.

A number of respondents to the RFR recommended conversion using a dry process, including
Siemens, Fluor Daniel (details are proprietary), and DOE. The third suboption, a wet process, is
based on small scale studies and is referred to as the gelation process. This process was
recommended by DOE. If appropriate, based upon the Record of Decision, advanced approaches
for the production of dense UO, would be evaluated during phase two of the Program. These
include concepts which would enable sintering at lower temperatures.

The technology feasibility for the large scale conversion of UF,to densified UO, using the "dry"
process is well established. The nuclear fuel cycle industry produces densified UO, fuel pellets
and Cogema operates a large scale defluorination facility. For the engineering analysis, there are
scaling uncertainties, including residency times, associated with the conversion reactors. As
indicated above (3.2.1), these and other uncertainties would be resolved in a subsequent
engineering development phase of the program. In addition, this phase would address the design
and engineering of much larger sintering furnaces compared to those used in the nuclear fuel
fabrication industry.

The specific "wet" process (gelation) examined in the engineering analysis involves the initial
steps of defluorination to U,04(3.2.1), followed by acid dissolution of the oxide. Both steps are
well established. The subsequent aqueous processing involves significant performance and
equipment scaling risks that would require an extensive research and engineering development
program for resolution.
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3.2.2.1 Dry Process with Anhydrous HF Production Suboption

Step one in the dry process is the same as the first step in the U,Oq conversion processes
described in Section 3.2.1: the gaseous UF; is hydrolyzed with steam to produce solid UO,F, and
HF in an exothermic reaction. The solid UO,F, from the steam hydrolysis is converted in an
endothermic reaction to UQ, powder in the second reactor by a mixture of steam and a
stoichiometric quantity of hydrogen. The reactions are as follows:

Step 1: UF((g) + 2H,0(g) = UO,F,(s) + 4HF(g)
Step 2: UO,F,(s) + H,(g) — UO,(s) + 2HF(g)

After standard physical treatment operations (milling, compacting, and screening) and the
addition of a dry lubricant, the UO, powder is pressed into pellets with a density of about 50
percent of theoretical. The pellets are sintered in furnaces with a hydrogen-reducing atmosphere
to achieve an assumed density of about 90 percent of the theoretical density. The HF is then
upgraded to AHF as described in Section 3.2.1.1.

Due to the fact that the oxide throughput is an order of magnitude higher than that for nuclear
fuel fabrication plants, the preconceptual design assumes much larger sintering furnaces than
those used in commercial fuel fabrication plants. Furnaces of this size and with these
performance specifications are not presently available, but furnaces with one or two of the
features (high capacity, high temperature, and special gas atmosphere) are common. It is
believed that sintering furnaces combining all of these features can be engineered and fabricated
with moderate risks.

The Engineering Data Input Report for this suboption is located in Section 6.6.
3.2.2.2 Dry Process with HF Neutralization Suboption

The only difference between this suboption and the one described in Section 3.2.2.1 is the
neutralization of the HF acid by-product. The neutralization step is the same as that described in
Section 3.2.1.2.

Due to the fact that the oxide throughput is an order of magnitude higher than that for nuclear
fuel fabrication plants, the preconceptual design assumes much larger sintering furnaces than
those used in commercial fuel fabrication plants. Furnaces of this size and with these
performance specifications are not presently available, but furnaces with one or two of the
features (high capacity, high temperature, and special gas atmosphere) are common. It is
believed that sintering furnaces combining all of these features can be engineered and fabricated
with moderate risks.
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The Engineering Data Input Report for this suboption is located in Section 6.7.
3.2.2.3 Gelation Process Suboption

In the gelation process, depleted UF is processed to produce dense microspheres of UQ,
(millimeter-sized), CaF,, and AHF. The CaF, and AHF are of sufficient purity to be sold
commercially. The gelation process intrinsically avoids the pelletizing step and powder handling
in general. The spherical, smaller-sized particles afforded by the gelation process permit higher
bulk densities and can enable potential use, storage, and disposal applications requiring minimal
void volumes. The chemistry is considerably more complex than in the alternative dry processes.

The initial step in the gelation process is a dry process (steam hydrolysis/steam pyrolysis) for
conversion of UF, to U;Og and AHF. In the first, exothermic, step, the gaseous UF; is
hydrolyzed with steam in a fluidized bed reactor to produce solid uranyl fluoride (UO,F,) and
HF. In the second, highly endothermic, step, the UO,F, flows to a rotary kiln where it is
pyrohydrolyzed with superheated steam to form U,Qy, O,, and additional HF.

The reactions are as follows:

Step 1: UFg(g) + 2 H,0(g) — UO,F, (s) + 4 HF(g)
Step 2: 3UO,F, (s) + 3H,0(g) — U,04(s) + 6 HF(g) + Y2 O,(g)

As before, the AHF is recovered using a distillation process.

After the formation of U,O, and AHF, the remaining steps are as follows:

° U,0Qq dissolution: U,0 is dissolved in nitric acid (HNO,) using a batch process to form
an acid-deficient uranyl nitrate solution (ADUN). The acid is added in a slightly deficient
stoichiometric quantity. The reaction is as follows:

2U;04 + 11.6HNO; — 6UO,(OH), 4(NO,), c +NO + NO, + 4.6H,0
Some nitrate is formed in the above solution by the following reaction:

H,0 + NO, +NO — 2HNO,

Urea (in stoichiometric excess) is added to the ADUN solution in denitriting tanks to
stabilize the uranyl ion, and the solution is chilled:

2HNO, + CH,NO, = CO, +2N, +3H,0
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Gel solution preparation: The denitrited ADUN is cooled and mixed with a chilled
hexamethylenetetramine (HMTA) solution to form a feed broth, which is fed to gelation
columns. The solutions are cooled to 0°C to prevent gelation from occurring in the feed
system and to control the reaction rate.

Gel sphere formation: The ADUN/HMTA broth is fed to gelation columns through
vibratory nozzles. The nozzles fragment the gel solution into droplets above a column of
hot oil (trichloroethylene [TCE]). The droplets fall into the hot oil, which initiates the
decomposition of the HMTA to form ammonium hydroxide and formaldehyde according
to the following reaction:

2 (CH,)N, + 10 H,0 — 4NH,OH + 4HCHO

The ammonium hydroxide then reacts with the ADUN to form UQ, gel spheres. The gel
spheres settle to the bottom of the column, where they are aged for 20 minutes to allow
the reaction to go to completion. The simplified chemical reaction is as follows:

UO,(OH), ,(NO,), ¢+ 1.6NH,OH — UO,*H,0+ 1.6NH,NO,

The gel spheres are filtered and dried with air to remove the TCE, then transferred to
washing. Two sphere sizes are produced, 1200 micron and 300 micron.

Gel sphere setting: The 1200- and 300-micron spheres are washed in a 0.5 molar
ammonia solution using separate but identical equipment and processes. Heated air is
used in a three zone process to dry the spheres.

