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Executive Summary

The Department of Energy (DOE) is examining options for placing weapons-usable
surplus nuclear materials principally plutonium (Pu) and highly enriched uranium
(HEU) in a form or condition that is inherently unattractive and inaccessible for use in
weapons either by the host country or by a subnational group. The potential
environmental impacts of technologies to implement this objective for plutonium are
described in the Fissile Materials Disposition (MD) Program'’s Storage and Disposition of
Weapons-Usable Fissile Materials Programmatic Environmental Impact Statement (PEIS).

The MD PEIS examined the following resource areas: land use, facility operations
and site infrastructure; air quality and acoustics; water, geology and soils, biotic,
cultural and paleontological resources; socioeconomics; human health, normal
operations and facility accidents; waste management; and'frari$portation.

The PEIS is only part of the process of arriving at a Record of Decision (ROD) for the
Fissile Materials Disposition Program (FMDP). In Phase I of this process, a number of
options were eliminated from further consideration. The surviving options can be
grouped into three groups of alternatives treated as reasonable in the PEIS:

1) Plutonium burning in a once-through reactor cycle as mixed-oxide (MOX) fuel,
followed by disposal in a repository,

2) Immobilization or fixation in an acceptable matrix to create an environmentally
benign form for disposal in a repository, and

3) Disposal in deep boreholes (with or without prior fixation).

In Phase II of this process, variants of these alternatives are being examined in more
detail to provide more complete information desired for a ROD which includes
consideration of technical viability, cost, schedule, and other factors.

One purpose of Phase I documents is to provide the required information for the
technical cost and schedule analyses of the baseline alternatives plus their variants. The
purpose of this specific document is to provide the required information for one of the
immobilization alternatives: ceramic greenfield facility (CGF) variant. The processing
and site-specific approaches considered in this study are as follows:

1) Dry feed—A dry rather than wet process in which PuQ; is loaded directly into
the ceramic form instead of Pu(NO3)4.

2) Direct CsCl loading—A dry rather than wet process in which CsCl is loaded
directly into the ceramic form instead of a cesium oxide.

3) Cold press and sinter—A cold press and sinter process that replaces the hot
pressing process.

vivii
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4) ANL/ W——Facilities at ANL/W are used for some of the front-end plutonium
processing and all of the back-end immobilization processing.

Immobilization is the fixation of surplus fissile materials, in this case plutonium,in
an acceptable matrix to create an environmentally benign form for disposal ina
repository. In addition to the traditional characteristics required of an immobilization
form to achieve isolation of the plutonium from the biosphere over geologic time
periods, the immobilization form for the MD Program must also possess the propery
that it is inherently as unattractive and inaccessible as the fissile material from spent
fuel. This latter requirement is similar to the wording of the “spent fuel standard”
invoked in the National Academy of Sciences (NAS) study on plutonium disposition
From this perspective, high-level wastes (HLW) or separated cesium (137Cs), canbe
added with the fissile material into the waste form to create a radiation field that can
serve as a proliferation deterrent.

The immuobilization technology considered here is the incorporation of the
plutonium and 37Cs radiation spiking in a titanate-based ceramic and then disposalt
the plutonium-bearing ceramic in a HLW repository. This immobilization processis
shown conceptually in Figure 1 and discussed in Section 1. The immobilization of Hl
in a number of ceramic waste forms has been studied extensively since the late 1970
(Boatner, L.A. and B.C. Sales. 1988. “Chapter 4 SYNROC.” In: Radioactive Waste Form:
for the Future. Luntze, W. and R.C. Ewing eds. North-Holland. Amsterdam. pp. 233
334). The ceramic form that has received the most attention is a Synthetic Rock
(SYNROC) material. This is a titanate-based waste form composed primarily of
zirconolite, perovskite, hollandite, and rutile phases. The ceramic waste form is
attractive for immobilization purposes because of its extremely low leachability,
existence of natural mineral analogues that have demonstrated actinide immobilizat
over geologic time scales, and the high solid solubility of actinides in the ceramic
resulting in a reasonable overall waste volume.

