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ABSTRACT

In February 2006, the Commission directed the Advisory Committee on Nuclear Waste and
Materials (ACNW&M) to remain abreast of developments in the area of spent nuclear fuel
reprocessing, and to be ready to provide advice should the need arise. A white paper was
prepared in response to that direction and focuses on three major areas: (1) historical
approaches to development, design, and operation of spent nuclear fuel recycle facilities,

(2) recent advances in spent nuclear fuel recycle technologies, and (3) technical and regulatory
issues that will need to be addressed if advanced spent nuclear fuel recycle is to be
implemented. This white paper was sent to the Commission by the ACNW&M as an attachment
to a letter dated October 11, 2007 (ML072840119). In addition to being useful to the ACNW&M
in advising the Commission, the authors believe that the white paper could be useful to a broad
audience, including the NRC staff, the U.S. Department of Energy and its contractors, and other
organizations interested in understanding the nuclear fuel cycle.
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EXECUTIVE SUMMARY
INTRODUCTION

The United States currently has 104 operating commercial nuclear power reactors that produce
about 2100 metric tons of initial heavy metal (MTIHM) of spent nuclear fuel (SNF) each year.
The U.S. Department of Energy (DOE) estimates that the congressionally mandated capacity
limit of 70,000 MT of heavy metal equivalent imposed on the proposed Yucca Mountain
repository will be committed to accumulated spent commercial fuel and other DOE wastes by
about 2010. The SNF from existing and future nuclear power reactors in the United States
poses the following challenges:

. the desire to create additional disposal capacity without creating additional repositories

o the potential to increase utilization of the fissile and fertile material that constitute about
1 percent and 95 percent of the SNF, respectively, by recovering and recycling them'’

o avoiding the proliferation risk from production and use of a pure plutonium stream in
recycle

. reducing the long-term repository risk from key radionuclides in SNF such as **Tc, ',
and ®'Np

To address these challenges, DOE is proposing to reprocess SNF, primarily from light-water
reactors (LWRs) in the foreseeable future; reuse the recovered uranium directly or through
reenrichment; reuse the plutonium by making it into new reactor fuel (refabrication); destroy
actinides that dominate repository risk by refabricating them into fuel or targets and irradiating
the actinides in a nuclear reactor; and incorporating radionuclides that cannot be readily
destroyed by irradiation into tailored waste forms. To address proliferation concerns, DOE
proposes to reprocess the SNF using new approaches that do not produce a separated
plutonium stream.

The current DOE program for implementing SNF recycle contemplates building three facilities—
an integrated nuclear fuel recycle facility; an advanced reactor for irradiating neptunium,
plutonium, americium, and curium; and an advanced fuel cycle research facility to develop
recycle technology. The first two of these are likely to be licensed by the U.S. Nuclear
Regulatory Commission (NRC).

Fuel recycle has the potential to require changes in the NRC’s existing regulatory framework and
expertise which are now structured to license LWRs and their associated once-through fuel cycle
facilities including direct disposal of spent fuel. In recognition of this potential, the Commission
directed that the Advisory Committee on Nuclear Waste and Materials (the Committee) become
knowledgeable concerning developments in fuel recycle and help in defining the issues most
important to the NRC concerning fuel recycle facilities. The Committee decided that the most

! For the purposes of this document, “recycle” involves (a) reprocessing of the SNF (separation of the
SNF into its constituent components), (b) refabrication of fresh fuels containing plutonium, minor
actinides, and possibly some fission products, (c) management of solid, liquid, and gaseous wastes, and
(d) storage of spent fuel and wastes.
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efficient way to meet the potential needs of the Commission was to prepare a white paper on fuel
recycle and chartered a group of expert consultants to do so. The paper summarized the
technical, regulatory, and legal history, status, and issues related to SNF recycle to provide input
to a Committee letter to the Commission and “knowledge management” (i.e., capturing the
expertise of the experts preparing and reviewing this paper) concerning the history of SNF
recycle and implications for current SNF recycle programs. This report was prepared to make
the contents of the white paper more widely available. It is important that the reader not only
understand the purposes of this paper but also realize that the paper is not intended to address
the implications of advanced reactors (e.g., fast-neutron-spectrum reactors for fissioning
transuranium (TRU) elements), provide detailed recycle technology descriptions and
characterization, provide details on pyroprocessing, focus on fuel fabrication and refabrication,
evaluate the merits of the DOE technical or programmatic approach, or provide conclusions and
recommendations.

SPENT NUCLEAR FUEL RECYCLE HISTORY AND TECHNOLOGY

What Is Reprocessed?

All operating U.S. power reactors and most power reactors in the world are LWRs which are
moderated and cooled with “light” (ordinary) water. The two most common types of LWRs are
pressurized water reactors and boiling-water reactors. The most basic part of LWR fuel is a
uranium dioxide ceramic fuel pellet which is about 1 centimeter in diameter and 2 to 3
centimeters long. The uranium enrichment is typically 3 to 5 percent 2°U. At some point, the
fissile content of a batch of new fuel that was inserted into the reactor core is sufficiently low and
the fission product content sufficiently high so that its usefulness as a power source is
exhausted. At this point, the batch is removed from the reactor and sent to the storage pool as
SNF. ltis this SNF that constitutes the feed material for the initial step of fuel
recycle/reprocessing.

How Is SNF Currently Reprocessed?

Many processes for reprocessing SNF have been developed and several have been used on a
substantial scale since World War Il. However, for industrial-scale applications, the only process
currently being used is the PUREX (plutonium-uranium extraction) process, a diagram of which
appears in Figure S.1.

The PUREX process produces the following major waste streams:

o a liquid high-level waste that would eventually be converted to glass logs for eventual
disposal in a deep geologic repository

o compacted and possibly stabilized (e.g., grouted) cladding waste and undissolved solids
remaining after SNF dissolution in nitric acid, which have an uncertain disposition in the
United States

. waste forms containing the volatile radionuclides, which have an uncertain disposition in
the United States
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Figure S.1: Schematic diagram of the PUREX process
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Where Was and Is SNF Reprocessed?

Reprocessing was carried out using the PUREX process in large Government-owned plants
located in Richland, Washington, and Savannah River, South Carolina, for plutonium production.
A plant was also constructed at Idaho Falls, Idaho, to recover uranium from spent naval reactor
and other highly enriched fuels. These plants are no longer in operation, although some legacy
nuclear materials are still being reprocessed at the Savannah River Site.

The first commercial spent fuel reprocessing plant, and the only one to operate to date in the
United States, was the Nuclear Fuel Services’ West Valley Plant. This plant is now shut down
and undergoing decommissioning. In 1967, the U.S. Atomic Energy Commission authorized
General Electric Co. to build a reprocessing plant in Morris, lllinois. However, design and
operational problems caused General Electric to halt construction of the plant before it processed
any spent fuel. The water pool at the site is still used to store SNF. Construction of the Barnwell
Nuclear Fuel Plant in Barnwell, South Carolina, near the DOE Savannah River Site, began in
1970 but was never completed

Although the United States discontinued attempts at commercial spent fuel reprocessing in the
mid-1970s, this did not deter construction and operation of reprocessing facilities worldwide. The
following are the major SNF reprocessing plants in the world:

. The French La Hague spent fuel reprocessing plants UP2 and UP3 for LWR SNF have a
nominal capacity of 1700 MTHM of SNF per year.

. The Thermal Oxide Reprocessing Plant (THORP) at Sellafield in the United Kingdom has
a nominal capacity of 1200 MTHM of LWR and advanced gas reactor SNF per year, and
the B205 plant for Magnox (metal) fuel at the same site has a capacity of 1500 MTIHM
SNF per year.

. Japan has a small reprocessing plant at Tokai-mura and is beginning operation of the
800 MTHM/yr LWR SNF reprocessing plant at Rokkasho-Mura. The process used in the
Rokkasho plant is largely based on French technology.

. Russia has a 400 MTHM/yr commercial reprocessing plant at Mayak.

India has three reprocessing plants, none of which is safeguarded by the International Atomic

Energy Agency (IAEA). China plans to reprocess SNF and has stated [China, 1996], “China will

follow Japan’s lead and use the separated plutonium to fuel fast-breeder reactors.”

What Is the Status of SNF Reprocessing Technology?

The many years of cumulative development and experience with SNF reprocessing in France
and the United Kingdom have resulted in significant advances in simplifying the PUREX process
as previously practiced and planned in this country, while achieving better and more predictable
separations to the point that some of the product cleanup steps have been eliminated because
they are not needed. These advances have been achieved while continuously reducing the
amount of waste produced by the PUREX process to the point that the volume of waste destined
for a deep geologic repository is about the same as the volume of the parent SNF fuel. This has
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been accomplished through careful management of facility operations, use of chemicals that can
be degraded to water, nitrogen, and carbon dioxide, and the use of compactors and incinerators.

Despite the progress in optimizing the PUREX process, some approaches used in both France
and the United Kingdom, although functional, may not be applicable in the United States. In
particular, French and British reprocessing facilities remove volatile radionuclides from their off-
gas primarily by caustic scrubbing (which captures *H, some of the '*C, and '?°l) and then
release these radionuclides to the sea at the end of a kilometers-long underwater pipe where
they undergo massive physical and isotopic dilution.

Where |Is Fuel Refabricated?

Major LWR mixed-oxide (MOX) fuel fabricators include France (MELOX, 195 MTHM/yr), the
United Kingdom (Sellafield MOX Plant (SMP)), 120-MTHM/yr design capacity, 40-MTHM/yr
feasible capacity), and India (100 MTHM/yr). Japan is planning a 120-MTHM/yr plant at the
Rokkasho-Mura site.

An MOX fuel refabrication plant is under construction at the Savannah River Site in South
Carolina to dispose of excess weapons-grade plutonium by using it for commercial power
production. The NRC is licensing this facility.

ADVANCED RECYCLE TECHNOLOGY

Overview of Advanced Spent Nuclear Fuel Recycle Initiatives

The National Energy Policy [NEP, 2001] issued by President Bush in May 2001 recommended
expanded use of nuclear energy in the United States, including development of advanced
nuclear fuel cycles. On February 6, 2006, the Secretary of Energy launched the Global Nuclear
Energy Partnership (GNEP), a comprehensive international strategy to expand the safe use of
nuclear power around the world. GNEP is a broad DOE program with the goal of promoting
beneficial international uses of nuclear energy through a multifaceted approach. The domestic
components of GNEP are designed to address the challenges outlined in the Introduction of this
Summary.

The Russians have a proposal similar to GNEP called the Global Nuclear Power Infrastructure,
which calls for establishing international nuclear centers and hosting the first such center in
Russia. The proposed centers would provide participating nations with full “nuclear fuel cycle
services,” including enriching uranium, fabricating fresh uranium fuel, and storing and
reprocessing SNF [IAEA, (2007¢)].

Advanced Fuel Reprocessing Technology

DOE proposes using a reprocessing flowsheet called UREX (uranium extraction) and has stated
that it currently favors a variant called UREX+1a, although interest in UREX+2 and UREX+3 has
been increasing recently. Figure S.2 shows a simplified UREX+1a flowsheet.

% |AEA (2007c). International Atomic Energy Agency, “Communication received from the resident
representative of the Russian Federation to the IAEA on the establishment, structure and operation of the
International Uranium Enrichment Center,” INFCIRC/708. June 8, 2007.
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Planning, experimentation, and evaluation of the UREX+1a process are in the early stage of
development (as of early 2007). Some experiments with irradiated fuel have been carried out,
but there have been no lab-scale demonstrations of the entire process using SNF or large-scale
testing of key equipment using nonradioactive or uranium solutions. Such a demonstration is
underway as this report is being written. Additionally, the difficulties associated with combining
and operating continuously and in sequence the four distinctly different solvent extraction
separations steps summarized above at one facility have not yet been addressed. Such a facility
would require extensive and expensive operator training, a very complex plant, and diverse
equipment types.

Spent Nuclear Fuel

‘ Cladding Waste
Chop and Dissolve > or
Fuel Pellets Recycle
Tritium,
Nitric Acid Solution Carbon-14,
11129, Waste
Krypton-85
y
Technetium-99,
——
UREX Solvent Waste
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Uranium Recycle
Uranium Uranium
Nitric Acid Solution Technetium-99 > or
Cleanup
I Waste
CCD-PEG Solvent Cesium + Strontium Wast
Extraction > Vaste
Nitric Acid Solution
A Other Fission Products
TRUEX Solvent Except Lanthanides” Wast
. > aste
Extraction
Nitric Acid Solution
TALSPEAK Solvent Lanthanide Fission Products” Waste
Extraction
Nitric Acid Solution Neptunium, Plutonium, Americium, Curium
v
Recycle “Lanthanide: Elements 58 (Lanthanum)
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Figure S.2: Highly simplified UREX+1a flowsheet
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In addition to the major wastes produced by the PUREX flowsheet (see earlier discussion), the
UREX+1a flowsheet yields the following wastes:

. %Tc recovered from the uranium product stream, which is planned to be combined with
the cladding waste and dissolver solids. This mixture will be compacted or melted to form
an ingot. The disposition of this waste is uncertain.

o A cesium/strontium mixture that is to be made into an aluminosilicate waste form and
stored in an engineered surface facility for the time required for it to decay to Class C
levels (about 300 years), at which time the storage facility would be closed as a disposal
facility with the cesium/strontium remaining in place.