Sphere sintering and blending: The dried spheres are heated to drive off the remaining

water, reduced in a hydrogen atmosphere to form UQ,, and sintered to form ceramic UO,
spheres. The sintered UO, spheres are blended in a 70 weight percent 1200-micron and
30 weight percent 300-micron mixture. The final bulk density is 9.0 g/cc. The spheres
are packaged in 30-gallon drums for shipment.

The technological risks associated with the gelation process are substantially greater than those
associated with the dry process conversion of UF, to densified UO,. In addition to the greater
process performance and equipment scaling risks, the technology for the recycle of process

reagents used in major quantities is uncertain. In the absence of a well-defined recycle operation

3

the reagents were assumed to be disposed as a sanitary waste, which significantly adds to the
operating costs. The addition of a recycle operation would increase the facility capital cost, but a
favorable tradeoff with operating costs (reagent and disposal) could be expected. Research and
development activities are required to identify and demonstrate the optimal recycle system.

3-13



Draft Engineering Analysis Report for the Long-Term Management
of Depleted Uranium Hexafluoride - Rev. 2

The Engineering Data Input Report for the gelation suboption is located in Section 6.8.
3.2.3 Uranium Metal Option

Two metallothermic reduction routes (batch and continuous) were analyzed in depth for the
production of uranijum metal. Both processes have the same chemistry: the magnesium metal
(Mg) reduction of uranium tetrafluoride (UF,) to produce uranium metal and a magnesium
fluoride (MgF,) by-product slag. The UF, required for either process would be generated by the
hydrogen (H,) reduction of depleted UF (a standard industrial process), producing AHF as the
by-product.

The reactions are as follows:
Step 1: UF(g) + Hy(g) = UF,(g) + 2HF(s)
Step 2: UF,(g) + 2Mg(s) — U(s) + 2MgF,(s)

Both metal conversion processes produce MgF, in substantial quantities which much be disposed
of as a waste. The batch metallothermic reduction process includes a decontamination step for
the MgF, by-product, resulting in a 50 ppm uranium concentration. The by-product from the
continuous metallothermic reduction process is assumed to have a low enough uranium
concentration that a separate decontamination step would not be necessary. In both cases, it is
assumed that the MgF, would be granted a free release exemption for disposal as a nonhazardous
solid waste. An exemption would be required for slag disposal in a sanitary landfill since the
uranium activity in the treated slag will still be large compared to that in typical soils.

Several respondents to the RFR recommended conversion to metal using batch metallothermic
reduction with various MgF, decontamination technologies. The basis for the engineering
analysis is the generic leaching process for MgF, decontamination. The other suboption analyzed
in depth is the continuous metallothermic reduction process that is currently under development.
The engineering analysis for this process is based upon the recommendations by Nuclear Metals,
Inc., and DOE. The initial expectation, and the design basis, is that the level of uranium
contamination in the MgF, by-product will be sufficiently low in the continuous process that a
post-treatment step such as the acid leaching step used in the batch metallothermic process would
not be necessary. The continuous metallothermic reduction process potentially offers three
primary advantages: (1) higher throughput for a comparable size of reactor; (2) alower level of
uranium contamination in the by-product slag; and (3) a liquid uranium product stream for direct
casting into the end product form, i.e., avoidance of a remelting step. The current continuous
metallothermic reduction design produces a uranium alloy containing a small percentage of iron.
This alloy is judged to be acceptable for the primary use of interest, radiation shielding.
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The central issue for metallothermic reduction processes in general is the disposition of the by-
product slag. There is a potential vulnerability that disposal as LLW would be necessary because
of the uranium content in the MgF, and the disposal costs would rise significantly. Increasingly
stringent requirements for sanitary disposal may necessitate alternative or additional treatment
processes. Several responses to the RFR specifically addressed the treatment of the MgF, by-
product slag (see Section 4.2.2.2).

3.2.3.1 Batch Metallothermic Reduction Suboption

In the batch metallothermic process, the UF; is reduced with hydrogen gas in a tower reactor.

The AHF is recovered and stored for offsite shipment to a commercial customer. The UF,
powder and a slight stoichiometric excess of Mg are contained in a sealed metal vessel and pre-
heated. Once initiated, the reduction reaction is sufficiently exothermic to convert the reactants
to molten uranium metal (collecting at the bottom of the reactor) and less dense molten MgF,
(accumulating on top of the uranium metal). After solidification and further cooling, the uranium
metal billet (typically 600 kg) is mechanically separated from the solid MgF, slag. The cycle time
per batch is dominated by the heating and cooling periods (effectively about 12 hours total). A
very large number of reactors are required due to the long heating and cooling periods.

The MgF, slag is ground and screened and any metal pellets are recovered for recycle. The
highly refractory slag is then roasted and ground to facilitate leaching. After the slag is leached
with nitric acid using a multistage countercurrent process, the MgF, is dried and drummed for
disposal as appropriate. Disposal in a sanitary landfill would require an exemption, which has
typically been possible for waste with activity levels below 35 pCi/g. The slag will still contain
residual uranium (estimated at 50 ppm, or 20 pCi/g) that is significantly greater than the uranium
activity found in soils. The nitric acid leach liquor, principally containing dissolved uranium and
magnesium, is evaporated, calcined, and finally grouted with cement for LLW disposal.
Alternate decontamination processes are described in Section 4.2.2.2.

The preconceptual design for the batch reduction process assumed batch sizes typically used by
domestic uranium metal producers. Significantly larger batch sizes have been used by at least
one non-domestic producer; however, no production information is available. Use of larger
batch sizes, requiring fewer metallothermic reduction furnaces and reduced labor requirements,
could result in significantly lower production costs.

The technology feasibility of the batch process for the large scale production of uranium metal is
well established. The only significant uncertainties are associated with the MgF, by-product
decontamination step, namely the exact number of leaching stages and the achievable, practical
level of decontamination. If unavailable from industry, this data would be obtained in a
subsequent engineering development phase of the Program. This phase would also address the
tradeoffs in using reduction furnaces with larger batch sizes.
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The Engineering Data Input Report for this suboption is located in Section 6.9.
3.2.3.2 Continuous Metallothermic Suboption

As in the batch metallothermic reduction process, the UF is reduced with hydrogen gas in a
tower reactor. The AHF is recovered and stored for offsite shipment to a commercial customer.
A mixture of UF,, magnesium (Mg), Iron (Fe), and an inert diluent salt is continuously fed into
the top of a heated vertical reactor. The Fe and diluent salt reduce the melting points of the
reaction product (U) and by-product (MgF,) to improve materials compatibility and allow
subatmospheric operation. Due to density differences, the U/Fe molten alloy settles to the
bottom of the reactor where it is continuously withdrawn. The lower density MgF,/diluent
molten salt mixture floats on top and is withdrawn separately. The molten alloy is cast into
billets or into the end product form if the manufacturing function is integrated into the
conversion facility. The molten salt mixture is cooled and then ground, and the water-soluble
diluent salt is dissolved. After evaporation and drying, the diluent salt is recycled to the reactor.
The insoluble MgF, is drummed for disposal in a sanitary landfill. The annual throughput of the
continuous metallothermic reduction reactor is an order of magnitude greater than that of a batch
reactor (600 kg/batch); therefore the number of reactors is greatly reduced.