These properties make incorporation of plutonium into ceramic an attractive opt
i for the disposition of excess plutonium. Incorporation of plutonium into ceramic
containing 137Cs would provide a form that would be relatively easy to store butw
render retrieval of the plutonium more difficult. Many of the technologies needed!
prepare plutonium in a ceramic with a proliferation-resistant 137.Cs radiation spike
! today. However, the effect of chloride on the waste form ceramic formulation, the
of formulation and redox control, plutonium reaction kinetics, optimum neutron
absorber, the solubility interaction of the neutron absorber and .p.lutonium, proper
equipment design for criticality process control, and accountability after spiking w
137Cs are issues requiring resolution. Some technical issues have been addressed
various studies, to various degrees of completeness. Research and development
activities are required to verify the process to be viable and demonstrate that the
product is of suitable durability for disposal in a repository. The desired form of {
final product will determine the extent of technical issues such as long-term critica

safety and stability of the product after repository emplacement.
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In the ceramic greenfield variant, the disposition process begins with the
transportation of plutonium feed materials (pits, metal, oxides, residues, salts,
unirradiated reactor fuel, etc.) to the disassembly, conversion, and immobilization
facility site in Department of Transportation (DOT) approved shipping containers.

Where required, each shipping container will provide double containment of
the contents.

The shipping containers will be unpacked and accountability measurements will be
conducted. The plutonium materials will then be converted to oxide and fed to the
ceramic process. The plutonium concentration will be approximately 12 wt%. Once the
material has been incorporated in the ceramic with 137Cs, recovery of the plutonium
will require extensive processing to return it to a state readily transformed to weapons.

The plutonium ceramic will be loaded into canisters which are welded shut after
loading. It is at this point that the NAS-recommended “spent fuel standard” is
achieved. The radiation spike is sufficient to maintain a radiation field above 1 Gy
(100 rad) per hour at 1 m (3 ft) for a period of about 30 to 60 years. These canisters will
be stored in an onsite storage facility until transferred to the federal repository. The
repository is expected to remain open for 100 years and then it will be sealed. Since the
radiation barrier will be decaying with a 30-year half-life, safeguards will be necessary
during the period that the repository is open. Once the repository is sealed, the
repository is expected to provide a significant proliferation deterrent. Post closure
monitoring (e.g., satellite surveillance or seismic monitors) is expected to contribute to
the proliferation resistance of the immobilization disposition alternatives.

Section 2 examines technical issues associated with each step of the immobilization
process from front-end processing to the final repository. This disposition variant is
qualitatively assessed against the following eight criteria:

» Resistance to theft and diversion

e Resistance to retrieval by the host nation

e Technical viability

» Environment, safety, and health compliance

o Cost effectiveness '

e Timeliness

e Fosters progress with Russia and others

e Public and institutional acceptance.

The front-end processing operations are pretreatment operations designed to
prepare the different incoming plutonium material forms from storage as a suitable
oxide feed stream to the back-end operation. These front-end operations are generally
at the industrialization stage or have been demonstrated at the engineering scale.

Development and demonstration of some unit operations such as for part
declassification are required.

I
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The back-end processing operations include preparing the oxide feed stream and
137Cs for calcine, hot pressing the filled ceramic bellows, and loading he plutoniuma
cesium ceramic pressed bellows into a canister. These operations havebeen
demonstrated at the production scale using surrogates for the ceramicoperations.

The dry feed approach for PuO; and direct CsCl loading require acditional
development for input specification and processing conditions. The cdd press and
sinter approach has been demonstrated at the engineering scale.

Disposition of the plutonium ceramic in a HLW repository involve; regulatory an
technical issues that require additional consideration.

This end-to-end immobilization variant combines functions from fecilities
previously described in and bounded by the PEIS process currently urderway. Fory
front-end processing in this variant, elimination of aqueous recovery Ines res
significant reductions in aqueous waste solutions, processing equipment, associated
facility space, utilities, and support systems. In the ANL-W approach,the need forne
facilities is reduced due to the availability of existing facilities. For theback end,
various process step improvements are proposed which reduce the wite streams, ad
the need for new facilities is reduced due to the availability of existingfacilities.