Some consideration is being given to building a high-temperature gas-cooled reactor in the
United States. Fuels for this type of reactor are distinctly different from other reactor fuels. In
particular, the fuel is made mostly of graphite and is in one of two geometric configurations,
either a spherical (pebble) form or a prismatic form. Reprocessing of such fuels would be similar
to reprocessing LWR fuels with one important difference—a substantial quantity of graphite must
be removed by burning or crushing and sieving before the fuel matrix is dissolved in nitric acid.

In the current DOE plan, pyroprocessing would be adapted to reprocessing the actinide product
from UREX+1a after it had been refabricated into metallic or perhaps nitride fuel and irradiated in
a transmutation reactor. Pyroprocessing, which involves the use of molten salts, molten metals,
and electrochemical cells to separate SNF into its constituent parts, is inherently a batch
process. After repeated batch processes, the molten salt used in the process accumulates
impurities and must be discarded.

Advanced Fuel Fabrication and Refabrication

Current preparation of conventional pelletized reactor fuels for LWRs and fast reactors requires
grinding the pellets to achieve a specified size and shape. This process produces finely divided
fuel particles that must be recovered and recycled. A “dust-free” sol-gel microsphere
pelletization process has been developed for fabrication of (U,Pu)O,, (U,Pu)C, and (U,Pu)N fuel
pellets containing around 15 percent plutonium.

REGULATION AND LICENSING OF FUEL RECYCLE FACILITIES

Under current regulations, various parts of a recycle facility would have to meet the requirements
of a number of regulations. The reprocessing facility per se would be licensed under Title 10,
Part 50, “Domestic Licensing of Production and Utilization Facilities,” of the Code of Federal
Regulations (10 CFR Part 50). Refabrication, plutonium conversion, and recovered uranium,
TRU, and cesium/strontium material storage facilities would be licensed under 10 CFR Part 70,
“‘Domestic Licensing of Special Nuclear Material”, and also under 10 CFR Part 30, “Rules of
General Applicability to Domestic Licensing of Byproduct Material,” (for the cesium/strontium).
The uranium conversion facility would be licensed under 10 CFR Part 40, “Domestic Licensing of
Source Material.” The requirements of 10 CFR Part 73, “Physical Protection of Plants and
Materials,” and 10 CFR Part 74, “Material Control and Accounting of Special Nuclear Material,”
apply to all facilities.
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The primary licensing regulation (10 CFR Part 50) has evolved to focus on licensing LWRs.
Modifications of or exemptions from many of its requirements would be needed to accommodate
the technical differences between licensing LWRs and recycle facilities.

In 2007, the Commission directed the NRC staff to begin developing the regulatory framework to
license SNF recycle facilities using an option based on 10 CFR Part 70 by preparing the
following:

o technical basis documentation to support rulemaking for 10 CFR Part 70 with revisions to
10 CFR Part 50 as appropriate to eliminate its applicability to licensing an SNF
reprocessing plant

. a gap analysis for all NRC regulations (10 CFR Chapter I) to identify changes in
regulatory requirements that would be necessary to license a reprocessing facility

The NRC has used 10 CFR Part 70 to license fuel fabrication facilities, and this regulation is
currently the basis for reviewing the license application for the MOX fuel fabrication plant.
ISSUES ASSOCIATED WITH LICENSING AND REGULATING FUEL RECYCLE FACILITIES

A number of licensing or regulatory issues warrant consideration before receipt of a license
application. The following sections identify these issues and provide insight into ways to address

them.

Development of Licensing Regulation(s) for Recycle Facilities

Implementation of SNF recycle could involve the review of license applications for facilities that
are novel in the context of the current once-through fuel cycle, including facilities for reprocessing
fuels from LWRs and later for other advanced reactors, refabrication of fuels to recycle
transuranium (TRU) or fission product elements or for some new reactor designs (e.g., graphite-
moderated reactors), disposal of new types of wastes such as cladding and TRU (greater than
Class C) waste, and extended interim storage of intermediate-lived radionuclides
(cesium/strontium) followed by in situ disposal.

Modifications to important aspects of 10 CFR Part 70 would have to be considered for this
regulation to be efficient and effective for licensing SNF recycle facilities. These aspects include
the following:

. Use of an integrated safety analysis (ISA): 10 CFR Part 70 calls for the use of an ISA to
evaluate the in-plant hazards and their interrelationship in a facility processing nuclear
materials. The Committee and the Advisory Committee on Reactor Safeguards have
previously recommended that a regulation based on probabilistic risk assessment (PRA)
is preferable to one based on ISA because the latter has significant limitations in its
treatment of dependent failures, human reliability, treatment of uncertainties, and
aggregation of event sequences.

. Best estimate versus conservative approach: A companion issue to that of ISA versus

PRA approaches is whether analyses should be based on data and models that
represent the best estimate of what might really occur with an associated uncertainty
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analysis to explore the effects of incorrect data or models, or should be based on
demonstrably conservative data and models. The Committee has letters on record
pointing out problems with using the latter approach. Some of the most important
problems arise because very conservative assumptions can mask risk-significant items,
and most conservative analyses are not accompanied by a robust uncertainty analysis.

One-step construction and operating license: 10 CFR Part 70 allows for a one-step
licensing process, which means that the design and process details necessary to review
the license application for a recycle facility would not be available until relatively late in
the licensing process. SNF recycle facilities potentially involve equipment, chemicals,
and processes that are unfamiliar to NRC staff and could lead to multiple requests for
additional information from licensees and/or extensive prelicensing interactions between
NRC staff and the licensee to identify and resolve potential licensing issues.

Accommodating the potential future diversity of 10 CFR Part 70 license applications: The
NRC uses 10 CFR Part 70 to license many nuclear material processing facilities other
than those for fuel recycle. Such facilities are typically much smaller, less costly, and less
complex than the anticipated SNF recycle facilities to the point that imposing
requirements appropriate for recycle facilities could unduly burden some applicants.

Risk-informed, performance-based?: In a risk-informed regulatory approach, risk
provides an important insight for licensing a facility, but other considerations such as cost
and environmental impacts are balanced against the required extent of risk reduction.
Risk-informed regulations and licensing approaches for a wide range of situations and the
opportunities for focusing scarce resources on the most risk-significant items in very
complex facilities would indicate the appropriateness of a risk-informed approach in this
instance. lItis also prudent for regulations for licensing fuel recycle facilities to include
provisions that allow the regulator to make exceptions on a case-by-case basis.

A corollary to a regulation being risk-informed is its being performance-based. That is,
the criteria for granting a license are expressed in terms of the requirements the applicant
must meet but not the means by which the applicant meets the requirement. For
example, a regulation that requires that a dose limit be met is performance based, but
one that requires use of a specific technology is not.

Programmatic specificity of changes to 10 CFR Part 70: Discussions concerning
regulation of recycle facilities have focused on the DOE GNEP and the facilities currently
being proposed by DOE. The scope, functional requirements, size, and timing of these
facilities are still evolving and likely to change in unknowable ways which suggests that a
more generic focus might be in order.

® In SRM-SECY-98-144, “White Paper on Risk-Informed and Performance-Based Regulation,” the
Commission defined risk-informed regulation in its white paper “Risk-Informed and Performance-Based
Regulation” as “...a philosophy whereby risk insights are considered together with other factors to
establish requirements that better focus licensee and regulatory attention on design and operational
issues commensurate with their importance to public health and safety.”
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Impacts of SNF Recycle on Related Requlations

In addition to the need to establish the approach(es) to be used for the primary licensing
regulations for fuel recycle facilities, it will be necessary to address issues that SNF recycle might
raise concerning other regulations, such as the following:

Classification of the wastes is an important determinant of their treatment, storage,
transport, and disposal. Specific issues regarding waste classification include those
listed below:

- Whether the cesium/strontium wastes will require a waste determination and DOE
decision considering them “wastes incidental to reprocessing” so that they would
not require disposal in a deep geologic repository and criteria for reviewing a
waste determination for this material.

- The stable end point of cesium decay is stable isotopes of barium, which means
that the cesium/strontium waste may be a mixed waste.

- Uranium, ®Kr, and "**Cs could become wastes destined for near-surface disposal,
but the waste classification tables in 10 CFR Part 61, “Licensing Requirements for
Land Disposal of Radioactive Waste,” do not list them.

Determination of what constitutes an acceptable waste form and disposal technology for
wastes such as cladding waste, cesium/strontium, miscellaneous wastes containing
greater than 100 nCi/g TRU (e.g., equipment and analytical wastes, protective
equipment, high-efficiency particulate air filters), and wastes containing **Tc, "I, and
C is necessary to define how the waste must be treated. Waste form and disposal
requirements also have a significant impact on the selection of recovery processes for
some species, such as those in gaseous effluents where technology selection remains
open and release limits remain to be developed.

Use of any of the UREX flowsheets for recycle would change the characteristics (e.g.,
volumes, forms, decay heat, penetrating radiation, and radionuclide concentrations) of
the wastes going to the repository. Consequently, aspects of existing regulations and
guidance concerning repository licensing that are driven by the waste characteristics
(e.g., dominant contributors to repository risk, degradation rates of the spent fuel cladding
and matrix, effects of penetrating radiation and decay heat on repository chemistry and
water flow) may change substantially and new risk-significant licensing issues are likely to
arise.

The concentration of additional radionuclides present in recovered uranium as compared
to unirradiated uranium in certain portions of enrichment equipment and wastes and the
penetrating radiation from #*U in the recovered uranium will have to be considered when
licensing facilities for handling recycled uranium.

Managing cesium/strontium waste by 300-year storage followed by closure of the facility
as a disposal site raises the following questions:

- Should the cesium/strontium waste be classified when it is produced or after the
monitored interim storage period?
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- Can a near-surface facility containing radionuclides emitting considerable
amounts of heat and penetrating radiation be reliably designed, built, and
maintained for as long as 300 years?

- Would such a long-term storage facility be suitable for conversion to a permanent
disposal facility at that time, and what technology should be used in such a
conversion?

Construction and operation of a fuel reprocessing plant before actinide burner reactors
are available would result in the need to store significant quantities of TRU elements,
which raises issues about the acceptable form and technology for storing such materials
product and the best means to safeguard it.

A fundamental feature of the DOE UREX flowsheets approach is that plutonium is never
completely separated from other more radioactive radionuclides. This raises issues
concerning how to factor the increased radiation and difficulty in separating the plutonium
into the safeguards and security paradigms that will be used in the recycle facilities.

An important goal in licensing SNF recycle is to include design and operating
requirements to minimize problems in decommissioning the facilities at the end of their
operating life. A related issue is the need to obtain sufficient lessons learned to provide a
basis for decommissioning requirements to be included in regulations concerning SNF
recycle facilities, and how to balance these requirements against the licensee’s freedom
to build a plant that efficiently and economically accomplishes its mission.

The differences among IAEA, NRC, and DOE requirements for the permissible significant
(sigma) plutonium inventory differences could be important to recycle facility operation
and deserve further attention.

Other Requlatory Issues Arising from SNF Recycle

The following summarizes issues that could arise from implementation of SNF recycle that could
impact NRC regulations:

The UREX flowsheets involve at least four interconnected processes operating in series.
Each of these processes is as complex as the traditional PUREX process. This raises
the issue of how to overcome the difficulty and resource requirements entailed in
developing the technical capability (expertise, analytical tools) to evaluate whether such a
complex system can be safely operated. This evaluation involves predicting the behavior
of myriad pieces of equipment and the piping connecting them under normal and accident
conditions.

Recycle facilities that are capable of meeting DOE goals will involve many processes and
pieces of equipment that have never been used on a commercial scale or in licensed
facilities. When licensing facilities, the NRC normally performs confirmatory research to
validate key data and assumptions made by a licensee. In the case of recycle facilities,
such research would require highly specialized facilities (e.g., hot cells) and equipment
that is available only in a limited number of places, none of which are part of the current
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NRC community. The lack of NRC infrastructure relevant to SNF recycle raises the issue
of how the NRC will perform confirmatory research.

It will be necessary to create and grade licensing examinations for fuel recycle facility
operators at several levels of competence and responsibility. Finding people qualified to
prepare and administer proficiency examinations will be challenging.

Regulators must complete a number of time-consuming activities before the anticipated
receipt of a license application for SNF recycle facilities, including creating the licensing
regulation(s) for recycle facilities, modifying supporting regulations, preparing guidance
documents underpinning the foregoing, establishing release limits for volatile
radionuclides such as *H and *C, and reconsidering the waste classification and disposal
technology system. Establishing release limits for volatile radionuclides could be a
particularly lengthy process because of the likely need to perform engineering design,
cost, and risk studies as a basis for the limits.

DOE also needs to complete several time-consuming activities before it can submit a
license application for a recycle facility having the full capabilities presently envisioned by
the Department (i.e., using the UREX+1a flowsheet or similar process). These activities
include completing the development and testing of a complex multi-step reprocessing
flowsheet, testing equipment to implement the flowsheet, developing waste treatment
processes and disposal facilities for a number of novel waste streams, completing a
generic environmental impact statement for the recycle program, designing the facility,
and preparing the license application and other regulatory documents.

The time required to accomplish both the regulatory and DOE activities is likely to be at
least several years, but this estimate has a substantial degree of uncertainty. However,
DOE could decide to initially deploy SNF recycle facilities that do not have the full
capabilities presently envisioned and then add additional modules over time to achieve
the full capabilities. Such an approach is significantly less complex than implementing all
the envisioned capabilities at the outset and represents only a modest extension of
existing technology. Consequently, the time required to develop and submit a license
application could be significantly reduced compared to that needed for a fully capable
facility, but the time needed for regulatory development would not be significantly
reduced.