Based on the underlying design assumptions, the continuous process represents a lower bound on
cost for producing uranium metal (alloy). However, the technological risks associated with the
continuous reduction process are substantially greater than those associated with the batch
process for reduction of UF, to uranium metal. The major uncertainty is the achievement of very
low levels of uranium in the by-product salt during the reduction process. If further development
indicates that such levels cannot be practically achieved, then a decontamination step would be
required, at added cost. Leaching of the MgF,, as in the case of the batch process (3.2.3.1) or in
advanced processes (4.2.2.2), would be applicable.

Pilot scale testing is required to verify reactor throughputs, materials of construction, operating
durations, and by-product contamination levels under production conditions. These data would
be established in a subsequent engineering development phase of the Program.

The Engineering Data Input Report for this suboption is located in Section 6.10.
3.3 Use Module

There are a variety of possible uses for the conversion products of depleted UF,. These include
the light water reactor fuel cycle, advanced reactor fuel cycles, dense material applications, and
radiation shielding applications. Of the various uses proposed in response to the RER, the
production of radiation shielding material provides the basis for the two suboptions that were
analyzed in depth.
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3.3.1 Radiation Shielding Applications Option

The engineering analysis considered two principal forms for use of depleted uranium—dense
UO, and metal—and the approaches for manufacturing them into shielding. The first suboption
uses depleted uranium as sintered UO, for the manufacture of depleted uranium concrete for
shielding in spent nuclear fuel (SNF) storage containers. This material, which substitutes dense
UO, for the coarse aggregate in conventional concrete, is known as DUCRETE™. As a
shielding material, DUCRETE™ offers size and weight advantages over conventional concrete.
Shielding made of DUCRETE™ would typically be less than half as thick as shielding made
from concrete. DUCRETE™ may also be an appropriate material for overcontainers for spent
nuclear fuel disposal, although this use is more speculative than its use in storage applications.
Accordingly, after the spent nuclear fuel storage period, the engineering analysis assumes that the
empty DUCRETE™ cask would be disposed as low-level waste. Idaho National Engineering
Laboratory (INEL)* recommended DUCRETE™ as a potential use for depleted uranium.

The second suboption uses depleted uranium as the metal in the manufacture of annular shields
_ for a Multi-Purpose Unit system. The Multi-Purpose Unit concept is a spent nuclear fuel
package that, once loaded at the reactor, provides confinement of spent nuclear fuel assemblies
during storage, transportation, and disposal. In this approach, the depleted uranium is disposed
of with the spent nuclear fuel. The DOE Office of Civilian Radioactive Waste Management,
industry, and members of the public recommended shielding applications using the depleted
uranium as metal.

For both shielding suboptions, the shielding material would be enclosed between stainless steel
(or equivalent) annular elements (shells) to provide structural integrity and avoid contact with the
environment.

The Engineering Data Input Report for these suboptions is located in Section 6.11.
3.3.1.1 Shielding Application in the Oxide Form Suboption

In the DUCRETE™ shielding suboption, the manufacturing site receives the sintered UO, and
the partially fabricated stainless steel shells and other shielding cask components for containing
the DUCRETE™. The steel casks are fabricated in a nonradiological building, and the
operations include welding, machining, and final assembly. The DUCRETE™, prepared in a
separate (radiological) building, uses high shear mixing for combining and homogenizing the

1daho National Engineering Laboratory has recently changed its name to Idaho National Engineering and
Environmental Laboratory (INEEL). This report will continue to use INEL when referring to the original
submission.
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DUCRETE™ constituents and subsequently casting the mixture into the annulus of the cask.
After curing, final assembly of the shielding cask is carried out. The DUCRETE™ composition
is nominally 74 percent UO,, 11 percent sand, 10 percent cement and additives, and the
remainder water. The annual capacity of the manufacturing plant is about 480 finished SNF
vertical concrete casks, each containing about 45 MT of UOQ,,

A UO, density of 9.8 g/cc (90 percent theoretical density) was assumed for the engineering
analysis. Based on the Conceptual Design Report for the Ducrete Spent Fuel Storage Cask
System*, appreciably lower densities may be acceptable without a significant loss in overall
shielding performance for the fixed mass of the cask. If so, this would relax the UQO, sintering
requirements and associated equipment risks.

There appear to be no major technological issues with respect to the production of DUCRETE™
shielding casks. Engineering development, including the manufacturing and testing of a
prototype cask, are required. Structural, thermal, optimal compositions, and radiation attenuation
evaluations are among the supporting tasks. It is noted that DUCRETE™ developmental work in
several of these areas is continuing at INEEL under the sponsorship of DOE. Additionally,
William J. Quapp, the former Principal Investigator for the Depleted Uranium Recycling Project
at INEL, is pursuing a demonstration program for development of DUCRETE™ spent nuclear
fuel storage cask systems with Nuclear Metals, Inc. Nuclear Metals is establishing a depleted
uranium aggregate production capability to support the construction of DUCRETE™-shielded
products.

3.3.1.2 Shielding Application in the Metal Form Suboption

In the metal shielding suboption, the manufacturing site receives uranium metal ingots (or alloy)
and partially fabricated stainless steel or titanium alloy shells and other shielding cask
components for containing the uranium metal. The casks are fabricated in a nonradiological
building, and, as above, the operations include welding, machining, and final assembly. In a
separate building, the uranium metal is vacuum melted by induction heating and directly cast into
the annulus within the assembled cask. After cooling, final assembly of the shielding cask is
carried out. Each finished shielding cask contains about 43 MT uranium, and about 440 casks
are manufactured each year.

The engineering analysis assumes that the uranium metal shield is formed by direct casting. This
and alternative fabrication methods, including casting into smaller parts and wrought fabrication,
need to be further evaluated. Based on the shield size, the nature of the material, and integrity

22Hopf, 1. E. Conceptual Design Report for the Ducrete Spent Fuel Storage Cask System. INEL-95/0030.
February 1995.
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requirements, a significant development effort is necessary. This effort would be conducted in a
subsequent engineering development phase of the Program.

3.4 Storage Module

Storage of depleted uranium is predicated on its use at some later date. In the engineering
analysis, storage options are defined by the type of storage facility, and suboptions are defined by
the chemical form in which the depleted uranium is stored. The types of storage facilities
analyzed are (1) buildings, (2) below ground vaults, and (3) mined cavities. The three chemical
forms analyzed are (1) UFg, (2) U;0q, and (3) UO,. The PEIS considers two long-term storage
alternatives: storage of the depleted uranium as UF and storage in an oxide form (either U,0; or
UO,). In addition, the no action alternative will analyze the continued storage of UF; in the
current yards. Yard storage of depleted uranium in the oxide form is not analyzed as it would not
provide the secondary level of confinement required by DOE Order 6430.1A for new storage
areas.