The ceramic immobilization variant offers particular advantages inthe
immobilization of residue materials because of its ability to accommocate impurities
without extensive pretreatment. It could become part of a hybrid optisxn with anothe
disposition technology.

oe echo
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1.0 Variant Description

1.1 Introduction

Immobilization is the fixation of the surplus fissile materials in an acceptable matrix
to create an environmentally benign form for disposal in a repository. In addition to the
traditional characteristics required of an immobilization form to achieve isolation of the
fissile material from the biosphere over geologic time periods, the immobilization form
for the Fissile Materials Disposition Program (FMDP) must also possess the property
that the fissile material is inherently as unattractive and inaccessible for weapons reuse
as the fissile material in commercial spent fuel. This latter requirement is similar to the
wording of the “spent fuel standard” invoked in the National Academy of Sciences
(NAS) study on plutonium disposition. High-level wastes (HLW) or separated cesium
(137Cs), can be added with the fissile material into the waste form to create a radiation
field that increases the proliferation resistance and decreases reuse by the host nation in
the following ways:

¢ Plutonium will be diluted with elements that must be removed by extensive
chemical processing to return it to weapons usable purity.

¢ The immobilized plutonium canisters will contain approximately 2 tonnes
(2000 kg; 2.2 tons) of mass, thereby forcing the use of heavy equipment to move
the canisters.

¢ A gamma radiation barrier will be added to the immobilized plutonium
canisters. The present concept is to add a radiation barrier that is greater than 1
Gy (100 rad) per hour at 1 m (3 ft) 30 years after fabrication.

e These canisters will then be sealed in casks and emplaced into drifts in a HLW
repository where they will be monitored for 100 years before the repository is
sealed.

This immobilization process is shown conceptually in Figure 1, Section 1.2.

Since the late 1970s, various ceramic waste forms have been considered for
immobilization of HLW. These forms have received considerable attention because of
their low leachability for actinides and fission products and the existence of mineral
analogues in nature, which have demonstrated immobilization of rare earths, thorium,
and uranium over geologic time periods. Ceramic immobilization of simulated HLW in
a Synthetic Rock (SYNROC) material has been demonstrated at full scale at the
Australian Nuclear Science and Technology Organisation (ANSTO). Laboratory-scale
samples have been made with greater than 30 wt% plutonium and engineering scale
samples have been made with greater than 10 wt% plutonium. A considerable amount
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of research and development has been performed on this concept including a
considerable amount of work with actinides.

The ceramic greenfield facility (CGF) variant presented in this report consistsdlt
immobilization of plutonium in a titanate-based ceramic with 137Cs spiking to prode
a radiation field that is uniformly distributed in the waste form.

The baseline is an approach using wet-feed processing to a hot pressing cerami
process operation at a greenfield site. Other process approaches to this baselineat
greenfield Facilities utilizing dry-feed processing, direct loading of CsCl into the
ceramic process, and a cold press and sinter ceramic-fabrication process instead of:
hot-pressing operation. An additional approach is site-specific locating the facilitya
Argonne National Laboratory-West (ANL-W).

1.1.1 Assumptions and Design Basis
Major assumptions used in the development of the ceramic greenfield variant:

* The end-to-end immobilization facilities will receive plutonium as pits andin
various stabilized plutonium forms stored as a result of the Defense Nuclear
Facility Safety Board (DINFSB) Recommendation 94-1 Remediation Programa
declared excess to national needs.

* The nominal feed of plutonium to the facility is 50 tonnes (56 ton).
* The campaign will take no more than 10 years to complete.

Additional assumptions for the variant are as follows:

* The immobilized surplus fissile materials package will contain an added
radiation field to decrease its accessibility. For scoping purposes, a gamma
radiation field barrier is assumed. The radiation field will be greater than16
(100 rad) per hour at 1 m (3 ft) from the package center surface for 30 years it
initial fabrication. The source of the gamma radiation is 137Cs in the formof
137CsCl capsules currently stored at Hanford.