In the 1970s, when nuclear fuel recycle was being aggressively pursued, the U.S.
Environmental Protection Agency (EPA) began to develop standards for radionuclide
releases from recycle facilities and codified the results in Title 40, “Protection of
Environment,” Part 190, “Environmental Radiation Protection Standards for Nuclear
Power Operations,” of the Code of Federal Regulations (40 CFR Part 190). With the
benefit of decades of hindsight, analysis now shows that the existing standard raises the
following issues:

- The factors by which #°Kr and "I must be reduced are approximately 7-fold and
200-fold, respectively. The evaluation that resulted in these factors was based on
effluent control technologies that were under development but were never
completed. Thus, meeting the standard with available technologies may not be
feasible.
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- Background information accompanying the standard indicated that studies
concerning limits on releases of "C and ®H were underway. These studies
remain incomplete, and thus, the standard may be incomplete.

- The cost-benefit approach used in the analyses involved calculating the collective
dose by integrating very small doses over very large populations and distances
and comparing them to then-common metrics such as a limit of $1000/man-rem to
determine whether additional effluent controls were justified. As Committee letters
and the International Commission on Radiological Protection have observed, such
a comparison is questionable.

- The scope of 40 CFR Part 190 does not include fabrication of fuels enriched with
plutonium or actinides other than uranium.

In summary, the EPA standard on which effluent release limits are based may impose
requirements that are infeasible in the near term, may be incomplete, and is based on
analysis techniques that have become questionable over the years. This is a very fragile
(if not inadequate) foundation for the NRC to develop implementing regulations and begin
licensing a fuel recycle facility.

Implementing fuel recycle will require a substantial number of staff who are
knowledgeable about the technical and regulatory aspects of fuel recycle facility design
and operation. The design and operation of the fuel reprocessing and recycle fuel
fabrication facilities are particularly challenging because staff members trained as nuclear
chemical operators and engineers are required and few exist because demand in this
field has been very limited for decades. This same expertise, especially that of nuclear
chemical engineers, will be in demand by organizations performing fuel recycle research
and development, designing and operating recycle facilities, and regulating recycle
facilities, thus further exacerbating the shortfall in supply.

GNEP goals include having once-through and recycle facilities in the United States
providing services (fuel supply, fuel take-back) as a primary component. With substantial
amounts of U.S. fuel going to many other countries and being returned to the this country,
a more focused relationship between the NRC and regulators in other countries might be
desirable or necessary to ensure that U.S. fuels are acceptable internationally and that
fuel irradiated in another country has an acceptable pedigree for its return.

DOE regulates most of its activities under its own authority, while the NRC regulates
licensees engaged in civilian and commercial nuclear activities. In the case of the
projected fuel recycle facilities; there is the potential for DOE regulation of some facilities
that interface with other NRC-regulated facilities (e.g., a fuel refabrication plant and
associated waste management facilities such as at the mixed-oxide (MOX) fuel
fabrication plant at the Savannah River Site). This could pose challenges concerning
compatibility and consistency of regulatory requirements, especially as it concerns
material that moves between facilities and the means by which it is moved.

The development and design of recycle facilities provide an excellent opportunity to

educate and train NRC staff for licensing subsequent facilities and to obtain insights
useful in developing or modifying NRC regulations to license these facilities. Of particular
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note is a stepwise end-to-end demonstration of the UREX+1a flowsheet now underway at
Oak Ridge National Laboratory beginning with SNF receipt and ending with refabrication
of fuels containing TRU elements and use of waste materials (e.g., technetium,
cesium/strontium) to develop treatment processes.

RESEARCH NEEDS

Implementation of SNF recycle in the United States as presently envisioned by DOE will require
information that will presumably result from the Department’s ongoing research and development
program or international experience. However, to fulfill its role in developing regulations and
later reviewing a license application for SNF recycle facilities, the NRC staff must be able to
independently assess the safety of the facilities. Such an assessment requires sufficient
understanding of key technical aspects of the processes and materials in the plant. In the course
of preparing the white paper, the Committee noted the following research needs that are likely to
be important to the NRC'’s regulatory role:

. Knowledge of the split of each chemical species in each process step in the plant (the
separation factors), especially concerning tritium, iodine, technetium, neptunium, and
radioactive material associated with the cladding.

o Developing a model that simulates the interconnected equipment in a facility flowsheet
using the separation factors to determine the radionuclide concentrations and inventory.
Such models need to accommodate complexation, colloids, internal recycle streams, and
important conditions in bulk fluids (e.g., temperature, acidity, radiolysis).

o Understanding stability of organic extractants, solvents, and ion exchange materials and
the safety implications of degradation products.

o Understanding and documenting the technical status and cost of effluent control
technologies and developing a methodology for performing the cost-benefit analysis.

. Understanding the performance of potential waste forms for krypton, iodine, carbon,
technetium, and cesium/strontium in likely storage and disposal environments.

. A better understanding of the strengths, limitations, and historical performance of
long-term institutional controls and facility degradation rates in the context of reviewing a
license application for 300 years of near-surface storage of cesium/strontium to provide a
basis for these judgments.
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1.1.

INTRODUCTION

Background and Context

The spent nuclear fuel (SNF) from existing and future nuclear power reactors in the United
States poses the following challenges:

Obtaining adequate disposal capacity for SNF and high-level waste (HLW): The United
States currently has 104 operating commercial nuclear power reactors [NEI, 2007] which
produce about 2100 metric ton initial heavy metal (MTIHM) of SNF each year [Kouts,
2007]. The U.S. Department of Energy (DOE) estimates that the congressionally
mandated capacity limit of 70,000 MT of heavy metal equivalent imposed on the
proposed Yucca Mountain repository will be committed to accumulated spent commercial
fuel and other DOE wastes by about 2010 [DOE, 2006a] leading to the need for
additional disposal capacity beyond this time. Other estimates [Kessler, 2006] show that
if the currently planned approach to emplacing SNF in YM is maintained, the physical
capacity of the site is 2.0 to 3.5 times the 70,000-MT of heavy metal equivalent legislative
limit. Thus, expansion of Yucca Mountain to its physical limits could accommodate spent
fuel from an additional 33 to 83 years of operation of existing nuclear power plants but
proportionately fewer if reactors undergoing license extensions, new reactors similar to
those presently deployed, and new types of advanced reactors were to continue or begin
producing additional SNF. The characteristic of SNF that limits how much can be placed
in a unit area of the repository is its decay heat, which is dominated by **Sr and '*’Cs for
the first several decades and by certain transuranic (TRU) actinide isotopes beyond this
time, with plutonium and ?*'Am being the dominant contributors. The volume of the SNF
does not drive the amount of repository area required to dispose of SNF, although the
volume of SNF does affect the number of storage and shipping casks that must be
handled and transported.

Increasing utilization of available energy resources: The SNF from commercial power
reactors contains two significant sources of fissile material that could be recovered and
reused. The first is the 2**U remaining after the fuel that initially contained up to 5 percent
of this isotope has been depleted. The #*°U concentration in SNF is typically several
tenths of a percent (about the same as natural uranium) and could be reenriched to yield
some additional uranium for fuel. The second significant source of fissile material in SNF
is the TRU elements created by neutron irradiation of 2*>2*®U, with plutonium being the
most important because it constitutes at least 1 percent of typical SNF, and about two-
thirds of the plutonium is fissionable in the thermal neutron spectrum in light-water
reactors (LWRs).

Avoiding the increased proliferation risk from a pure plutonium stream: The plutonium
contained in SNF has been recovered and reused in many countries. However, the
processes that have been used to recover it generate the product as a stream of pure
plutonium that can be handled with little or no radiation shielding and, as a consequence,
poses a proliferation risk. This proliferation risk is an undesirable aspect of existing
recovery processes and has impeded the reuse of plutonium.

Reducing disposal risks from key radionuclides: SNF contains many radionuclides that
could be dissolved from failed waste canisters in a closed repository, migrate to the
biosphere, and constitute a risk to the public. However, only a few radionuclides have the



necessary combination of longevity and mobility to be important contributors to risk
[EPRI, 2003], most notably *Tc, "I, and *’Np and its decay products. The neptunium in
SNF is produced by neutron irradiation of ?*°U, as well as by the decay of **'Pu and *'Am
in the SNF that is produced by neutron irradiation of 2%3U.

DOE has been supporting programs to recycle SNF for a number of years. Specifically, DOE is
proposing to reprocess SNF (separate it into its constituent components), with LWR fuel being
the primary feedstock for the foreseeable future; reuse the recovered uranium; reuse the
plutonium by making it into new reactor fuel (refabrication); destroy actinides that dominate
repository risk by refabricating them into fuel or targets; irradiate the actinides in a nuclear
reactor; and incorporate radionuclides that cannot be readily destroyed by irradiation into
appropriate waste forms. To address proliferation concerns, DOE proposes to reprocess the
SNF using new approaches that do not produce a separated plutonium stream.

The current DOE program for implementing its proposed approaches is the Global Nuclear
Energy Partnership (GNEP). This program contemplates building (1) an integrated nuclear fuel
recycle facility,* (2) an advanced reactor for irradiating neptunium, plutonium, americium, and
curium, and (3) an advanced fuel cycle research facility to develop the technology needed by
GNEP.

In the conference report associated with the fiscal year (FY) 2006 Energy and Water
Appropriations bill [Congress, 2005], Congress directed DOE to select a site for the integrated
nuclear fuel recycle facility by FY 2007 and to initiate construction of one or more such facilities
by FY 2010. DOE subsequently submitted a program plan [DOE, 2006a] and a strategic plan
[GNEP, 2007a] providing details of its path forward and has continued to refine these plans.

Fuel recycle has the potential to require changes in the existing regulatory framework and
expertise of the U.S. Nuclear Regulatory Commission (NRC) which are now structured to license
LWRs and their associated once-through fuel cycle facilities including direct disposal of spent
fuel. In recognition of this potential, the Commission directed [NRC, 2006 a, b] that the Advisory
Committee on Nuclear Waste [or the Advisory Committee on Nuclear Waste and Materials
(ACNW&M)] become knowledgeable concerning developments in fuel recycle and help in
defining the issues most important to the NRC.

In FY 2006, the Committee received initial briefings on fuel recycle by Committee consultants,
NRC staff, and DOE. Based on this input, the Committee decided that the most efficient way to
meet the potential needs of the Commission was to prepare a white paper on fuel recycle and
chartered a group of expert consultants to do so. The white paper was sent to the Commission
by the ACNW&M as an attachment to a letter dated October 11, 2007 (ADAMS Accession
Number ML072840119).

* For the purposes of this document, “recycle” involves (a) separation of the constituents of spent nuclear
fuel, (b) refabrication of fresh fuels containing plutonium, minor actinides, and possibly some fission
products, (c) management of solid, liquid, and gaseous wastes, and (d) storage of spent fuel and wastes.



1.2.  Goal and Purposes

The primary goal of this report is to summarize the technical, regulatory, and legal history, status,
and issues related to SNF recycle for two purposes:

(1) To supply the basis for a letter to the Commission providing the Committee’s initial
insights on important regulatory issues raised by the DOE SNF recycle initiative and
recommending the means and timing for the NRC to address them.

(2) To provide “knowledge management.” Because decades have elapsed since the NRC
last attempted to license fuel recycle facilities, this report aims to capture the knowledge
of the experts concerning the history of SNF recycle and implications for current SNF
recycle programs for use by all elements of the NRC.

This report is intended to be generic and not focused exclusively on the current U.S. program
directed at implementing SNF recycle (GNEP). However, if SNF facilities regulated by the NRC
are built in the United States, the facilities will of course reflect a focus on the policies, goals, and
priorities of the U.S. SNF recycle program as modified in the future. Consequently, important
aspects of this report necessarily reflect the goals and priorities of the current GNEP program
and its technology selections, because the future is unknowable. The impact of this focus is
mitigated by the ambitious scope of the current GNEP program which proposes to separate SNF
into a larger array of products and wastes than those produced or currently planned in other
countries (France may be an exception). If some of these separations are not performed, then
specific portions of this report may be academic, but the Committee believes that the major
messages will be pertinent in the future.

While it is important that the reader understand the purposes of this paper, the reader should
also realize that the paper is not intended to do the following:

. Address the implications of advanced reactors: This paper does not address the
implications of potential new power production and/or transmutation reactors (e.g., fast-
neutron-spectrum reactors for fissioning TRU elements) or devices (e.g., accelerators for
transmutation) for the NRC’s regulations and infrastructure. This is the purview of the
NRC'’s Advisory Committee on Reactor Safeguards (ACRS). The paper does briefly
describe the fuels that might be used in such reactors because they are the potential feed
for a reprocessing plant.

o Provide detailed recycle technology descriptions and characterization: This paper does
not contain detailed descriptions of the SNF recycle science or technology or the
characteristics of internal plant streams for multiple reasons:

- Such descriptions are not needed to accomplish this paper’s stated goal.

- Reliable details concerning the science and technology underlying GNEP recycle
proposals are not available because the processes are still under development.

- Where available, detailed descriptions of technology and internal plant streams
are proprietary, sensitive for security reasons, or both, which would preclude the
issuance of this paper as a public document.



1.3.

The paper does include detailed descriptions of historical science and technology by
reference.