Continued storage of depleted uranium in the form of UF, was recommended by a number of
respondents to the RFR, including the American Nuclear Society and members of the public.
Preservation of options for use in the future (e.g., breeder reactor fuel) or health and safety
concerns related to moving the UF or converting the UF; to another chemical form were cited as
factors in these recommendations, which included above ground storage in earthquake-resistant
concrete structures. A member of the public and a member of academia also recommended
storage in the oxide form. Storage as an oxide or use of the oxide was implied by all the
respondents who recommended technologies for conversion to oxide forms.

3.4.1 Building Option

The engineering analysis for the storage module considered storage in a building for depleted
uranium in three forms: UF,, U,0,, and UO,. In addition to storage buildings, the storage facility
would include a receiving warehouse and repackaging building, a cylinder washing building (for
UF; only), a workshop, and an administration building. The buildings would use standard
concrete floors and metal wall construction on spread footings, with at-grade construction. The
storage buildings would be “Butler” buildings. The number of buildings needed would depend
upon the form of the depleted uranium, with U,O, requiring the most.

3.4.1.1 UF,, U,04, and UQ, Suboptions
Three chemical form suboptions—UF, U,O4, and UO,—were considered under the building

option. For long-term storage in a building, depleted UF, would be stored in the same containers
in which it is currently stored. For the other two suboptions, depleted uranium as sintered UO,
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microspheres would be stored in 30-gallon drums on pallets, and U,0, would be stored in 55-
gallon drums on pallets.

The chemical form of the depleted uranium selected for storage partly depends on which of the
potential use options is considered most likely. Storage as UF, provides maximum flexibility for
future uses, and it is difficult at this point to predict what use option would be most likely in the
longer term. Storage in another form, such as UO,, would imply a specifically identified future
use option. Storage as U,Q, a relatively benign material which is the generally recommended
form for disposal, would facilitate future handling should a determination eventually be made
that all or part of the depleted uranium is no longer needed.

Another consideration in evaluating the chemical form is the storage area required. Storage area
is a function of the uranium bulk density, the type of storage containers, and the container
configuration. Representative bulk densities for UF,, sintered UO, microspheres, sintered UO,
pellets, and U,0; are 4.6, 9.0, 5.9, and 3.0 g/cc, respectively. Therefore, all other factors being
equal, the sintered UO, microspheres would require significantly less storage area. In the
analysis, storage of oxides was bounded by considering the sintered UO, microspheres as the
lower bound (least storage volume required) and U,O, powder as the upper bound (greatest
storage volume required).

Environmental and cost considerations must also be evaluated in assessing storage
options/suboptions. The primary concern for storage of depleted uranium is the integrity of the
container to prevent potential releases to the environment as well as protecting the contents for
future use. The chemical form makes relatively little difference so long as there is a continuing
maintenance program that prevents water intrusion into storage areas and ensures the integrity of
the storage containers. On the other hand, chemical form has a strong influence on cost, since
the cost of a storage facility is proportional to its size. However, the overall cost for a particular
storage alternative also includes the costs for conversion, intersite transportation, and any
required repackaging. Storage as UO, has a higher associated conversion cost than U, Oy, but the
storage volume would be significantly less. Storage as UF, would have no associated conversion
cost prior to storage.

3.4.2 Vault Option

The engineering analysis for the storage module considered vault storage for depleted uranium in
two forms: U,Oy, and UO,. The vaults would be subsurface reinforced concrete structures with a
steel roof supported by trusses. This design allows part of the roof to be removed for access to
the vault by a mobile crane that can be relocated from vault to vault. Assuming vaults of 40 m
(131 ft) by 81 m (266 ft), the engineering analysis estimated that 35 vaults (46 hectares [ha] [114
acres]) would be required to store the depleted uranium in the form of UO, microspheres, and 79
vaults to store the U,Oq form (86 ha [112 acres]). In addition to the vaults, the facility would
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include a receiving warehouse and repackaging building, an administration building, and a
workshop.

3.4.2.1 U,04 and UO, Suboptions

Two chemical form suboptions—U,O; and UO,—were examined under the vault option.

Storage of UF in the environment of a below ground vault was not considered. The sintered
UO, microspheres would be stored in 30-gallon drums on pallets, and depleted uranium as U,0,
would be stored in 55-gallon drums on pallets. Evaluation of chemical form suboptions under
vault storage involves essentially the same considerations of potential future use, required storage
area, cost, and environmental impacts as are described above for building storage.

3.4.3 Mined Cavity Option

The engineering analysis for the storage module considered storage in a mined cavity for
depleted uranium in three forms: UF, U,O4, and UO,. In this option, the depleted uranium
would be stored in drifts, or lateral extensions of below ground tunnels. Because the size of the
drifts depends on the geological structure in which they are cut, the engineering analysis assumed
construction in stronger, nonplastic strata which can support wide, tall drifts. Assuming drifts of
12 m (39 ft) wide by 5 m (18 ft) high by 100 m (330 ft) long, the number required for the
different chemical forms of depleted uranium was estimated as follows: 180 drifts for UF, 105
drifts for UQO,, and 215 drifts for U;O,. Forced ventilation would be needed throughout the shaft,
tunnel, and drift system if people are to work in the area without breathing tanks. The storage
facility would also include a receiving warehouse and repackaging building, a cylinder washing
building (for UF; only), a workshop, and an administration building.

3.4.3.1 UF,, U,04, and UO, Suboptions

Three chemical form suboptions—UF, U,O;, and UO,—were considered under the mined cavity
option. For long-term storage in a mined cavity, depleted UF, would be stored in the same
containers in which it is currently stored. For the other two suboptions, depleted uranium as
sintered UO, microspheres would be stored in 30-gallon drums on pallets, and U,0, would be
stored in 55-gallon drums on pallets. Evaluation of chemical form suboptions under the mined
cavity option involves the same considerations of potential future use, required storage area, cost,
and environmental impacts as are described in Section 3.4.1.1.

The Engineering Data Input Report for storage options is located in Section 6.12.
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3.5 Disposal Module

Disposal options and suboptions are defined by the disposal facility and the nature of the waste
form. The engineering analysis for this module considered three disposal facility options:

(1) engineered trench, (2) below ground vault, and (3) mined cavity. Each option was evaluated
for the same four waste form suboptions: (1) grouted (cemented) U,O, (2) grouted UO,, (3) bulk
(i.e., not grouted) U,Oq, and (4) bulk UO,. The spectrum of cases reflects the differences in
potential site meteorology and geology, and differences in the chemical stability, release rates,
and the solubility and friability characteristics of the waste forms.