The plutonium loading in the ceramic is a design parameter involving multj
tradeoffs that will be optimized during later phases of the design. The finl
dgsign will consider fission product availability as well as form quality, facili
- size, safety factors, waste form acceptance criteria, safeguards and security,n
proliferation issues, etc. For this early design phase, the plutonium loadingin
the ceramic form is assumed to be 12% (by weight). This parameter is takenf
demonstrated fabrication sizes (~33 kg [73 Ib] using HLW surrogates), typicl

plutonium limits in glove box processing (~4 kg [9 Ib] plutonium), and know
plutonium loading data in ceramics (>10%).

Design for criticality safety will meet applicable DOE orders and available Nt
regulatory guides. Criticality control by batch mass control or equipment
geometry are the preferred methods in the design. The use of a soluble nuda

s / =a0
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absorbe.r (gadolinium, samarium, hafnium, etc.) in both the upstream liquid
processing equipment and the final calcination/hot pressing equipment has been
assumed. No process criticality analysis has yet been done. Criticality design
issues within this report are based on engineering judgment and extrapolation

from similar processes only. For this report the neutron absorber is assumed to
be gadolinium.

The ceramic canister size is a 36-cm (14 in.)-diameter by 2.4-m (8-ft)-high
cylinder, which is within the current repository waste acceptance guidelines of a
maximum diameter of 61.0 cm (2 ft) and 3.0 m (9.84 ft) high.

As a true greenfield facility, construction and operation are assumed to be on a
generic site (defined in Appendix F of DOE Cost Guidelines). After actual site
selection, more specific site-related information will be required.

The ceramic greenfield variant will process 5.0 tonnes (5,000 kg, 11,000 1b) of
surplus fissile material annually. The operational life of the facility will be

10 years. Operations will be three shifts per day, seven days per week. Allowing
normal time for remote maintenance, material control and accountability, etc.,
normal plant availability is considered to be 200 days per year. Nominal
throughput is, therefore, 25 kg (55 Ib) plutonium per day.

The final ceramic product is contained in canisters and is stored onsite until it is
transported to a HLW repository. Each product canister contains 20 compressed
bellows with about 660 kg (1450 Ib) of ceramic, which includes approximately
80 kg (176 1b) of plutonium, 52 kg (114 Ib) of gadolinium, and 1 kg (2.2 Ib, 87,000
Ci) of radioactive cesium.

The ceramic product is assumed to be similar to SYNROC-C, which contains the
mineral phases, zirconolite (CaZrTiz07), hollandite (BaAlpTig016), perovskite
(CaTiOs), and rutile (TiOp). The actual phases selected will be the result of a
research program, and it is assumed that the composition of the ceramic-forming
chemicals (precursors) will not affect the processing equipment or sequence.

Feed Materials

This end-to-end immobilization variant (ceramic greenfield facility) will receive the
following material forms that are expected to be declared excess to national
programmatic needs of the United States:

Pits — Clean oxide

Clean plutonium metal : — Impure oxide

Impure plutonium metal — Uranium/plutonium-oxide .
Plutonium alloys — Sand, slag, and crucibles (55&C)
Alloy reactor fuels (unirradiated) — Oxide-like materials®

Oxide reactor fuels (unirradiated) — Halide salts*

* The materials categories are expected to be converted to impure oxide as part of the DNFSB
Recommended 94-1 stabilization program.




L-20218-1

To maintain a consistent feed downstream and to minimize overall processing, fi
feeds will be blended.

1.1.3 Physical Layout Locations

The physical location of CGF process areas in the new greenfield facility are
discussed in Section 1.4. No existing or upgraded structures will be used.

As a site-specific approach, the facilities at ANL-W are used. Front-end processiy
(disassembly and conversion) and contact-handed processes in the back end
(immobilization) are located in the Fuel Manufacturing Facility (FMF), Zero-Power
Physics Reactor (ZPPR), and new facilities. Remote processing in the back end willl
conducted in Hot Fuel Examination Facility (HFEF) and Fuel Conditioning Facility
(FCF). Onsite storage of the immobilized canisters will be located at Radioactive
Waste Scrap Facility (RWSF). Lag storage of feed materials will use existing vaulfs
in FMF and ZPPR.