Provide details on pyroprocessing: If SNF recycle is to proceed, the first and largest
operation will necessarily be to reprocess LWR fuel. Aqueous processes such as those
currently in use internationally or advanced versions being developed in this country and
elsewhere are very likely to be used on LWR fuels because they were developed for this
purpose. As a consequence, this paper focuses on aqueous processes. Pyroprocesses
(using molten metals and salts and electrochemical cells to accomplish SNF separation)
were conceived to reprocess metal fuels and may have application to oxides and to
advanced fuels such as nitrides and carbides. This paper briefly describes such
processes.

Focus on fuel fabrication and refabrication: Fabrication of new reactor fuels from the
plutonium resulting from LWR fuel reprocessing and licensing of facilities for fabricating
them is established practice. Many countries use uranium/plutonium oxide fuels, and a
U.S. facility is in the licensing process as this paper is written. While inclusion of a
mixture of TRU actinides (neptunium, plutonium, americium, and curium) does present
some additional technical challenges for fabrication (e.g., much higher emission of
radiation and heat), a refabrication facility for this purpose would not raise the variety of
major conceptual and practical issues that SNF reprocessing does.

Evaluate the merits of the DOE technical or programmatic approach: As stated
previously, the purposes of this paper are to support preparation of a Committee letter on
regulatory issues that would be raised by SNF recycle and how the NRC should address
these issues and to aid in capturing knowledge that is rapidly being lost because it has
not been needed in the United States for decades. Evaluation of the DOE program is the
purview of appropriate elements of the executive and legislative branches, independent
review groups, and other interested stakeholders.

Contain conclusions and recommendations: A Committee letter will provide the NRC with
conclusions and recommendations regarding the implications of SNF recycle.

Scope

In attempting to meet the goal and purposes stated above, this paper addresses the following

topics:

a historical overview of fuel recycle including recycle programs, reprocessing technology
and facilities, and fuel refabrication technology and facilities

a historical overview of the siting, design, operation, and material accountability of fuel
recycle facilities that describes how recycle technologies were integrated into an
operating facility designed to meet then-applicable (in the late 1970s) regulations and
some needed improvements that were evident even at that time
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an overview of current recycle activities including ongoing U.S. and international fuel
recycle programs, a brief discussion of reactors and the spent fuel they would generate
(which is the feedstock for recycle facilities), and discussion of the advanced fuel recycle
processes being developed

an initial scoping calculation of the nature and characteristics of wastes that might result
from the UREX+1a SNF reprocessing flowsheet currently favored by GNEP

discussion of regulation and licensing of fuel recycle facilities, including the following:
- pre-NRC experience with licensing two such facilities in the 1970s and earlier

- discussion of regulations that might be used to license new fuel recycle facilities
including existing and potential new regulations

- topics related to licensing such as environmental protection requirements
(primarily effluent controls) and other environmental impacts

- recent proposals by the NRC staff on how fuel recycle facilities might be licensed
and Commission direction related to their licensing

a discussion of issues relevant to licensing recycle facilities, including the licensing
regulation(s) per se, potential impacts on other NRC regulations, implications for NRC
expertise and infrastructure, and timing

Information Sources

In addition to the many publicly available documents reviewed to prepare this white paper, other
important sources of information are as follows:

presentation by R.G. Wymer to the 171%' Advisory Committee on Nuclear Waste (ACNW)
Full Committee, June 6, 2006, Subject: Commercial Spent Nuclear Fuel Reprocessing

presentation by DOE representatives to 172" ACNW Full Committee, July 20, 2006
Subject: Advanced Fuel Cycle Initiative (AFCI)

L. Tavlarides’ trip to Argonne National Laboratory (ANL) for discussions on AMUSE code
calculations, October 6, 2006

ACNW members’ trip to Hanford to tour reprocessing-like facilities, October 17-18, 2006
J. Flack’s and L. Tavlarides’ trip to Idaho National Laboratory (INL), October 24-25, 2006

presentations by R.G. Wymer, and L. Tavlarides to 174"™ ACNW Full Committee,
November 15, 2006, Subject: White Paper on Potential Advanced Fuel Cycles

presentations by NRC/Office of Nuclear Material Safety and Safeguards staff to 175"
ACNW Full Committee, December 13, 2006, Subject: Conceptual Licensing Process for
Global Nuclear Energy Partnership (GNEP) Facilities



presentation by Government Accountability Office representative to ACNW, April 11,
2007, Subject: Scope and Methodology of the Government Accountability Office’s
(GAO’s) Ongoing Review of the Global Nuclear Energy Partnership (GNEP) Effort

ACNW member A.G. Croff’s attendance at a briefing by DOE on the GNEP waste
management strategic plan in April 2007 at the National Academy of Sciences (NAS)
Nuclear and Radiations Studies Board meeting

ACNW member A.G. Croff’s attendance at May 2007 Nuclear Waste Technical Review
Board meeting to hear Jim Laidler’s presentation on GNEP waste streams

presentation by AREVA representative to 179" Committee meeting, May 16, 2007,
Subject: AREVA Spent Nuclear Fuel Recycle Facilities

presentation by Energy Solutions to 181%' Committee meeting, July 19, 2007, Subject:
BNFL’s Reprocessing Technology

roundtable discussion with 181% Committee meeting and internal and external
stakeholders, July 19, 2007, Subject: Committee White Paper on Spent Nuclear Fuel
Recycle Facilities

presentation by GE-H to the 183 Committee meeting, October 16, 2007, Subject: SNF
Recycling Processes



2. RECYCLE FACILITY FEEDSTOCK: SPENT NUCLEAR FUEL DESIGNS

This section describes the uranium-plutonium and thorium-uranium fuel cycles with emphasis on
the fuels that constitute the feedstock for SNF recycle facilities.

2.1.  Overview of Generic Fuel Cycles
2.1.1. Uranium-Plutonium Fuel Cycle

The uranium-plutonium fuel cycle starts with uranium ore. Historically, the uranium has been
enriched to 3 to 4.5 percent in ?*°U, although today the trend is generally to the higher
enrichments (e.g., 4.5 to 5 percent). The enriched uranium is converted to oxide and fabricated
into UO, pellets for use in reactor fuel. A portion of the >®U in the fuel is converted to plutonium
by capture of neutrons. Eventually, enough plutonium is produced that it contributes
substantially to the fission reaction and thus to power production in power reactors. The
plutonium remaining can be separated by reprocessing the spent fuel and converted to PuO,,
which is mixed with UO, to produce “MOX” (mixed-oxide) fuel. The advantage of this approach
is that it uses the relatively abundant *8U (99.275 percent) in uranium ore to produce fissile
plutonium to replace part of the much less abundant 2*°U (0.71 percent) in the fuel.

2.1.2. Thorium-Uranium Fuel Cycle

The thorium-uranium cycle starts with thorium and enriched uranium. Neutron capture in ??Th
produces ?**U, which is fissile. In principle, when enough ?**U is produced, it can completely
replace the enriched uranium. The molten salt breeder reactor was projected to be a net breeder
using the thorium fuel cycle. The Shippingport reactor® was operated on the thorium-uranium
fuel cycle and attained a breeding ratio of about 1.01. The thorium-uranium fuel cycle has the
potential to substantially reduce the consumption of enriched uranium for a given amount of
energy produced.

2.2. Fuel Designs
2.2.1. Pressurized Water Reactors (PWR)

The most basic part of pressurized water reactor (PWR) fuel is a uranium oxide ceramic fuel
pellet which is about 1 centimeter in diameter and 2 to 3 centimeters long. The pellets are
inserted into Zircaloy cladding tubes, and plugs are welded in the end, thus constituting a fuel
element or “rod.” The tubes are about 1 centimeter in diameter and about 4 meters long. The
gap between the fuel pellets and the cladding is filled with helium gas to improve the conduction
of heat from the fuel pellet to the cladding and minimize pellet-cladding interaction which can
lead to fuel element failure. The fuel elements are then grouped into a square array called a fuel
assembly (see Figure 1).

®The Shippingport (Pennsylvania) breeder reactor was developed in the 1950s by the Naval Reactors
Division of the U.S. Atomic Energy Commission (AEC) under Admiral Rickover.
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Figure 1. PWR Fuel Assembly and Hardware

There are 179 to 264 fuel elements per fuel assembly, and 121 to 193 fuel assemblies are
loaded into a reactor core. The size of the fuel element array ranges from 14x14 to 17x17 rods
in a square array. Typical PWR fuel assemblies are about 406 centimeters in length and

21.4 centimeters square. Control rods are inserted through the top and into the body of the
assembly.

2.2.2. Boiling-Water Reactors (BWR)

In a boiling-water reactor (BWR), the fuel is similar to PWR fuel except that the assemblies are
not as big in cross-section and are “canned.” That is, a thin metal sheath (also known as a
shroud) surrounds each assembly. The primary purpose of the sheath is to prevent local water
density variations from affecting neutronics and to control the thermal hydraulics of the nuclear
core. Each BWR fuel element is filled with helium to a pressure of about 3 atmospheres (300
kilopascals). A modern BWR fuel assembly comprises 74 to 100 fuel elements rods that are
slightly larger in diameter than those in a PWR. There are up to 800 assemblies in a reactor
core, holding up to approximately 140 MT of uranium. The number of fuel assemblies in a



specific reactor is based on considerations of desired reactor power output, reactor core size,
and reactor power density. Figure 2 shows modern BWR fuel assemblies and a control rod
‘module.” The fuel element array is typically 6x6 elements to 8x8 elements. The assemblies are
10 to 15 centimeters across and about 4 meters long.
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Figure 2: BWR Fuel Assembly

2.2.3. Fast Reactors

Historically, the core of a fast reactor consisted of an array of canned fuel assemblies containing
an array of fuel elements. The fuel element cladding and can are both made of stainless steel
which allows these reactors to operate at higher temperatures than LWRs. When such reactors
were designed to produce more plutonium than they consumed (i.e., to “breed”), the core was
composed of a central region of MOX fuel (called driver fuel) that could sustain a chain reaction.
Above and below the driver fuel pellets were pellets of depleted uranium called a “blanket.”
Additionally, surrounding the driver assemblies in the radial direction were fuel assemblies in
which the fuel pellets were all depleted uranium. When these assemblies are placed together,
the result is creation of a central cylindrical “driver” region surrounded on all sides by the blanket.

The purpose of this configuration was to use neutrons that leaked from the driver fuel to produce
plutonium in the blanket.



The fuel elements are kept apart by grid spacers or in some cases by wire wound helically along
each element. Driver fuel elements are typically stainless steel tubes 6 or 7 millimeters in
diameter. In early designs, the elements in the blanket were larger in diameter, about

1.5 centimeters, because they require less cooling than the driver fuel elements. Both driver fuel
and blanket elements may be more tightly packed in liquid-metal- (e.g., sodium, Na/K, lead,
bismuth) cooled fast reactors than in LWRs because the heat transfer properties of the liquid
metal are much better than those of water. This may not be the case for gas-cooled fast
reactors.

In the GNEP concept, the objective of future fast reactors is to fission as many of the TRU
elements as practical while still producing electricity. Thus, instead of producing about

10 percent more plutonium than what was inserted into the reactor as would have been the case
with breeder reactors, DOE is seeking to have advanced burner reactors (ABRs) consume a net
25 to 75 percent of the TRU elements inserted into the reactor in the fresh fuel. Consequently, it
is unlikely that there will be any blanket fuel in the ABR, and it is possible that another diluent
element (e.g., zirconium) that does not produce plutonium may replace some or all of the #*®U in
the driver fuel.

Fast reactor fuel may be made of several different materials. The principal materials are
discussed below.

2.2.3.1. Oxide

Oxide fuel is made up of pellets composed of a mixture of oxides of plutonium and uranium. In
the ABR, other TRU elements may be included. The equivalent enrichments® of the fuel range
between 15 and 35 percent depending on the reactor in question. Use of oxide fuels in fast
reactors is established technology.

2.2.3.2. Carbide

Historically and up to the present time, metallic and oxide fuels have been used in fast reactors.’
There is, however, interest in the use of fuel composed of uranium/plutonium carbide, particularly
in India. Carbide fuels have a higher thermal conductivity than oxide fuels and, where plutonium
breeding is of interest can attain breeding ratios larger than those of oxide fuels. The increase in
breeding ratio results from the fact that, while there are two atoms of oxygen per atom of uranium
in the oxide, there is only one atom of carbon per uranium atom in the carbide. Light atoms such
as carbon and oxygen tend to slow fission neutrons, and since there are fewer atoms per fissile
atom in the carbide than in the oxide, it follows that the energy distribution of neutrons in a
carbide-fueled fast reactor is shifted to higher energies than in a comparable oxide-fueled fast
reactor. In addition, the density of uranium is higher in carbide fuels. The higher energy neutron
spectrum and uranium density enhance plutonium production.

® Uranium and plutonium isotopes are both fissionable, so it is convenient to refer to the fissile content of
fuel in terms of “equivalent enrichment” (i.e., with fissile characteristics as though it were all enriched
uranium).

" An important exception is the fast reactor development program in India, which is based on carbide
fuels.
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2.2.3.3.  Uranium/Plutonium/Zirconium Metal Alloy

A metal alloy of uranium/plutonium/zirconium (uranium 71 percent; plutonium 19 percent;
zirconium 10 percent) in stainless steel cladding has shown considerable promise as a fast
reactor fuel. It has been irradiated to burnups well over 15 atom percent [Pahl, 1990] with no
deleterious effects that preclude serious consideration of its use, although some swelling and
cladding interactions have been observed at these very high burnups.