The goal is to provide a depleted uranium waste form that is both chemically and structurally
stable in the disposal environment. U,Os has high chemical stability and low solubility under
most environmental conditions and is generally regarded as the most suitable form for disposal.
However, it is difficult to control the particle size distribution of U,04 and, hence, this compound
is quite friable. Therefore, the base case chosen for analysis is U,0, mixed with cement to form
a grouted, solid product. UO, is also insoluble, but, at ambient temperature in air, it will slowly
convert to U;O04. Sintered UO, in microspheres can, however, be stabilized with a density
substantially greater than compacted U;O,. It was assumed that all of the depleted uranium waste
forms analyzed in the EAR can be considered as Class A low-level waste (LLW) regulated by the
Atomic Energy Act (AEA) and associated regulations.

Disposal as an oxide was recommended by Idaho National Engineering Laboratory and the U.S.
Nuclear Regulatory Commission. PDI proposed that a mined geologic formation be considered
for the long-term management of depleted uranium and offered the use of an existing
underground mine as a full scale model.

3.5.1 Preparation Option

All disposal facility options include a waste form facility to serve as the interface between the
UF, conversion facility and actual disposal. Assuming the base case of grouted U,0O4 or the
grouted UO, case, preparation would include mixing the incoming oxide with cement,
repackaging the grouted product in new or recycled drums, and allowing it to cure. Bulk waste
forms would be disposed of in the original 55- or 30-gallon shipping drums as received from the
conversion facility (assuming these are undamaged), thus requiring minimal preparation and
eliminating the need for cementing and curing buildings in the waste form facility.

3.5.1.1 Waste Form Suboptions (Grouted and Bulk U,0,, Grouted and Bulk U0,
The base case waste form would consist of sand, cement, and U,O in a ratio of 1:1:2. Grouting
would help control the potential mobility of bulk U,0O if containment were lost and would also

further reduce solubility; however, because grouting increases mass, the grouted waste form
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would require additional drums and more storage space. Grouted UO, (cement and UO, in a 1:3
ratio) is more compact than grouted U,Oy, but less stable. In terms of disposal volumes, this
analysis considered the sintered UO, microspheres (ungrouted) produced by the gelation
conversion process as the lower bound (requiring the least disposal volume) and grouted U;Oq
produced by the defluorination process as the upper bound (requiring the greatest disposal
volume). Disposal as UO, pellets such as those produced by the dry conversion processes would
occupy a disposal volume in between grouted U,O; and ungrouted UO, microspheres, and is
therefore suitably bounded by these two cases.

3.5.2 Engineered Trench Option

Disposal in an engineered trench (also called a shallow earthen structure) is primarily feasible in
drier areas. The trench is excavated to a depth of 8 m (26 ft) in compacted clay, which is
imported into the area to replace the existing top layer of soil. Pervious sand is added to the floor
to provide a firm base, improve drainage, and act as a buffer if there is a rise in the water table.
The floor slopes gently to one corner, and a French drain, sumps, and monitoring pipes are used
to collect and sample water. It is assumed that waste packages would be stacked three pallets
high, with backfill in all void spaces. When filled, the trench is covered with a sloped cap of
compacted clay, followed by a topsoil overburden and other barriers designed to direct surface
water away from the disposal units and prevent intrusion.

3.5.2.1 Waste Form Suboptions (Grouted and Bulk U,0O;, Grouted and Bulk UO,)

The depth and basic layout of the trench are assumed to be the same for all waste forms, but the
length and width are flexible. The disposal of grouted U,Oq, the waste form with the largest
volume, was modeled using a 60-m (200-ft) wide, 157-m (515-ft) long trench. Given the
expectation of filling one trench per year for 20 years, the base case would require a minimum
overall site size of 30.6 hectare (ha) (76 acres). Site sizes needed to accommodate 20 trenches
for each of the other waste forms would be as follows: bulk U,O, (16.8 ha [41.5 acres]), bulk
UO, (9.5 ha [23.5 acres]), and grouted UO, (12.1 ha [29.9 acres]). All site estimates include
spacing of 20 m (66 ft) between each trench.

3.5.3 Vault Option

The draft EAR analyzes a belowgrade vault design modified for depleted uranium disposal.
Each vault would consist of five bays, with a total capacity per vault of either 9,000 55-gallon
drums or 19,200 30-gallon drums. It is assumed that 30-gallon drum waste packages would be
stacked four drums high and 55-gallon drums would be stacked six drums high. The vaults
would have a reinforced concrete floor over a gravel subfloor and reinforced concrete outer
walls. The design also calls for a system of drains, a sump for leachate collection and treatment
as necessary, and monitoring pipes. Vaults would be filled from the top by crane and, when
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completely full, covered with a 3-foot thick, gently sloping concrete slab, plus additional
engineered barriers and a sloping, mounded cap of excavated material.

3.5.3.1 Waste Form Suboptions (Grouted and Bulk U,0,, Grouted and Bulk UO,)

Vault size was assumed to be the same regardless of the waste form. To dispose of the entire
inventory of depleted uranium as grouted U,O4 would require about 169 vaults on 56 ha (140
acres). The other suboptions would reduce the number of vaults required as follows: ungrouted
U,0; - 81 vaults (28.6 ha [71 acres]), grouted UO, - 35 vaults (12.9 ha [32 acres]), and ungrouted
U0, - 23 vaults (9.8ha [24 acres]).

3.5.4 Mined Cavity Option

Conceptually, a mined cavity for disposal of depleted uranium could resemble the planned Yucca
Mountain repository for high-level waste. The overall design would include surface facilities,
including the waste form facility; shafts and ramps for access to and ventilation of the
underground portion; and underground tunnels, or drifts, for movement of material and storage of
waste. It is assumed that all tunnels are lined with reinforced concrete and provided with paved
roadways. Compared to Yucca Mountain, however, a depleted uranium mined repository, which
would be accommodating low-level waste, would have a much denser emplacement of uranium
and consequently much greater economy in use of space and tunneling.

3.5.4.1 Waste Form Suboptions (Grouted and Bulk U,O,, Grouted and Bulk UO,)
The base case (grouted U,O,) was estimated to require 45,628 m (149,000 ft) in drift tunneling

length and 187 ha (462 acres) in total underground area. Drift length and acreage for the other
three suboptions are as follows:

. ungrouted U,O4: 21,888 m (71,813 ft) and 92.2 ha (228 acres)
. grouted UO,: 13,452 m (44,135 ft) and 58 ha (143 acres)
. ungrouted UO,: 8,940 m (29,332 ft) and 39.5 ha (98 acres)

The Engineering Data Input Report for the disposal options is located in Section 6.13.