1.2 First-Level Flow Diagrams

The ceramic greenfield variant is shown on the first-level flow diagram (Figurel
The feed materials to CGF will come from material that is stored as a result of the
DNEFSB Recommendation 94-1 Remediation Program. Prior to ceramic immobilizati
many of the feeds require pretreatment. All of the pretreatment processing will take
place in the pretreatment areas of the CGF in glove boxes. The pretreatment will
convert the feed streams to oxides. The oxide product from pretreatment will be fed
to ceramic immobilization equipment that is contained in shielded process cells of
the facility.

1.2.1 Front-End Plutonium Processing—Disassembly and Conversion

The feed materials to the plutonium disposition facility coming from pits and the
DNFSB Recommendation 94-1 storage will consist of metal (in pits or ingot form),
oxides, unirradiated fuel units, and other plutonium compounds. These feed mater
may need to be converted to oxides. The processing required for each feed typear

* Pits. The pit is first disassembled. The metal is then removed from the piees
and converted to an oxide in the hydride/dehydride /oxidation operation. T
oxide is packaged and stored as feed for the ceramic fabrication process.

* Metals and Alloys. Metals and alloys are converted to oxide. The oxideis
Packaged and stored for feed to the ceramic fabrication process.

* Metal Reactor Fuel. The metal fuel could be in the form of a bundle and s
stainless steel. Hardware and cladding are removed in a decladding operati
The metal is then converted to the oxide using the hydride/dehydride/

oxidation operation. The oxide is packaged and stored as feed for the cerami
fabrication process.
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1.2.2 Back-End Ceramic Fabrication

The plutonium oxide material generated from the front-end processes willbe
immobilized in the back-end processes. In the first step, Feed Preparation, the pluton
oxide is dissolved or size reduced so that a homogenous and fully reacted produdi
be obtained. In the second step, Calcine and Fill, the plutonium nitrate or fine parti:
plutonium oxide is blended with ceramic precursors, neutron absorbers, and a cesiu:
loaded titanate. The mixture is then calcined. In the third step, Press and Package, t
calcined powder is hot pressured. The immobilized product is then loaded intoa
canister with packing material. The canisters are then stored onsite until they canl

transferred to the HLW repository.

1.3 Second-Level Flow Diagrams

The first-level flow diagram for the ceramic greenfield alternative was expanded:
two second-level flow diagrams. The two flow diagrams are designated as the front
end and the back-end processing. The front-end processing covers the conversionsd
the various feeds to oxides. The back-end processing covers the conversion of the
oxides into an immobilized ceramic form.

1.3.1 Front-End Plutonium Processing—Disassembly and Conversion

The following are more detailed descriptions of the front-end plutonium
disassembly and conversion (D&C) unit operations (Figure 2).

DC-01 Truck and CRT Unloading. Material shipments will be delivered toak
and container restraint transport (CRT). Unloading dock where the delivery vehid
safe secure trailer/transporter (SST) will be washed and smear checked. The padas
plutonium cargo will then be unloaded. Initial assessments of radiation levelsand
container breaches are made during the unloading process to ensure a safe
configuration for temporary storage while awaiting receiving and inspection. Ship:
papers are checked, tamper indicating devices are inspected, and neutron counts
made on the packages. Emptied shipping CRTs and containers are inspected,
decontaminated if necessary, and prepared for return.

DC-02 Offsite Receiving/Shipping. Receiving includes material confirmation,
accountability, safety, and inventory measurements. The plutonium cargpo is unpit
from the shipping containers, and repackaged in a suitable storage container in (0¥
with the measurement activities. The repackaged material is then placed in thest;
vault to await processing. Contaminated containers are decontaminated in a
decontamination station where the material is retrieved and repackaged.

DC-03 Gas Sampling. All pits are gas sampled to check for potential contamix:

C.ont.amm' ated pits are sent to special recovery, while uncontaminated pits are sentt
pit b1sectioning.

1-6
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Figure 2. Second-level flow diagram—ceramic greenfield, front-end disassembly and
conversion.