2.2.3.4. Nitride

There has been interest in using uranium and/or plutonium nitride in fast reactors for many of the
same reasons that carbide is attractive as a fuel. DOE is developing such fuels. An important
disadvantage of nitride fuels is that they can form significant amounts of "C by neutron capture
in the "N isotope of the nitrogen component. To overcome this problem, it would be necessary
to perform a nitrogen isotope separation to remove the bulk of the "*N.
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Figure 3: Drawing of a typical historical fast breeder reactor fuel assembly.
Fuel designs for the ABR are still evolving.
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2.2.4. High-Temperature Gas-Cooled Reactors

The two types of high-temperature gas-cooled reactor (HTGR) fuel assemblies are spherical
(called pebbles) and prismatic blocks. The former were developed in Germany in connection with
the AVR and the first German HTGR power plant, the Thorium High-Temperature Reactor 300.°
Currently, pebble bed fuel assemblies are being used in the experimental reactors HTR-10 in
China and in Russia. The high-temperature engineering test reactor (HTTR) in Japan is based on
prismatic fuel forms. In the United States, General Atomics developed prismatic fuels, which were
used commercially in the 330-megawatt electric (MWe) Fort St. Vrain reactor.

In both cases, the fuel matrix is composed of compounds of uranium and thorium or plutonium in
the form of a ceramic (usually oxide, oxycarbide, or carbide). The fuel “element” in both cases is a
“TRISO?” (tristructural-isotropic) fuel microsphere which is typically about 1 millimeter in diameter.
TRISO fuel typically consists of a fuel kernel containing the fuel matrix in the center, coated with
four layers of material. The four layers are a porous graphite buffer layer whose porosity provides
space for fission gases, followed by a dense inner layer of pyrolytic carbon (PyC), followed by a
ceramic layer of silicon carbide (SiC) to retain fission products at elevated temperatures and to give
the TRISO microsphere more structural integrity, followed by a dense outer layer of PyC. TRISO
fuel microspheres are designed not to crack because of the stresses from processes such as
differential thermal expansion or fission gas pressure at temperatures above 1600 °C and therefore
can contain the fuel and fission products in the worst-accident scenarios in a properly designed
reactor. (See Section 3.2.3 for a detailed discussion of HTGR fuel fabrication.) These fuel
microspheres are enclosed in graphite “pebbles” or prismatic graphite blocks that act as the
primary neutron moderator.

2.2.5. Molten Salt Reactor

The molten salt reactor (MSR) is a unique reactor concept. It does not use a solid fuel. Instead, it
uses a molten fluoride salt fuel that circulates in a loop. The loop contains a heat exchanger to
extract fission energy and a system that removes fission products, primarily lanthanides and noble
gases, whose presence would “poison” the salt (i.e., would capture neutrons) and ultimately
prevent fission from occurring. The fuel for the Molten Salt Reactor Experiment was LiF-BeF»-
ZrF4-UF,4 (65-30-5-0.1). A graphite core moderated the neutrons. The secondary coolant was
F-Li-Be (2LiF-BeF,). At a peak temperature of 650 °C, the reactor operated for the equivalent of
about 1.5 years of full-power operation.

The culmination of the Oak Ridge National Laboratory (ORNL) research during the 1970-76
timeframe resulted in an MSR design that would use LiF-BeF,-ThF,-UF, (72-16-12-0.4) as fuel. It
was to be moderated by graphite with a 4-year replacement schedule, to use NaF-NaBF, as the
secondary coolant, and to have a peak operating temperature of 705 °C. However, to date, no
commercial MSRs have been built.

® South Africa has a modular pebble bed reactor under active development.
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3. OVERVIEW OF SPENT NUCLEAR FUEL RECYCLE
3.1.  Reprocessing Experience and Evaluations

Much of the technical information needed for reprocessing SNF and for fuel recycle in general
has been available for many years and may be found in the publicly available literature. The
publication dates for the general and some of the specific references at the end of this paper are
indicative of the amount of detailed information available and the very long time it has been
available. Notwithstanding this wealth of information, there is another component of knowledge
that can only be gained through operating experience. The following sections present
information based on operating experience, as it relates to early fuel recycle evaluations and the
current or formerly operating recycle facilities.

3.1.1. U.S. Defense and Commercial Reprocessing Plants

In the years following World War Il, Government facilities operated by DOE (formerly the AEC)
carried out spent fuel reprocessing to recover plutonium for use in weapons and highly enriched
uranium from naval reactor fuel.

3.1.1.1.  Reprocessing for Weapons Plutonium Recovery

Large-scale reprocessing of irradiated nuclear reactor fuel to recover plutonium for use in nuclear
weapons began in the United States following World War Il and continued until the 1980s. Large
Government-owned plants located in Richland, Washington, and Savannah River, South
Carolina, carried out the reprocessing for plutonium production. A plant was also constructed at
Idaho Falls, Idaho, to recover uranium from spent naval reactor and some other highly enriched
SNF. The earliest large-scale plutonium recovery process was the bismuth phosphate process
which was a multistep precipitation process developed by G. Seaborg and coworkers in very
small-scale laboratory experiments and carried directly into large-scale production at the Hanford
site in Richland, Washington. It was soon replaced with a succession of solvent extraction
processes that were much simpler to operate and more efficient. These processes and the
subsequent approaches used to manage them (e.g., neutralization of acidic wastes) did,
however, produce copious amounts of waste, both liquid and solid, and radioactive and
nonradioactive. Millions of gallons of liquid HLW were stored in large “single-shell” and “double-
shell”® tanks on the Hanford and Savannah River sites. Most of this waste still resides in the
tanks as sludge and caked salt, although efforts are underway to remove, treat, and dispose of it.

3.1.1.1.1.  Bismuth Phosphate Process

The bismuth phosphate process for extracting plutonium from irradiated uranium was
demonstrated in a pilot plant built next to the Oak Ridge X-10 Reactor in 1944 and subsequently
deployed at Hanford. At production scale, the process produced a large amount of highly
radioactive waste that contained all of the uranium in the SNF, and the bismuth phosphate
process was soon replaced by a solvent extraction process. (See the following section.) The
bismuth phosphate process was designed to recover plutonium from aluminum-clad uranium

® The terms “single-shell” and “double-shell” refer to whether the tanks had only one wall and bottom or
whether they were, in effect, a tank within a tank. Many of the single-shell tanks have developed leaks to
the subsoil.

13



metal fuel. The aluminum fuel cladding was removed by dissolving it in a hot solution of sodium
hydroxide. After de-cladding, the uranium metal was dissolved in nitric acid. The plutonium at
this point was in the +4 oxidation state. It was then carried from solution by a precipitate of
bismuth phosphate formed by the addition of bismuth nitrate and phosphoric acid. The
supernatant liquid (containing many of the fission products) was separated from the precipitate
that contained the plutonium, which was then re-dissolved in nitric acid. An oxidant such as
potassium permanganate was added to convert the plutonium to soluble PuO,* (PuVI). A
dichromate salt was added to maintain the plutonium in the +6 oxidation state. The bismuth
phosphate was then re-precipitated, leaving the plutonium in solution. Then an iron salt such as
ferrous sulfamate® was added and the plutonium re-precipitated again using a bismuth
phosphate carrier precipitate as before. Lanthanum and fluoride salts were then added to create
a lanthanum fluoride precipitate which acted as a carrier for the plutonium. Repeated
precipitations and dissolutions were used to remove as many impurities as practical from the
plutonium. The precipitate was converted to oxide by the addition of a chemical base and
subsequent calcination. The lanthanum-plutonium oxide was then collected, and plutonium was
reacted with nitric acid to produce a purified plutonium nitrate solution.

3.1.1.1.2.  Redox Process (Hexone)

The Redox solvent extraction process was used in defense SNF reprocessing facilities of the
1960s and 1970s. In this process, an acidic aqueous solution containing the dissolved SNF was
contacted with an essentially immiscible organic solvent (methyl isobutyl ketone or Hexone) that
preferentially removed uranium and plutonium (and, if desired, other actinides) from the aqueous
phase. Many of the solvents initially employed in solvent extraction processes had significant
drawbacks, such as high flammability, susceptibility to chemical and radiation damage, volatility,
excessive solubility in water, high viscosity, and high cost. Solvents used in early large-scale
reprocessing plants included Hexone which was used at the Hanford plant in Richland,
Washington, and 8,8’-dibutoxydiethylether (Butex) which was used by the British. Smaller scale
applications have used bis-(2 ethylhexyl) phosphoric acid (HDEHP).

The Redox process was developed at Hanford in the late 1940s to replace the bismuth
phosphate process and was used in the site’s Redox plant (also known as the S Plant) from
1951 through June 1967. S Plant processed over 19,000 MTIHM of irradiated fuel. Hexone has
the disadvantages of requiring the use of a salting reagent (aluminum nitrate) to increase the
nitrate concentration in the aqueous phase and thus promote plutonium extraction into the
Hexone phase, and of employing a volatile, flammable extractant. The aluminum in the salting
agent substantially increased the volume of HLW. The Hexone, besides presenting a hazard, is
degraded by concentrated nitric acid, leading to more waste as well as decreasing extraction
efficiency. The Redox process was replaced by the plutonium and uranium recovery by
extraction (PUREX) process.

"% Ferrous sulfamate was chosen because the ferrous ion reduced the plutonium to in extractable Pu(lll),
and the sulfamate ion reacted to destroy any nitrous acid present. Nitrous acid had a deleterious effect
on the uranium-plutonium separation process.

"It should be noted that large amounts of nonvolatile salts were added in the bismuth phosphate
process, resulting in a large salt residue in the waste. In modern solvent extraction plants, great care is
taken to eliminate as many nonvolatile salts as possible.
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3.1.1.1.3. PUREX Process

These early solvents were soon replaced by tri-n-butyl phosphate (TBP), a commercially
available solvent without many of the drawbacks of the other solvents. In practice, TBP is diluted
about two-to-one (about 30 percent TBP) with long-chain hydrocarbons (e.g., purified kerosene
or dodecane) to produce a solution with properties optimized for selectively extracting actinides.
The aqueous phase in the extraction process typically is a nitric acid solution containing uranium,
plutonium, neptunium, americium, curium, and fission products, most notably, cesium, strontium,
iodine, technetium, and the rare earth elements (lanthanides). The plutonium and uranium (and,
if desired, some other actinides by suitable valence adjustments) extract selectively into the TBP
phase as complex chemical species containing nitrate ions and TBP. Adjustments of the acidity
of the solution and of the valence of plutonium (from Pu(lV) to Pu(lll)) make possible its
subsequent separation (in a process called “stripping”) from uranium. Adjustment of the valence
of neptunium controls its extraction.

Adoption of the PUREX process for the production of plutonium at the Hanford and Savannah
River plants for the U.S. weapons program was a major advance in irradiated fuel reprocessing.
It proved to be so successful that it was adopted commercially and is the only large-scale
process now used for SNF reprocessing. It has many years of demonstrated excellent
performance. However, the PUREX process produces a pure plutonium stream. This may be
considered a major drawback because of the nuclear weapons proliferation potential presented
by separated and purified plutonium. This drawback is a major impetus for the development and
adoption of new processes such as the proposed U.S. uranium extraction (UREX) processes
and the French grouped actinide extraction (GANEX) process discussed in Section 6 below.

In the past, another disadvantage of the PUREX process was that it produced a relatively large
amount of radioactive waste because it used plutonium-reducing agents containing nonvolatile
salts such as iron compounds and because the TBP extractant contains the nonvolatile
phosphate ion that leads to significant increases in waste volume. This disadvantage was not
considered of much importance for weapons production but has attracted a great deal of
attention in recent years in commercial plants.

In modern plants, degradable reagents are used for plutonium reduction. Steam stripping is
used to remove entrained TBP and the kerosene diluent from aqueous product streams which
minimizes TBP losses to waste, reduces degradation of TBP, and avoids the need for purifying
the solvent by using other nonvolatile chemicals such as sodium hydroxide. It also helps prevent
the conditions required for the potentially explosive “red oil” production (see Section 6.4.4).
Figure 4 shows a highly simplified flowsheet for the PUREX process.

Sections 3.1.3 and 3.1.4, respectively, present additional details of the PUREX process as
carried out in the Thermal Oxide Reprocessing Plant (THORP) in the United Kingdom and the
La Hague plant in France.

Appendix A describes in detail the PUREX process that was to be used in the Barnwell Nuclear

Fuel Plant (BNFP). Because many advances have been made in the PUREX process since the
time of the BNFP, the discussion is presented primarily for historical reasons.
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3.1.1.2.  U.S. Commercial Reprocessing Plants

In the early days of enthusiasm for nuclear energy in general, and SNF recycle in particular, the
U.S. Government encouraged commercial spent fuel recycle both in this country and overseas.
As a consequence, three fuel reprocessing initiatives occurred in the United States. These are
discussed briefly below.

3.1.1.2.1.  Nuclear Fuel Services West Valley Plant—operated and being decommissioned

The Nuclear Fuel Services (NFS) West Valley reprocessing plant was a 300 MTIHM per year
plant that operated in western New York from 1966 until 1972 [West Valley, 1981]. Using the
PUREX process, the West Valley Plant reprocessed about 650 MTIHM, about 390 MTHM of
which was metallic fuel from the Hanford plutonium production reactors. Consequently, the fuel
had a very low burnup of around 2000 MWd/MTHM (to be contrasted with burnups of 45,000
MWdJ/MTHM for today’s LWR fuel). The remainder of the fuel reprocessed at the West Valley
Plant was uranium oxide fuel and fuel containing thorium. Because of seismic concerns and
other issues that would have greatly increased the cost, a planned expansion of the capacity of
the West Valley plant was abandoned, and the plant was closed.