3-24



Draft Engineering Analysis Report for the Long-Term Management
of Depleted Uranium Hexafluoride - Rev. 2

4.0 Summary of Principal Options Not Analyzed in Depth

The technologies described in Section 3 are analyzed in depth in Section 6 and have a sufficient
technical basis to carry out reasonably precise, preconceptual designs and meaningful estimates
of the data required for the PEIS and the cost analysis. These options are primarily based upon
the recommendations received in response to the Request for Recommendations. A significant
number of other promising technologies were recommended, but, with minor exceptions, these
are in the early stages of either conceptualization or development, entail time frames beyond that
considered in the current analysis, are proprietary, or involve already existing uses of depleted
uranium. These technologies are described in this section of the report. Many of these options
are also discussed in the report entitled Characterization of Options for the Depleted Uranium
Hexafluoride Management Program, Basis for the Interim Engineering Analysis Report.

It is noted that any technology which is not analyzed in depth during Phase I (long-term
management strategy selection) is nonetheless preserved for Phase II, when specific technologies
and sites will be selected. Developing technology-specific data at this time would open the scope
of the analysis to an unlimited number of alternatives based on specific processes. This is not
necessary, as long as representative options can be used to bound the cost and environmental
impacts.

4.1 Transportation Module

This element refers to the preparation of the depleted UF, cylinders at their current storage sites
for transportation to an offsite facility, generally for conversion. Transportation options are also
considered in this module. Transportation of all forms of depleted uranium by both truck and rail
is included in the individual Engineering Data Input Reports in Section 6. Transport by barge
was considered, but not analyzed in detail. The locations of potential conversion, manufacturing,
storage, or disposal facilities are unknown at this time and accessibility to points of entry for
barge transportation is uncertain. Preliminary information about barge transportation for the
three gaseous diffusion plant sites, applicable to options for moving the depleted UF, cylinders
off the current storage sites, is summarized below. All three sites currently rely predominantly
on ground transportation. With the possible exception of K-25, the capability for barge
transportation would have to be developed.

K- Ri

K-25 has a functioning barge facility, but due to weather conditions, it operates only eight or nine
months a year. It is located near the old Power House and connects, through the Clinch River, to

BDubrin and Zoller 1995.
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major waterways. Although it does not have a permanent crane, temporary cranes can be
procured, and sometimes the straddle buggies which are used for onsite movement of cylinders
are able to go directly onto the barge. The barge is currently involved in an out-source leasing
agreement, but would probably be available to DOE if needed. It was last used a couple of years
ago to ship heavy equipment for the Navy. The barge is about one-half mile to 1 mile from the
cylinder yards. The cylinders would most likely be conveyed to the barge by means of a straddle
buggy-train-straddle buggy or a straddle buggy-truck-straddle buggy combination.

Portsmouth

The city of Portsmouth, on the Ohio River, has two docking facilities. McGovney's Dock is a
privately-owned commercial dock for bulk goods which is currently in operation. In addition, as
part of an economic development plan, the Southern Ohio Port Authority has acquired a former
steel mill, which has docking facilities. This facility is not currently in operation, although it has
been in the recent past. Basically, complete renovation will occur when there is a commitment
for use (for example, if DOE indicated they would need it for an extended period of time). To
reach the Portsmouth docks, the cylinders would have to be moved about 20-22 miles by truck.
There is also rail service from the plant into Portsmouth, but it might require modifications to
reach the docks. Another operating commercial dock facility, the Standard LaFarge Docks, is
situated east of Portsmouth, about 30 miles from the plant.

Paducah

Although there is a thriving river shipping industry in Paducah, river transportation is not being

used by the Paducah GDP. The plant is only about 6 miles away from the river, but about 20-25
miles from the existing docks area. It is uncertain whether building a road from the plant site to
the river and establishing a docking facility for the plant would be feasible.

4.2 Conversion Module

In response to the Request for Recommendations, a significant number of promising conversion
technologies were submitted, but, with minor exceptions, these are in the early stages of either
conceptualization or development. In addition, key design aspects are proprietary for a number
of these submittals. The potential advantages of these new processes include enhanced
flexibility, elimination of some unit operations, lower costs, and higher revenue streams.

From an environmental perspective, all conversion routes begin with the processing of major
quantities of depleted UF,. Several conversion processes involve an HF by-product. The
chemical hazard of UF, and HF is an issue for the storage, handling, and transportation of both
these substances. One oxide conversion response not analyzed in depth avoided an HF by-
product.
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4.2.1 U,04 Suboptions

In addition to the multiple responses recommending dry conversion with upgrading to AHF,
there were several recommendations on emerging technologies or new concepts that offer unique
features in the areas of environmental and cost benefits. The principal options which were
considered but not analyzed in detail are summarized below.

4.2.1.1 Quantum-Catalytic Extraction Processing™

One respondent recommended a molten metal catalyzed process for single-step conversion to
uranium oxides. The Quantum-Catalytic Extraction Processing™ (Q-CEP) technology was
recommended by M4 Environmental Management, Inc. (limited partners: Martin Marietta
Environmental Holdings, Inc., and Molten Metal Federal Holdings, Inc.). Q-CEP uses a molten
metal to homogeneously catalyze the dissociation of complex feed molecules and serve as a
solvent for the resulting chemical intermediates. A pilot plant using depleted UF; as a feed
material is located in Oak Ridge, Tennessee. In addition, a commercial scale prototype unit has
been operated for extended periods of time to develop process data for destruction of a wide
range of heterogeneous hazardous materials.

In the Q-CEP, depleted UF, and other co-feeds (e.g., steam) would be fed into a molten metal
reactor where they would be decomposed. Common metals such as iron and copper can be used
as the working medium, and the typical operating temperature range is 1500-1600°C. Due to
their density differences, the desired products (uranium oxides, anhydrous HF) can be separately
withdrawn. The Q-CEP offers a more compact process than the traditional dry route for
producing oxides, avoids the distillation step required to produce anhydrous HF, and does not
require the mechanical grinding/compacting steps to increase the bulk density of the uranium
oxide. In addition to these key features, the process intrinsically offers a broad degree of
flexibility. This includes tailoring the oxide product by the addition of slag formers or fluxing
agents to form a glass-like product that is dense and not friable; varying the chemical form of the
by-product (e.g., aluminum trifluoride); and producing a variety of depleted uranium products,
including U,04, UO,, and a uranium metal alloy (by the addition of magnesium metal). In
addition, M4 promotes the process as being a lower-cost alternative. The reactions are as
follows:

Hydrolysis/reduction: UF, + 2H,0 — UO,F,+ 4HF
UF; + H, = UF, + 2HF
Dissolution/recombination: 6UO,F, + 6H,0 — 2U,0; + O, + 12HF
UO,F, + H, = UO, + 2HF
UF,+ 2H,0 = UO, + 4HF
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Oxidation/reduction: 3U0, +0, = U,0,
U,04 + 2H, — 3UO, + 2H,0

M4 submitted a number of communications in response to the RFR, including a January 6, 1995,
proprietary response describing the Q-CEP developed and patented by Molten Metal
Technologies and a restated June 5, 1995, nonproprietary technical presentation. In the June 5
communication, M4 stated that, at that time, there was

no reported laboratory experience processing UF, in a molten metal bath.
Further, there is no significant process information or industrial experience
involving the conversion of UF; at the higher temperatures characteristic of
the CPU [catalytic processing unit] reactor. . . . All components of the M4
Environmental Q-CEP-based process for the conversion of UF, have been
demonstrated to some level of industrial confidence. The integrated system
has not been demonstrated.?*

It is noted that the molten metal process has, however, been successfully used for the large scale
recycling of hazardous wastes.