DC-04 Special Recovery. Contaminated pits are disassembled and the resultant
parts are cleaned. Plutonium-bearing parts are separated out from other material. This
operation consists of the following glove boxes and operations: disassembly, tool
storage, bakeout, NDA, off-gas treatment, and subcomponent packaging.

DC-05 Pit Bisectioning. Pits are bisected to allow for plutonjum removal using
hydriding. This operation consists of one workstation for receiving and one
workstation for the pit bisector.

DC-06 Hydride/Dehydride/Oxidation. Plutonium is reclaimed from the bisected
parts and converted to oxide. The hydride/dehydride process is the method used to
reclaim the plutonium and produce metal powder. The hydride/dehydride/oxidation
method is used to reclaim the plutonium and produce oxide powder. This operation
consists of several accountability workstations and a workstation for the hydriding unit.
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CE-04 Bellows, Filling & Closure. The dried and calcined ceramic precursor
material loaded with plutonium will be removed and transferred to the bellows by
means of a dustless transfer system. Bellows will be connected to the powder loading
area by means of a sphincter seal. This seal will minimize airborne contamination
outside of the bellows. After the powders have settled, the bellows will be removed
from the sphincter seal and a bellows lid with off-gas tube already attached will be
attached. The lid will be welded into place and the outside of the bellows will be

decontaminated as necessary to minimize the spread of contamination in further
processing.

CE-05 Hot Pressing. Welded and filled bellows will then be transferred to the hot-
press assembly. The off-gas tube is attached to the off-gas system. The bellows
assembly will then be heated slowly to 1200°C (2200°F) and pressed at 14,000 kPa
(2,000 psi) for about 45 minutes. The product will be allowed to cool slowly to a
temperature that can be handled remotely (600-800°C [1180-1470°F] at the surface).
After pressing, the vent tube will be removed or bent flat. The product bellows will be
placed into a muffle furnace for annealing. This operation would take up to 12 hours
and would operate in parallel to the hot pressing operation. A sufficiently large muffle
furnace should be able to accommodate at least 4 product bellows at a time. The muffle
furnace will be held between 600°C and 800°C (1180-1470°F) until 4 product bellows
have been loaded. Temperature will be ramped to about 1000°C (1830°F) and held for 6

hours. The furnace will then be cooled slowly to about 400°C (750°F) over a period of 6
hours.

CE-07 Canister Loading. Twenty 30-cm (12 in.)-diameter hot pressed bellows will
be loaded into a canister, 36 cm (14 in.) diameter by 2.4 m (8 ft) long with TiO; granules,

which are used as a packing material. The outside of the canister should receive little or
no contamination during the process.

CE-08 Weld and Test. The small amount of canister void space is backfilled with

helium and the canister lid is welded into place. The canister is removed through an air
lock and decontaminated as necessary.

CE-09 Receive CsCl Capsules. CsCl capsules, approximately 6.67 cm (2.6 in.) in
diameter and 52.77 cm (21 in.) in length, are received from Hanford and stored until
processing. The CsCl is contained in double-walled stainless steel containers and
contain an average of 430 g (0.95 Ib) of Cs (540 g [1.2 Ib] as CsCl). Approximately two-
thirds is 137Cs and one-third is 135Cs. Since 137Cs half life is 30 years, a significant
amount the material will be decay product, an equimolar mixture of Ba and BaCl.
Each capsule will contain an average of 1080 g (2.4 Ib) of the decay products.

CE-10 Shear Capsules. The outer container is cut open and the inner container is
removed and sent to a shearing machine. After the inner container is cut open, the
contents are removed and sent to Dissolve CsCl (CE-11). The stainless steel outer
container is sent to LLW unless the inner container was breached, in which case the
outer container is sent to Greater than Class C LLW Management (CE-13). In any case, the
inner stainless steel container is sent to Greater than Class C LLW Management.
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CE-11 Dissolve CsCl. The salt in the opened capsule is dissolved in hot water
(alternatively dilute nitric acid could be used). Any precipitates that do not dissolve are
sent to the calcine feed makeup tank. Precipitates will be dried for the dry feed process.
The solution with dissolved CsCl and BaCl, is sent to the ion exchange column and the
st