3.1.1.2.2. GE Morris Plant— completed; never operated

In 1967, the AEC authorized General Electric Co. (GE) to build a reprocessing plant in Morris,
lllinois. It was to employ a novel reprocessing method based on the volatility of uranium
hexafluoride to separate uranium from fission products and actinides. Design and operational
problems during process testing caused GE to halt construction of the plant before it processed
any spent fuel. However, the plant was radioactive as a result of the performance of tests using
uranium. The plant’s spent fuel storage pond is currently used as an independent spent fuel
storage installation to store commercial spent nuclear reactor fuel.

3.1.1.2.3.  Barnwell Nuclear Fuel Plant—nearly completed; never operated

Construction of the BNFP in Barnwell, South Carolina, near the DOE Savannah River Site
(SRS), began in 1970. The projected plant capacity was 1500 MTIHM/yr. Appendix A discusses
the plant design, which incorporated redundant cross-piping to accommodate possible piping
failures and was based on the PUREX process. In 1976, President Ford announced that
“...reprocessing and recycling plutonium should not proceed unless there is a sound reason....”
[Ford, 1976] Presidents Carter’s veto in 1978 of S.1811, the Energy Research and Development
Administration (ERDA) Authorization Act of 1978, and his decision to defer indefinitely
commercial spent fuel reprocessing effectively ended any chance for commercial operation of
the plant, and it was abandoned before being licensed or operating with spent fuel (thus avoiding
costly decommissioning).

3.1.2. International Reprocessing Plant Summary

Although the United States discontinued attempts at commercial spent fuel reprocessing in the
mid-1970s, this did not deter construction and operation of reprocessing facilities worldwide.

17



Table 1 [ISIS, 2007] summarizes the capacity of civil (hon weapons) reprocessing plants that are

operating or planned.

Table 1: Reprocessing Plants Operating and Planned in Other Nations

Country Location Scale Rated Feed Material
Capacity,
MTHM/yr
China Lanzhou* Pilot Plant 0.1 PWR, HWRR
France 1. La Hague Commercial 850 LWR
UP2-800
France 2. La Hague UP3 Commercial 850 LWR
India 1. Kalpakkam Demonstration 100 PHWR
Reprocessing Plant
(KARP)
India 2. Lead Minnicell Pilot Plant n/a FBTR
Facility (LMF)
India 3. Power Reactor | Demonstration 100 PHWR, LWR
Fuel Reprocessing
Plant (PREFRE)
India 4. Fast Reactor Commercial n/a FBTR
Fuel Reprocessing
Plant*
Japan 1. Rokkasho Commercial 800 LWR
Reprocessing Plant
Japan 2. JNC Tokai Demonstration 210 LWR
Reprocessing Plant
Russia 1. Research Pilot Plant 1 n/a
Institute of Atomic
Reactors (RIAR)
Russia 2. RT-1, Combined Commercial 400 VVER-440
Mayak
U.K. 1. BNFL B205 Commercial 1500 U Metal
(Magnox)
U.K. 2. BNFL THORP Commercial 1200 LWR, AGR
Oxide

* Undergoing commissioning.
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Table 2 [ISIS, 2007] lists civil reprocessing plants that have operated in the past and have been
or are being decommissioned. The relatively large number of pilot plants built before proceeding
to large-scale reprocessing plants indicates the desirability of such facilities to test integrated
flowsheets before plant construction and to optimize large-scale plant operations. Both France
and the United Kingdom built pilot plants based on work with small-scale tests using fully
irradiated fuel. Larger scale demonstration work was almost exclusively related to chemical
engineering development with little or no radioactivity present other than possibly uranium.

Table 2: Decommissioned Reprocessing Plants

Country Plant Scale Design Feed
Capacity, Material
MTIHM/yr
France 1. Experimental Pilot Plant 5
Reprocessing Facility
France 2. La Hague—AT1 Pilot Plant 0.365
France 3. Laboratory RM2 Laboratory 0
France 4. Marcoule—UP1 Defense/ 600 GCR fuels
Commercial
France 5. La Hague—UP2-400 Commercial 400 GCR and
LWR
Germany Weideraufarbeitungsanlage Pilot Plant 35 MOX, LWR
(WAK)
Italy Eurex Pu Nitrate Line Pilot Plant 0.1 Pu(NOs3),
Japan JAERI Reprocessing Test Laboratory -
Facility (JRTF)
U.K. BNFL B204 Reprocessing Defense -
Plant
U.K. BNFL B207 Uranium Defense -
Purification plant
U.K. BNFL THORP Miniature Pilot Plant -
Pilot Plant (TMPP)
U.K. UKAEA Reprocessing Plant, Defense 0.02 MTR
MTR
U.K. UKAEA Reprocessing Plant, Defense
MOX*
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* Standby plants are in decommissioned status unless otherwise noted. Not all decommissioned
facilities are listed (e.g., Eurochemic in Belgium and U.S. commercial facilities discontinued in
the 1970s (NFS, GE Morris, BNFP) are omitted).

3.1.2.1. France

France has the largest LWR SNF reprocessing enterprise in the world. Commercial
reprocessing is carried out at La Hague on the English Channel. La Hague reprocesses SNF
from reactors belonging to French, European, and Asian electricity companies. AREVA NC La
Hague (formerly COGEMA) has two operating reprocessing plants at this site (UP2-800 and
UP3), each with a design throughput of 850 MTIHM of spent fuel per year. Uranium dioxide,
MOX, and research and test reactor fuels can be reprocessed at La Hague. For more than

10 years, La Hague reprocessing was split between the requirements of the French nuclear
program (France has 58 nuclear power plants, generating 76 percent of the country’s electricity)
and those of the 29 European and Japanese power companies that have reprocessing
agreements with AREVA NC. Power companies from seven countries have sent or are sending
spent fuel to AREVA NC La Hague (France, Japan, Germany, Belgium, Switzerland, Italy, and
the Netherlands). From 1990 to 2005, close to 20,000 MTIHM of fuel were reprocessed at the
La Hague site.

The UP1 reprocessing plant at Marcoule, commissioned in 1958, reprocessed 18,600 MTIHM of
spent fuel from gas-cooled reactors (GCRs) and research reactors to recover the reusable
nuclear materials (uranium and plutonium). The site, located in southern France close to the
Rhone river, reprocessed spent fuels for Commissariat a 'Energie Atomique (CEA) needs (G1,
G2, and G3 reactors and Chinon 1). France’s commercial activities were initiated on the site in
1976, when UP1 began reprocessing spent fuel from the French natural uranium-fueled reactors,
which were graphite-moderated GCRs. COGEMA was created the same year and took over the
operation of the UP1 plant. Production in the UP1 plant was terminated at the end of 1997 after
40 years of operation. Since 1998, the plant has been undergoing final shutdown operations, to
be followed by retrieval and repackaging of waste, then by dismantling and decommissioning of
the plant.

3.1.2.2. Great Britain

Great Britain is the second largest reprocessor of power reactor spent fuel in the world.
Reprocessing is carried out at the Windscale/Sellafield plant in the northwest of England on the
Irish Sea. Civilian reprocessing, which began at Windscale in 1964, is expected to continue until
at least 2015, about 5 years after the shutdown of the last Magnox reactor in Britain. Magnox
power reactor fuel has been reprocessed at Windscale/Sellafield since 1964. Oxide fuel
reprocessing began in 1969. Large-scale oxide fuel reprocessing began with the commissioning
of THORP in 1994. THORP has a nominal capacity of 1200 MTIHM of fuel per year. About

70 percent of the first 10 years of reprocessing at THORP was dedicated to foreign fuel. The
British utility, British Energy, holds contracts to reprocess about 2600 MTIHM of fuel, while
German utilities signed additional contracts for 700 MTIHM of fuel in 1990. In early 2005,
THORP had processed almost 6000 MTIHM of SNF containing about 1.7 billion curies of
radioactivity. Figure 5 shows a diagram of the current main THORP chemical separation
processes. Energy Solutions provided detailed information on THORP process chemistry for
inclusion in this report (see Section 3.1.3).
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Fast reactor and materials test reactor (MTR) fuel has been reprocessed at Dounreay in northern
Scotland since July 1958. This small reprocessing facility is now shut down and is undergoing
decommissioning.

3.1.2.3. Japan

Japan has a small reprocessing plant at Tokai-mura, with a design capacity of about 270 MTIHM
per year (0.7 MTIHM/day). (The actual annual reprocessing rate has been about

100 MTIHM/yr.) Construction of Japan’s first commercial reprocessing plant has been
completed at Rokkasho-mura and testing for commercial startup is underway. The plant, which
is primarily of French design, includes a number of buildings for the head-end process,
separation and purification, uranium and plutonium co-denitration, high-level radioactive waste
vitrification, and other processes related to spent fuel recycle. The plant includes many French
process improvements to the PUREX process. The nominal reprocessing capacity of the plant is
800 MTIHM of uranium per year, enough to reprocess the spent fuel produced by about thirty
1000-MWe nuclear power stations.

3.1.2.4. Russia

The primary Russian reprocessing activity is at Mayak. The Mayak nuclear fuel reprocessing
plant is between the towns of Kasli and Kyshtym (also transliterated Kishtym or Kishtim), located
150 kilometers northwest of Chelyabinsk in Siberia. The plant is part of the Chelyabinsk Oblast.

In 1948, reprocessing of irradiated fuel from the Russian plutonium production reactors began at
the Mayak plant. The plant underwent several modernizations and continued operation until the
early 1960s. Reprocessing of irradiated fuel from the production reactors was continued at a
second plant located next to the first. (The second plant subsequently was combined into a
single industrial area called 235.) The second plant was adapted to extract isotopes from
irradiated targets from the isotope production reactors of Chelyabinsk-65. In 1987, after two out
of five production reactors were shut down, the second reprocessing plant was also shut down.

Plant RT-1 was commissioned in 1977 to reprocess spent fuel from VVER-440, BN-350, BN-600,
research, and naval propulsion reactors. Most of the feed is from VVER-440 reactors. This is
the only Russian facility that reprocesses spent power reactor fuel. The plant’s nominal
reprocessing capacity (based on spent fuel from the VVER-440 reactors) is 400 MTIHM per year.
The historical average throughput of spent fuel at RT-1 is estimated to be 200 MTIHM per year.
Since 1991, reprocessing of foreign spent fuel has become the main source of revenue for
Mayak and has covered the cost of domestic spent fuel reprocessing. Until 1996, the Mayak
Production Association had contracts with nuclear utilities from Finland, Germany, Hungary,
Ukraine, and Bulgaria. By 1996, however, Bulgaria, Germany, and Finland had stopped using
Mayak’s services.

3.1.2.5. India

The Indian Department of Atomic Energy operates three reprocessing plants, none of which is
safeguarded by the International Atomic Energy Agency (IAEA). The plants have a total design
capacity of about 200 MTIHM per year. The first Indian reprocessing plant, at the Bhabha
Atomic Research Centre at Trombay, began operating in 1964 and has processed fuel from the
Cirus and Dhruva research reactors. It was decommissioned in 1973 because of excessive
corrosion, then refurbished, and put back into service in 1982.
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A second reprocessing plant, the PREFRE facility, dedicated to reprocessing Canadian
Deuterium Uranium Reactor (CANDU) Zircaloy-clad oxide power reactor fuel, was brought into
operation at Tarapur in 1982. The design capacity of PREFRE is 100 MTIHM per year.
However, logistical and technical problems have constrained production at the plant.
Furthermore, India has sought to avoid building plutonium stockpiles. In 1995, there was a
serious leak of radioactivity at the waste immobilization plant associated with the Tarapur plant.

In March 1996, cold commissioning (operation without actual spent fuel) began at the KARP
located at the Indira Gandhi Centre for Atomic Research near Madras. “Hot” commissioning,
with the introduction of spent fuel, was planned for the end of 1996. Originally, this site was
planned to have 1000 MTIHM per year of reprocessing capacity by the year 2000, but these
plans are now in limbo. The facility is currently designed to have a capacity of 100 MTIHM of
CANDU fuel per year, for an annual output of about 350 kilograms of plutonium.

3.1.2.6. China

China plans to reprocess SNF, stating, “China will follow Japan’s lead and use the separated
plutonium to fuel fast-breeder reactors” [Kitamura, 1999]. China also plans to recycle MOX fuel
for use in its PWRs and fast reactors. The China National Nuclear Corporation has announced
plans to construct a facility to reprocess spent fuel with a capacity of 400—800 MTIHM per year,
and China has pledged that its new plutonium extraction facilities will be open to international
inspections. At present, China has a 0.1 MTIHM per year pilot plant undergoing commissioning
at Lanzhou for commercial spent fuel reprocessing.

3.1.2.7. South Korea

South Korea is not expected to actually reprocess spent fuel or produce separated plutonium.
However, South Korea has a collaborative program with Canada to develop the direct use of
spent PWR fuel in CANDU reactors (DUPIC) process. The DUPIC program is the subject of
South Korea’s national case study for the IAEA International Project on Innovative Nuclear
Reactors and Fuel Cycles (INPRO),"? which is evaluating new fuel cycle technologies. The
DUPIC process involves taking spent fuel from LWRs, crushing it, heating it in oxygen to oxidize
the UO; to U305 (thus changing its crystal structure and pulverizing it) and drive off about

40 percent of the fission products (principally iodine, noble gases, tritium, cesium, and
technetium), and refabricating it into oxide fuel for pressurized heavy-water reactors (PHWRS).
The recycled fuel still contains all the actinides, including a plutonium content of nearly 1 percent
and about 96 percent of the uranium in the initial PWR fresh fuel, which typically contains several
tenths of a percent of 2°U. Thus, the fissile content (*° ?*'Pu plus %*°U) is around 1.5 percent,
which is more than double that of natural uranium (0.71 percent ?**U), and suitable for use in
today’s PHWRs.