M4 Environmental signed a contract with the United States Enrichment Corporation (USEC) to
experimentally demonstrate the technical and economic viability of the Q-CEP technology for
depleted uranium conversion (defluorination). A November 29, 1995, article published in the
Paducah Sun stated that full scale testing was to begin that week and that a decision would be
made on whether to build a commercial processing plant at Paducah or Portsmouth by the
summer of 1996. M4 has now designed, installed, and operated the demonstration facility at
their Oak Ridge Technical Center. Future efforts are unknown, but the Department has
continued to track developments. Much of this information remains proprietary. Continued
development of this technology will enable meaningful preconceptual designs and estimates of
the environmental data in the future, perhaps on a nonproprietary basis.

4.2.1.2 Aqueous Process

Another process, the Cameco process, uses a significantly different chemistry from the dry
process of steam hydrolysis/pyrolysis. This new process is based on the fact that UF will react
with sulfuric acid of suitable concentration to produce an insoluble uranyl sulfate complex and an
aqueous solution containing urany! sulphate and HF. Gaseous AHF is removed from the reaction
vessel and recovered from a cold trap as liquid AHF. After drying, the sulfate complex is

24“Description of a CEP-Based Process for the Conversion of UF,,” submitted to U.S. Department of
Energy by M4 Environmental L.P., June 5, 1995 (p. 7).
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thermally decomposed to U,0; and an off-gas of sulfur trioxide and oxygen. The acid is
recovered for recycle by reacting the sulfur trioxide with water. All water and sulphuric acid
involved in the process would be completely recycled; thus, no uranium-bearing effluents are
expected. A principal feature of this technology (like the process described in Section 4.2.1.1) is
the direct production of AHF. The possibility of producing an aqueous HF product at a lower
cost is another option. Neutralization of the aqueous HF with lime for the purpose of disposal
was not considered cost-effective.

The reactions are as follows:
Defluorination: UF, + 2H,0 + H,SO, — UO,SO, + 6HF
Thermal Decomposition: 3U0,S0, — U,04 + 350, + 1/20,
Acid Recovery: SO, + H,0 — H,SO,

Patent applications have been filed with the U.S. and Canadian patent offices, and key features
are proprietary. The technology used or developed for this process, except for the defluorination
stage, is mostly state-of-the-art for the chemical industry. Further research and demonstration
work is needed to optimize process parameters, confirm the low levels of AHF and U,O; product
contamination observed in bench scale testing, and test equipment for the liquid/solid separation
and calcination stages.

4.2.1.3 Defluorination with Aluminum Trifluoride Co-product

A third defluorination process which was not analyzed in depth involves the production of a
uranium oxide and the co-product, solid aluminum trifluoride (AlF;). This process was
recommended by EG&G Environmental, Inc. Aluminum trifluoride is a key material used in the
manufacture of aluminum metal. The objective is to produce a valuable by-product that is easier
and safer to handle and transport than HF. The inputs are depleted UF, and alumina (Al,O,) or
aluminum metal (or a mixture of the two), which react in a fluidized bed to produce a
combination of uranium compounds. The relative amounts of uranium oxides and uranium metal
would be controlled by varying the proportion of reactants and the reaction temperature. After
the exothermic reaction is complete, the solid product mixture would be transferred into a
gravimetric separation system to separate the uranium oxide from the AlF,. The system would
be enclosed, and no solid, gas, or liquid discharges are envisioned.

The recommendation to produce AlF, is at the early stage of conceptualization, and the
thermodynamic analysis is proprietary. Scientific data such as process temperatures, reaction
rates, product morphologies, and separation performance are required for a suitable technical
evaluation.
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4.2.1.4 Defluorination with Hydrofluorocarbon and HF Co-products

Defluorination by using UFgas a fluorinating agent in the initial step for synthesizing
hydrofluorocarbons (HFC) is another option requiring further development. Allied Signal made
a specific proprietary recommendation, and Los Alamos National Laboratory made a more
general recommendation for this option. Hydrofluorocarbons represent replacements for
chlorofluorocarbons, which have been shown to lead to ozone degradation in the upper
atmosphere. The primary incentive for HFC production appears to be economic. The much
higher unit value for typical HFCs than for AHF would lead to a significantly greater revenue
stream and presumably a lower net conversion cost.

Generically, the reaction is assumed to be as follows:
UF, + Organic Feedstock = HFC or HFC Intermediate + UF,

The UF, would then be converted by an unspecified defluorination process into U,O4 and AHF.
Alternatively, the UF, could be converted into uranium metal. Like the recommendation to
produce AlF;, this technology is at the early stage of conceptualization, and scientific data such
as process temperatures, reaction rates, product morphologies, and separation performance are
required for a suitable technical evaluation.

4.2.2 Uranium Metal Suboptions
4.2.2.1 Plasma Dissociation Process

Plasma dissociation of UF; is a fundamentally different technology for metal production, offering
a single-step conversion process without the generation of the MgF, waste stream produced by
conventional processes. There were two responses recommending this technology, one from
Idaho National Engineering Laboratory and one from Manufacturing Sciences Corporation (in
collaboration with Los Alamos National Laboratory). In the plasma process, the UF-to-UF,
conversion step is eliminated and all the original fluorine appears in the by-product AHF, i.e., 6
moles of AHF per mole uranium metal compared to 2 moles for metallothermic reduction routes.
The overall reaction is as follows:

UF, + 3H, = U+ 6HF

A generic description of one of several variations of the plasma conversion process is given here.
Argon (Ar) gas is injected into a plasma torch, producing an Ar plasma at temperatures
exceeding 10,000°K. Gaseous UF is introduced into the reactor section, downstream from the
plasma torch. The high temperature causes essentially complete dissociation of the UF, into its
atomic constituents, uranium and fluorine. The flowing gas is expanded through a nozzle to
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rapidly cool the mixture and to initiate the recombination of the uranium vapor into submicron-
sized metal particles. A large excess of ambient temperature hydrogen gas is added to scavenge
the atomic fluorine, preventing its recombination with the uranium and providing further cooling.
The uranium metal powder is separated from the flowing gas stream and cast into ingots. The
AHF is recovered by cryogenic condensation and stored in tanks for sale. The Ar/H, mixture is
separated, and the Ar and H, are recycled to the plasma torch and the reactor, respectively.

