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ABSTRACT

This report summarizes the present state of pyroprocessing technologies for
nuclear materials applications. The goal of pyroprocessing in this context is to
reject fission products to waste streams, and retain actinides in product streams,
as dictated by the requirements of the fuel cycle application. Pyroprocessing
includes unit operations such as molten salt electrochemical cells for the
conversion of oxides to metals, uranium electrorefining, and the recovery of
transuranics. Flowsheets are included for pyroprocessing as applied to the
Integral Fast Reactor (IFR), Spent Fuel Treatment (SFT), and Joint Fuel Cycle
Study (JFCS) Programs performed at the INL. The flowsheets for covered
pyroprocessing technologies included in this report may include steps such as salt
distillation and metal casting operations.

Important distinctions between pyroprocessing and conventional aqueous
reprocessing (such as the Plutonium Uranium Reduction Extraction process
known as PUREX) have to do with the characteristics of the feed streams and
recovered actinide products, in addition to practical considerations. Aqueous
reprocessing recovers oxide products and has inherent advantages for the oxide-
to-oxide fuel cycle. In contrast, pyroprocessing has inherent advantages for the
metal-to-metal fuel cycle, and generates a smaller volume of waste. Some
additional distinctions that separate pyroprocessing from aqueous processing that
are discussed in this report include: lower technological maturity, greater
importance for materials accountancy, the necessity to use hot cells, greater
radiation accumulation, and different corrosion considerations.

There are unique safety considerations for pyroprocessing of irradiated
nuclear materials in molten salt electrochemical cells, distillation furnaces, and
casting furnaces. This report identifies and discusses pertinent safety topics,
including materials control and accounting. Salt management is a key issue: salts
must be processed to encapsulate the fission products, which accumulate over
time, into acceptable waste forms.

This report also encompasses information about the status of pyroprocessing
knowledge and the challenges that are currently being investigated for
pyroprocessing commercialization, especially with regards to scaleup,
automation, salt management, waste management, and nuclear materials
accountancy. The report ends with a summary that includes recommendations for
further assessment
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EXECUTIVE SUMMARY

This report was prepared for the United States Nuclear Regulatory Commission (NRC) by the Idaho
National Laboratory (INL). This report summarizes the present state of pyroprocessing technologies
which include a family of different high-temperature unit operations that are selected, engineered, and
organized into flowsheets that are designed for specific types of spent fuels and for specific fuel cycle
requirements. Pyroprocessing is not one technology nor is it a technology that can be represented by a
single flowsheet. The technologies and the flowsheets that can be brought to bear as pyroprocessing
solutions for fuel cycle applications have many variants.

This report focuses on the technologies and flowsheets that have been realized at an engineering level
in the United States. These include pyroprocessing as applied to the Integral Fast Reactor (IFR), Spent
Fuel Treatment (SFT), and Joint Fuel Cycle Study (JFCS) Programs performed at the INL. The IFR
Program was intended to demonstrate reprocessing using Experimental Breeder Reactor-11 (EBR-II), but
after much development was never realized. The SFT Program applies pyroprocessing to the recovery of
uranium from EBR-II spent fuel (sodium-bonded metallic fast reactor fuel) for the purpose of
dispositioning the spent fuel inventory and converting the high enriched uranium (HEU) into high assay
low enriched uranium (HALEU). The JFCS Program applies pyroprocessing to the recovery of
uranium/transuranic (U/TRU) alloys from light water reactor oxide fuels for the purpose of making
sodium-bonded metallic fast reactor fuels. The IFR Program began in the mid-1980s and was terminated
in 1994 coinciding with the closure of EBR-II. The SFT Program effectively began in 1996 and
continues. The JFCS Program began in 2011 and continues.

After a brief introduction, this report provides technical descriptions of the flowsheets used for the
IFR, SFT, and JFCS Programs. Subsequent sections provide information on technical fundamentals
related to process chemistries, process challenges encountered through direct experience with
pyroprocessing operations, and summaries of recent research literature on pyroprocessing technologies
and facility safeguards.