"2 INPRO [INPRO, 2006] is an IAEA program with the goal of providing a “Methodology for Assessment of
Innovative Nuclear Energy Systems as based on a defined set of Basic Principles, User Requirements
and Criteria in the areas of Economics, Sustainability and Environment, Safety, Waste Management,
Proliferation Resistance and recommendations on Cross Cutting Issues.” See [INPRO, 2006b, IAEA,
2003b]
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3.1.3 THORP Reprocessing Plant PUREX Process

The THORP chemical separation plant was designed and constructed during the 1980s and
early 1990s with a nominal capacity of 1200 MTIHM of SNF per year. The head-end facilities
went into hot operation in 1994, and the chemical plant followed in January 1995. The following
is an overview of the process chemistry of the chemical separation facilities in the THORP at
Sellafield (see Figure 5) [Phillips, 2007; THORP, 2006; THORP, 1990a; THORP, 1984; THORP,
1992; THORP, 1990b; THORP, 1993; THORP, 1999a; THORP, 2000; THORP, 1999b]. This
overview emphasizes the extraction behavior and downstream redox manipulation of
consequences of **Tc and manipulation of neptunium valence which enables the effective
decontamination of the uranium and plutonium products in only two solvent extraction cycles
each. This reduction in the number of cycles reduces capital and operating costs and also
reduces the amount of waste. The use of nonvolatile-salt-free (degradable to oxides of nitrogen,
carbon, and hydrogen) redox reagents also allows nearly all wastes to be decomposed to a small
volume and vitrified.
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Figure 5: THORP chemical process flowsheet [Permission to use this copyrighted material is
granted by Energy Solutions]
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3.1.3.1.  Spent Nuclear Fuel Shearing and Dissolution

SNF is sheared into segments 1-2 inches long, and the fuel matrix is dissolved in one of three
batch dissolvers in the head-end plant. The dissolver solution is clarified by the removal of
undissolved fission products in one of two centrifuges and then sent on to a series of three buffer
tanks of about 70 m® capacity each. Here the dissolver solution is adjusted to 250 grams of
uranium per liter and 3-M nitric acid and treated with nitrogen oxides to ensure that all the
plutonium is in the extractable [IV] valence state. Ideally, the neptunium should be in the
inextractable Np(V) state so that it is not extracted (i.e., it follows the fission product waste). In
practice, about 67 percent of the neptunium is in the extractable Np(VI) state.

3.1.3.2.  High Activity (HA) Cycle

The dissolver solution enters the HA pulse column at its midpoint and flows downward against an
upward flowing stream of 30 percent TBP in odorless kerosene (TBP/OK). The uranium and
plutonium quantitatively extract into the TBP/OK. About 67 percent of the neptunium also
extracts. Almost 100 percent of the technetium extracts as a complex with zirconium.

The loaded solvent passes to the scrub section of the HA column and then onto the hot scrub
(HS) pulse column, operated at 50 °C to provide maximum decontamination from ruthenium.

The aqueous scrub solution is recycled to the HA column where it joins the dissolver solution and
exits the bottom of the column as the HA aqueous raffinate’™ (HAAR). The raffinate is steam
stripped to remove organics, evaporated, and sent to be vitrified.

The solvent containing uranium and plutonium flows to the 1BX pulse column where it is
contacted with an aqueous solution of U(IV) that has been chemically stabilized with hydrazine
nitrate. This reduces the plutonium to the Pu(lll) state so that it transfers to the aqueous phase.
Under these conditions, the technetium also transfers almost completely to the aqueous phase,
but about 64 percent of the neptunium in the feed stays with the uranium in the solvent. Some
uranium also transfers to the aqueous phase, so this phase passes to the 1BS pulsed column
where the uranium is re-extracted and recycled back to the 1BX column. The aqueous solution
of plutonium, technetium, and traces of uranium and neptunium go forward to the plutonium
purification (PP) cycle. The U[IV])/hydrazine reductant is “salt free” in that it disappears after use
into gaseous products (hydrazine) and uranium. This allows all wastes to be concentrated into a
small volume and vitrified.

The uranium-loaded solvent, together with the bulk of the neptunium, goes to the 1C mixer-
settler. This backwashes (strips), the uranium, neptunium, and traces of plutonium and
ruthenium into a dilute nitric acid aqueous phase that goes to the uranium purification (UP) cycle.
The stripped solvent goes to a dedicated HA cycle solvent wash system and is recycled to the
HA column.

¥ Raffinate is the term commonly given to the portion of an input stream that remains after components
have been removed in a solvent extraction separation process. In solvent extraction processes, it is the
denser aqueous stream usually containing waste materials. However, some confusion may arise in the
use of the term when there is an aqueous raffinate from one process step that is in fact a feed stream for
a step that follows, which is the case for UREX process flowsheets.
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3.1.3.3.  Plutonium Purification Cycle

The aqueous feed from the 1BS pulse column is treated with oxides of nitrogen to convert the
plutonium to the extractable Pu[lV] state, leaving the other components still inextractable. This
stream passes to the PP1 pulse column where a fresh stream of 30-percent TBP/diluent extracts
the plutonium, leaving the technetium and traces of ruthenium and neptunium in the raffinate. A
scrub section at the top of the PP1 column removes impurities that are extracted along with the
plutonium, with the scrub solution combining with the raffinate. This raffinate is free of
nonvolatile salts and can be combined with the HAAR and sent to vitrification.

The plutonium-loaded solvent goes to the PP2 pulse column where it is contacted with an
aqueous solution of hydroxylamine nitrate (HAN). HAN is an effective plutonium-reducing agent
under the lower acid conditions in the PP cycle, and its use avoids the use of U(IV) (used by
some other process steps for plutonium reduction), which would recontaminate the purified
plutonium with uranium. The plutonium is reduced to Pu(lll), transfers to the aqueous stream,
and goes to plutonium dioxide production. The stripped solvent goes to a dedicated PP cycle
solvent wash system and is recycled to the PP1 column.

3.1.3.4.  Uranium Purification Cycle

The aqueous feed from the 1C mixer settler is conditioned at a specific temperature and acidity
and for a residence time that laboratory testing showed would produce nearly 100-percent
inextractable Np(V). Itis then fed to the UP1 mixer-settler, where the uranium is extracted into a
20-percent TBP/diluent solvent. Neptunium stays in the UP1 aqueous raffinate. A carefully
controlled HAN scrub feed is used to reduce the plutonium to Pu(lll) and thus prevent its
extraction, while not reducing the neptunium to the extractable Np(IV) state. The uranium-loaded
solvent, with traces of plutonium and ruthenium, passes to the UP2 mixer-settler where, in the
absence of neptunium, higher concentrations of HAN and higher temperatures can be used to
remove the plutonium and ruthenium traces from the solvent into the UP2AR. Because this also
causes some stripping of uranium, fresh solvent is fed to the uranium re-extraction section of
UP2 to re-extract this uranium and combine it with the solvent from UP1. The aqueous raffinates
from both UP1 and UP2 are salt-free and are routed to evaporation and vitrification along with
HAAR and PP1AR.

The uranium-loaded solvent passes to the UP3 backwash (strip) contactor where dilute nitric
acid is used to strip the uranium from the solvent. The stripped solvent goes to a dedicated UP
cycle solvent wash process and is then recycled to UP1 and UP2.

3.1.3.5.  Separation Performance of THORP

A series of conference papers have reported on the performance of THORP chemical separation
(see the references above). The uranium and plutonium products have readily met international
standards with the following typical overall decontamination factors (DFs):

. from the HA column feed (dissolver solution) to the uranium product
- plutonium DF 8.6x10° to 1.22x10'°, against a flowsheet requirement of 5.0x10°
- neptunium DF 3.3x10* to 2.9x10°, against a flowsheet requirement of 1.5x10*
- technetium DF 8.2x10° to 2.2x10° against a flowsheet requirement of 4.0x10°
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. for the HA column feed to the plutonium product
- uranium DF 5.8x10° to 5.6x10° against a flowsheet requirement of 2.1x10°
- neptunium DF average of 6.6x10" against a flowsheet requirement of 4.5x10’
- technetium DF average of 1.0x10? against a flowsheet requirement of 1.0x10?

Tables 3 and 4, respectively, show comparisons of THORP uranium and plutonium products with
international specifications for recycled nuclear fuel.

Table 3: Quality of THORP UO; Product

Contaminant Typical Measured Specification
Value
TRU alpha activity, Pu + Np, Bq/gU 4 <25
Non-U gamma activity, Bq/gU 35 <35.0*
Technetium, ug/gu 0.03 <0.5

* Derived from American Society for Testing and Materials (ASTM) specification of less
than1.1x10° MeV Baq/kgU on “worst-case” basis of all activity resulting from '®°Ru.

Table 4: Quality of THORP PuO, Product

Contaminant Typical Measures U.K. Specification ISO Specification, 1996
Value
Uranium, ug/gPu 12 <1000 Report
Fission products, 650 <3x10° Report
Bq/gPu
Nonvolatile oxides, 170 <5000 <5000
Mg/gPu

3.1.3.6.  Neptunium Chemistry in THORP

Neptunium exists in nitric acid solution in three valence states—extractable Np(IV) and Np(VI)
and inextractable Np(V). Typical uranium-plutonium separations using strong redox reagents to
produce inextractable Pu(IV) therefore tend also to produce extractable Np(IV), which thus
follows the uranium stream.

During the development of the THORP UP cycle, considerable research was done to understand
neptunium redox behavior. Researchers found that a combination of careful neptunium valence
control and the use of HAN-reducing agent enabled neptunium Np(V) to be maintained in the

presence of Pu(lV), thus giving good decontamination of both of these species from the uranium.
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3.1.3.7.  Technetium Chemistry in THORP

THORP development work using actual irradiated SNF showed that 100 percent of the
technetium present in the feed was extracted. This was unexpected in that previous alpha-active
trials showed only about 30 percent co-extracted with the uranium. Studies found that the
zirconium present in actual SNF (and not present in the alpha-active trials) complexed with the
technetium to form an extractable species in the HA column and that the zirconium was then
scrubbed out in the HS column and recycled to pick up more technetium. Technetium stayed in
the organic phase through complexation with the uranium.

In THORP, 100 percent of the technetium was allowed to go forward to the 1B system where
detailed flowsheet and equipment changes were made to cope with its effect on the hydrazine
stabilizer and hence the uranium/plutonium separation efficiency. In flowsheets that require
separation of the technetium as a separate waste stream, the 100 percent extraction is useful in
that it provides the opportunity to include a high-acidity technetium scrub contactor immediately
after the HS contactor.

3.1.3.8. Summary

THORP uses modern salt-free redox reagents together with flowsheet chemistry to produce
excellent decontamination of both uranium and plutonium in three cycles of solvent extraction.
This minimizes the production of waste streams. The salt-free nature of the reagents also
means that nearly all waste streams can be evaporated to small volume and vitrified.

3.1.4. La Hague Reprocessing Plant PUREX Process

The following information was provided by AREVA [AREVA, 2007a; Davidson, 2007; Phillips,
2007] for use in this report.

The French La Hague reprocessing plants (UP2 and UP3) and the Japanese Rokkasho
reprocessing plant, which is an evolutionary improvement over the UP3 plant, are designed to
reprocess LWR spent fuel and have a design life of 50 years. Sufficient flexibility is built into the
plants to accommodate spent LWR fuel with high burnups, as well as research reactor fuel and
MOX fuel.

The La Hague reprocessing steps are basically the same as those in all reprocessing plants.
However, there are substantial process differences among the plants based on operating
experience and preference. The La Hague plant UP3 process steps are discussed below:

3.1.4.1.  Spent Fuel Receiving and Storage

The AREVA La Hague plant uses two spent fuel unloading processes, underwater unloading
designed for 110 casks per year and dry unloading designed for 245 casks per year. Dry
unloading has the advantages of reduced worker radiation dose, quicker unloading, and a 5-fold
reduction in effluents per cask unloading

The La Hague spent fuel storage capacity is approximately 14,000 MTIHM, which is about eight
times the plant annual spent fuel treatment capacity.
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3.1.4.2.  Shearing and Dissolution

Spent fuel assemblies are cut into segments with a shearing machine that is located above a
continuous dissolver. The pieces fall into a perforated basket in the dissolver where the fuel
matrix dissolves in nitric acid but the cladding does not. The dissolver design is geometrically
safe to avoid inadvertent criticality. When MOX fuel is dissolved, a neutron poison is added to
the solution. Cladding hulls are rinsed and sent to a facility for compaction and conditioning as
intermediate-level waste.’ Any residual solids remaining in the dissolver solution are removed
by centrifugation. The following improvements to the shearing and dissolution steps are being
pursued:

o techniques for managing precipitates in the dissolver and development of chemical and
mechanical processes to clean the dissolving equipment

. better understanding of corrosion to establish a proven and significant lifetime for the
principal dissolving equipment

. adaptation of reprocessing facilities to accommodate higher burnup fuel, MOX fuel,
research and test reactor fuel, and unirradiated fast breeder reactor (FBR) fuel

3.1.4.3.  Uranium/Plutonium Solvent Extraction Separation and Purification

Solvent extraction with TBP in a branched dodecane diluent is used to remove uranium and
plutonium from other actinides and from fission products. A nitric acid scrub is used to remove
impurities carried into the TBP. Two extraction cycles in pulse columns, mixer-settlers, or
centrifugal contactors are needed to meet product specifications. At the end of the extraction,
scrubbing, and stripping cycles, the following solutions are produced:

o uranyl nitrate

plutonium nitrate

raffinates containing most nonvolatile fission products and the minor actinides

the TBP/diluent solvent, which is treated to remove impurities and recycled

Particular attention was paid to solvent cleanup. Vacuum distillation was a major innovation that
ensured purification of used solvent for recycle back into the process line.