Bench scale experiments have generated small quantities of uranium metal. Process
demonstration at a larger scale is needed to resolve major design uncertainties and develop data
for a more detailed analysis. This process offers a higher revenue from sales of AHF due to the
complete recovery of the fluorine value. In addition, this process avoids the cost of MgF,
disposal (either as nonhazardous solid waste or low-level waste) common to metallothermic
routes.

4.2.2.2 MgF, Treatment Processes

The magnesium metal reduction of UF, to produce uranium metal generates a large MgF, by-
product stream (see Section 3.2.3). For the industrial batch process, the MgF, is significantly
contaminated with uranium. In the absence of subsequent processing, this stream requires
disposal as a LLW. The improved batch metallothermic route described in Section 3.2.3.1
incorporates a roasting step and then an acid leaching step to decontaminate the by-product and
allow its disposal in a sanitary landfill. However, because of the highly refractive nature of the
MgF, matrix, acid leaching may not be sufficient or practical to meet increasingly stringent limits
for disposal in a sanitary landfill.

Several specific responses to the Request for Recommendations dealt with the treatment of the
MgF, by-product, including those from Advanced Recovery Systems, Cameco, Fluor Daniel,
GenCorp Aerojet, and Nuclear Metals, Inc. In addition to alternative technologies for improved
decontamination, these recommendations integrally addressed the recovery and beneficial use of
the by-product constituents (e.g., the conversion of the MgF, to AHF). These advanced MgF,
treatment technologies offer key waste minimization and economic benefits.

One example of an integrated technology for further improvements in by-product treatment is the
U-metal/MgSO, process proposed by Cameco. Following the standard process for reduction to
UF, using hydrogen in the first stage and magnesium to produce uranium metal in the second
stage, the MgF, is reacted with concentrated sulfuric acid to produce magnesium sulfate and
AHF. The reaction for this step is similar to that used in the aqueous process discussed in
Section 4.2.1.2 and is as follows:

MgF, + H,SO, *XH,0 — MgS0, + XH,0 + 2HF
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This step effectively breaks the refractive MgF, matrix and simultaneously releases the fluorine
as AHF for industrial use. After dissolution, the uranium would be precipitated from solution,
separated, and calcined to a solid oxide. The uranium oxide could then be hydrofluorinated with
AHF to UF, for recycle to the metallothermic reduction process. The decontaminated MgSO,
solution would be evaporated, and the crystallized magnesium sulfate hydrate could potentially
be sold to the fertilizer industry, depending on the uranium contamination level.

Other recommended technologies would employ a different initial step to break the MgF, matrix
and produce a different final decontaminated product. GenCorp Aerojet would utilize batch
metallothermic reduction of the depleted UF, followed by a decontamination system utilizing
dry mill, chemical, and other unspecified technologies to remove the uranium from the MgF,.
Advanced Recovery Systems offered two potential technologies: a patented hydrometallurgical
process and a thermal recovery process. The hydrometallurgical process, called DeCaF™, was
developed to meet the needs of a nuclear fuel fabricator to decontaminate CaF, sediments.
Scoping tests have been performed using the DeCaF™ process on uranium-contaminated MgF,
samples with favorable results. In the thermal recovery process, the MgF, would be pretreated
thermally to recover fluoride values, and this pretreatment would be followed by a
hydrometallurgical process for uranium extraction and magnesium recovery. Laboratory scoping
tests have been conducted. The technologies proposed by Fluor Daniels and Nuclear Metals are

proprietary.

In summary, these advanced MgF, treatment technologies offer key waste minimization and
economic benefits that may be essential for converting to uranium metal at an acceptable cost.
The technologies are at an early stage of development, and process conditions and performance
parameters cannot yet be reliably predicted.

4.3 Use Module (Applications)

Three use options were not analyzed in depth: (1) light water reactor fuel cycle, (2) advanced
reactor fuel cycles, and (3) dense material applications. The reason for not analyzing the fuel
cycle options in depth is the anticipated length of time (particularly for advanced reactors) they
would require to use significant quantities of the depleted UF stockpile. The possibility of
pursuing these uses in the future is preserved through the analysis of the storage options being
considered. The dense material applications are suitably embraced by the metal shielding
suboption.

4.3.1 Light Water Reactor Fuel Cycle

Re-enrichment is the primary suboption of interest in the light water reactor fuel cycle option.
The technologies for enriching natural uranjum, either existing or under development, apply
directly to enriching depleted uranium. The environmental impacts on a unit feed basis are
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essentially the same whether the uranium being enriched is natural or depleted. The viability of
the re-enrichment of depleted uranium is a function of the isotopic assay of the feedstock and
many uncertain factors such as the price of uranium ore, the cost of separative work, and market
demand versus installed enrichment capacity.

Mixed oxide fuel applications is the other suboption in this category. In the Storage and
Disposition of Weapons-Usable Fissile Materials Final Programmatic Environmental Impact
Statement, converting the surplus plutonium to mixed oxide fuel for use in light water and
CANDU heavy water reactors is part of the preferred alternative for plutonium (Pu) disposition.
Because the United States does not have a mixed oxide fuel fabrication capability, a dedicated
facility would have to be constructed. The mixed oxide fuel fabrication facility would accept
surplus plutonium and fabricate mixed PuO,-UO, fuel by blending the PuO, with UO, containing
either natural or depleted uranium.” This application would potentially consume a small
quantity of depleted uranium.

If fully recovered, the U-235 in the depleted uranium stockpile could provide enriched nuclear
fuel for the equivalent of about 1000 reactor years of operation. Re-enrichment of depleted
uranium would conserve natural uranium (0.71 percent U-235) resources and reduce the
environmental impacts associated with its mining and milling. Only a minor fraction of the
depleted uranium is converted into the enriched product stream; therefore, the bulk of the
depleted uranium (>90 percent) must subsequently be dispositioned. The two plausible
technologies for the re-enrichment of depleted uranium are (1) gas centrifuge and (2) atomic
vapor laser isotope separation. These were recommended by respondents to the Request for
Recommendations, including Idaho National Engineering Laboratory, the Ohio Valley Regional
Development Commission, and GenCorp Aerojet. Re-enrichment using gaseous diffusion
technology is not generally considered to be financially attractive due to its high operating cost (it
is electrical power intensive).

Uranium enrichment using gas centrifuges is a well-established industrial technology which is
used in a number of other countries. Centrifuge processes have comparatively low electrical
power consumption, and the operating costs are lower than those for facilities using gaseous
diffusion. Urenco, a partnership established by the governments of Great Britain, Germany, and
The Netherlands, operates gas centrifuge enrichment facilities at Almelo, The Netherlands;
Juelich, Germany; and Capenhurst, U.K. At present, there is no domestic capacity for centrifuge
enrichment. Louisiana Energy Services has proposed to build a gas centrifuge enrichment plant
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