Pulse columns were selected for use in the most highly radioactive parts of the plant, mainly to
comply with criticality safety requirements. Pulse columns for solvent extraction were superior to
mixer-settlers because of the shorter residence time of radioactive solutions in pulse columns.
This led to drastic reductions in solvent degradation and to improved management of interfacial
cruds.

' The United States does not have an intermediate-level waste classification. Such wastes would
typically be greater than Class C (GTCC) low-level waste (LLW).
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The UP2-800 La Hague plant'® has three extraction cycles—one for co-decontamination and
separation of uranium and plutonium, and one each for further purification of uranium and
plutonium. One alkaline solvent regeneration unit is associated with the uranium and plutonium
cycles. The organic solvent is recycled after cleanup by vacuum distillation. The UP3 plant was
initially commissioned with two UP cycles. It subsequently became apparent that increased
understanding of solvent extraction chemistry and better process control made the second UP
cycle unnecessary. The second cycle ceased operation in 1994. Figure 6 shows the original
and current UP3 solvent extraction cycles.
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Figure 6: Comparison of original and current French UP3 reprocessing plant solvent
extraction cycles

'* The Rokkasho reprocessing plant in Japan also has three solvent extraction cycles.
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3.1.4.4. Conversion of Uranium and Plutonium to Products

The uranium solution is concentrated by evaporation, stored, and eventually shipped off-site for
conversion. The plutonium is precipitated as the oxalate by the addition of oxalic acid. The
precipitate is filtered, dried, and calcined to form PuO, that meets the specifications for making
MOX fuel. The mother liquor containing dissolved or suspended plutonium is concentrated and
recycled.

3.1.4.5. Management and Treatment of Process Wastes

Process waste streams include the following:

. hulls and end pieces from the dissolver that are compacted for final disposal

o high-activity liquid waste streams containing the following:

- suspended particles from feed clarification
- fission products and minor actinides
- concentrates generated by evaporation in the acid recovery units

The various streams, except the suspended particles, are concentrated and stored in tanks fitted

with cooling and pulse devices to keep solids suspended. The concentrates are mixed with the

suspended particles and vitrified to form a glass waste form.

3.1.4.6. Radioelements Released

The principal radioelements released from the plant are listed below:

o Most of the tritium is trapped in tritiated water which is released to the sea.

. About a third of the "C, which is present as CO,, is scrubbed from the off-gas by passing
it through a sodium hydroxide solution, diluted in tritiated water, and released to the sea
with the remaining two-thirds being released to the atmosphere.

. Most of the iodine (**°l is the isotope of concern) is scrubbed by passing it through a
sodium hydroxide solution which is released to the sea. Any remaining gaseous iodine is
trapped in filters.

. 8Kr is not removed from the off-gas stream.

. Aerosols are trapped on filters with a 99.9-percent efficiency. Ruthenium in vitrification
off-gas aerosols is removed by injection of nitrogen oxides before being released.

Aerosols released from the facility consist mainly of ruthenium and antimony.

Table 5 shows the La Hague UP3 plant liquid releases of important radionuclides for 2006
[AREVA 2007b]. Table 6 shows gaseous releases [AREVA 2007b].
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Table 5: La Hague Reprocessing Plant Radionuclide Liquid Releases to the Sea in 2006

Radionuclide TBq* released | TBq yearly limit in % of limit
France (Ci)

Tritium 11100 18,500 (5e+5) 59.81
“c 7.46 42 (1.13e+02) 17.76
Radioiodine 1.34 2.60 (7.03+01) 51.62
0gr 0.216 2 (5.4e+01) 10.8
¥4Cs 0.0605 2 (5.4e+01) 3.03
¥Cs 0.623 2 (5.4e+01) 31.15
%Ry 4.8 15 (4.05e+02) 31.98
®Co 0.21 1 (2.73+01) 21

Other B and y 5.24 30 (8.10e+02) 17.45
« 0.025 0.1 (2.7e+00) 25.01

* TBq: terabecquerels (10" disintegrations per second); 1 terabecquerel = ~37 curies

Table 6: La Hague Reprocessing Plant Radionuclide Gaseous Releases to the Atmosphere

in 2006
Radio-nuclide TBq released| TBq yearly limit % of limit
in France (Ci)

Tritium 67.8 150 (4.05e+03) 45.22

Radioiodine 0.00681 0.02 (5.4e-01) 34.04

Noble gases 242000 470,000 51.58
(1.27e+07)

Yc 14.2 28 (7.56e+02) 50.7

Other B and y 0.000106 0.0010 10.6
(2.7e-02)

a 0.0000173 0.00001 17.3
(2.7e-04)
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These tables show that all releases from La Hague reprocessing are less than the allowable
release limits in France. Additionally, radionuclide releases from the La Hague plant to the
atmosphere are in general much less than those from aqueous discharges from the plant. ™C,
which is released as CO, and is a soft beta emitter, and the noble gases are exceptions. The
noble gases have short half-lives.

3.1.5. Accidents at Spent Fuel Reprocessing Facilities
3.1.5.1.  Sellafield Facility [Schneider, 2001]

In 1973, the Windscale plant experienced a release of radioactive material following an
exothermal chemical reaction in a reprocessing tank. This accident involved a release of
radioactive material into a plant operating area.

In 2005, a radioactive leak from a pipe between the dissolver and a tank in the THORP fuel
reprocessing plant was detected. This resulted in an extended shutdown of the facility for
repairs, government investigations, fines, and potential legal charges against plant managers.

3.1.5.2. La Hague Facility [Schneider, 2001]

On October 2, 1968, '?°| was released through the UP2-400 stack. This accident was caused by
the treatment of insufficiently cooled graphite fuels.

On January 14, 1970, the temperature of the chemical dissolution reaction of graphite fuel
increased sharply, and an explosion due to hydrogen gas caused release of radionuclides
including "#I.

On January 2, 1980 there was a leak 200 meters from shore through a 1-meter crack in the La
Hague discharge pipe that extends kilometers out to sea.

On February 13, 1990, there was an uncontrolled release of '*’Cs by the ELAN Il B plant
chimney. Routine replacement of a chimney filter led to the release of nonfiltered and
contaminated air for 10 minutes.

Since 1983, corrosion of metallic waste stored in concrete pools that leaked has resulted in
release of radionuclides to ground water and nearby streams; °Sr has been the most prominent
of these radionuclides.

3.1.5.3. Mayak [Azizova, 2005]

In 1957, one of the concrete HLW waste storage tanks’ cooling systems broke down, which
permitted the tank to go dry and overheat. Chemical reaction of dry nitrate and acetate salts in
the waste tank containing highly active waste caused an explosion that contaminated an area
later called the “Kyshtym footprint.”

On April 6, 1993, a tank containing a solution of paraffin hydrocarbon and TBP used to process

spent nuclear reactor fuel exploded. The resulting explosion was strong enough to knock down
walls on two floors of the facility and caused a fire.

32



3.1.5.4.

Tokai Reprocessing Plant [NNI, 1997]

In March 1997, a fire and an explosion occurred at the Tokai waste bitumenization facility. The
accident contaminated 37 workers, and an area of 1 km? around the plant was evacuated.

3.1.5.5.

International Nuclear Event Scale and Accident Classification

Table 7 [IAEA, 2001] shows the existing International Nuclear Event Scale. This table indicates
on a scale of 1 to 7 the severity of a nuclear accident or incident, along with a description of the
nature of the event, which is currently used to categorize nuclear events. Users of this scale
need to consider the relative risk from radionuclides as compared to "'l to determine the
category of an event. The IAEA is currently revising the International Nuclear Event Scale [IAEA,
2007b]. Table 8 [Schneider, 2001] gives specific examples of accidents that have occurred.

Table 7: The International Nuclear Event Scale

Level/ Nature of Event Examples
Descriptor
ACCIDENTS

7 External release of a large fraction of the radioactive material| Chernobyl, USSR
Major in a large facility, in quantities radiologically equivalent to
accident more than tens of thousands of terabecquerels® of *'I.
6 External release of radioactive material in quantities Kyshtym reprocessing
Serious radiologically equivalent to the order of thousands to tens of | plant, USSR
accident thousands of terabecquerels of **'I and likely to result in full

implementation of countermeasures to limit serious health

effects.
5 External release of radioactive material in quantities Windscale Pile, UK
Accident with| radiologically equivalent to the order of thousands to tens of
offsite risk | thousands of terabecquerels of "*'l and likely to result in Three-Mile Island

partial implementation of countermeasures to lessen the

likelihood of health effects.
4 External release of radioactivity resulting in a dose to the 1973 Windscale
Accident critical group of the order of a few millisieverts. Significant |Reprocessing Plant, UK
without damage to the nuclear facility.
significant 1980 Saint-Laurent NPP
offsite risk Irradiation of one or more workers which results in an France

overexposure where a high probability of early death occurs.
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Continuation of Table 7.

INCIDENTS

3
Serious
incident

External release of radioactivity resulting in a dose to the
critical group of the order of tenths of millisieverts.

Onsite events resulting in doses to workers sufficient to
cause acute health effects and/or an event resulting in a
severe spread of contamination (e.g., a few thousand
terabecquerels), but releases in a secondary containment
where the material can be returned to a satisfactory storage
area.

Incidents in which a further failure of safety systems could
lead to accident conditions if certain initiators were to occur.

1989 Vandellos NPP,
Spain, 1989

2
Incident

Incidents with significant failure in safety provisions but with
sufficient defense in depth remaining to cope with additional
failures.

An event resulting in a dose to a worker exceeding a
statutory annual dose limit and/or an event which leads to
the presence of significant quantities of radioactivity in the
installation in areas not expected by design and which
require corrective action.

1
Anomaly

Anomaly beyond the authorized operating regime but with
significant defense-in-depth remaining.

@1 terabecquerel = 27 Ci
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Table 8: Types and Occurrences of Accidents at Reprocessing Plants and Sites

Type of Accident Liquid Gaseous Occurrence
Releases Releases
Criticality in X X Windscale, 1973
dissolver tank Tokai, 1999*
X La Hague, 1981
Fire Karlsruhe, 1985
Tokai, 1997
X Savannah River, 1953

Kyshtym, 1957

Oak Ridge, 1959

La Hague, 1970
Explosion Savannah River, 1975
UTP Ontario, 1980
Tomsk-7, 1993

Tokai, 1997

Hanford, 1997

Leak of a discharge X La Hague, 1979-80
pipe; breach in a Sellafield, 1983

tank

Loss of coolant X Savannah River, 1965

La Hague, 1980

*The September 1999 accident at Tokai-Mura did not involve a reprocessing plant but is a type
of accident which could occur in a reprocessing plant.
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3.1.6. Consolidated Fuel Reprocessing Program

One of the earliest integrated attempts by the U.S. Government to develop and deploy civilian
fuel recycle technology was the Consolidated Fuel Reprocessing Program (CFRP). CFRP was
initiated in 1974 at ORNL primarily to advance the technology of fast reactor fuel reprocessing,
although many aspects of the technology were applicable to all conventional fuel reprocessing.
The program emphasis was on process automation technology, robotics, process
computerization, and head-end process steps to improve gaseous effluent control.

Automation technology has been widely adopted in the manufacturing industry and in the
chemical processing industries but, until recently, only to a limited extent in nuclear fuel
reprocessing. Itis, however, widely used in LWR fuel fabrication, especially concerning chemical
conversion processes for uranium. The effective use of automation in reprocessing had been
limited by the lack of diverse and reliable process instrumentation and the general unavailability
of sophisticated computer software designed specifically for reprocessing plant process control.

The CFRP developed a new facility, the Integrated Equipment Test (IET) Facility, in part to
demonstrate new concepts for control of nuclear fuel reprocessing plants using advanced
instrumentation and a modern, microprocessor-based control system. The IET Facility consisted
of the Integrated Process Demonstration (IPD) and the Remote Operations and Maintenance
Demonstration (ROMD). The IPD focused on demonstration of state-of-the-art equipment and
processes, improved safeguards and accountability, low-flow cell ventilation, advances in
criticality safety and operability, and new concepts for control of nuclear fuel reprocessing plants
using advanced instrumentation and a modern, microprocessor-based control system. The
ROMD served as a test bed for fully remote operations and maintenance concepts and improved
facility layout and equipment rack designs. This facility provided for testing of all chemical
process features of a prototypical fuel reprocessing plant that can be demonstrated with
unirradiated uranium-bearing feed materials. The goal was demonstration of the plant
automation concept and development of techniques for similar applications in a full-scale plant.
It was hoped that the automation work in the IET facility would be useful to others in
reprocessing by helping to avoid costly mistakes caused by the underutilization or misapplication
of process automation.

During the 1970s and 1980s, CFRP was a leader in advancing technology used in fuel
reprocessing. The program established many contacts with foreign governments such as those
of the United Kingdom, France, Germany, Japan, Russia, and Korea to share information and
establish policy.