In pyroprocessing, chemical separations largely take place in high-temperature molten salts. The
oxide reduction (OR) cell is used to chemically convert oxide fuels to metals. The OR cell uses a salt that
is lithium chloride (LiCl) with a nominal concentration of lithium oxide (Li-O) at approximately 650°C.
The electrorefining (ER) cell is used to electrorefine uranium metal and allow TRUs to accumulate in the
ER salt. The ER cell uses a salt that is a eutectic mixture of LiCl and potassium chloride (KCI) with a
nominal concentration of uranium trichloride (UCIs) at approximately 500°C. In the OR cell, the alkali
and alkaline earth fission products such as cesium and strontium accumulate in the salt as cesium chloride
(CsCl) and strontium chloride (SrCl). In the ER cell, fission products that are alkali, alkaline earth,
lanthanides, and TRUs accumulate in the salt as their metal chlorides. Because salt systems are used for
chemical separations, salt management is the most important aspect of pyroprocessing because it dictates
the management of actinides, fission products, and most of the process wastes.

The goal of pyroprocessing is to reject fission products to waste streams, and retain actinides in
product streams, as dictated by the requirements of the fuel cycle application. Therefore, the management
and recovery of TRUs from ER salts is another important aspect of pyroprocessing. TRUs can be
recovered from the ER salts by chemical techniques that rely on selective reduction of the actinide cations
from the salts. TRUs are generally recovered as U/TRU alloys with compositions that are desired for the
fabrication of fast reactor metallic fuels, although many other fuel cycle applications are possible. By
selective chemistry, it is possible to recover actinides from ER salts while leaving most of the alkali,
alkaline earth, and lanthanide fission products in the salts. With the actinides effectively removed from
the ER salts and with further selective chemistry, it is possible to recover most of the remaining fission
products from ER salts for the purpose of concentrating the fission products into a waste stream. There
are many technical approaches to salt management strategies for recovering TRUs from salt, drawing



down actinides from the salt, and drawing down fission products from the salt. Much of the current
research is focused on these strategies.

Unique safety considerations of pyroprocessing stem from factors associated with processing of
irradiated nuclear materials in high-temperature operations that include molten salt electrochemical cells,
distillation furnaces, and casting furnaces. This report identifies and discusses pertinent safety issues.
Brief highlights are provided below.

Technology Maturity: Aqueous reprocessing technologies are vastly more developed than
pyroprocessing technologies. Pyroprocessing has not been developed past the engineering scale as
exemplified in the SFT Program. In comparison, aqueous reprocessing has been used for military
applications in the United States and for military and commercial applications in several other countries.

Materials Accountancy: Inventory tracking of nuclear materials is important with respect to
safeguards but is also important with respect to operations control and criticality safety. This is achieved
through a combination of facility design and process monitoring techniques that are unlike those involved
in agueous reprocessing. Pyroprocessing is required to track nuclear materials in many forms, including
spent fuels, molten salts, molten metals, casting drosses, anode residue, and holdup in process equipment.

Deliquescence and Pyrophoricity: A generally accepted design feature for pyroprocessing facilities is
that the high-temperature processes are contained within hot cells with dry argon atmospheres. This is
because the salts and metals used by the process are reactive with the oxygen and moisture in the air. The
hot cell facilities provide the necessary radiation containment and shielding required to work with spent
nuclear fuels.

Radiation Accumulation: Most of the radiation emanating from spent fuel comes from the decay of
fission products. A consequence of minimizing the volume of waste streams is that these fission products
are concentrated into small volumes of metal and salt wastes. Very high radiation and decay heat levels
can develop in the OR and ER vessels as fission products accumulate in these salts.

Corrosion Damage: Pyroprocessing as explained here uses chloride salts. Oxygen gas, O2(g), and
chlorine gas, Clx(g), are highly reactive gases. The OR cell liberates O»(g) at the anode, which will cause
corrosion of the metal components if not managed properly. The chlorine chemical potential, related to
the presence of Clx(g), is very low in the OR and ER cells and corrosion of the metal components is
mitigated. Some of the proposed means of managing salt wastes include dehalogenization of the salt to
liberate the chlorine as Clx(g) or hydrogen chloride, HCI(g), and to chemically convert the fission product
metals into geologically stable mineral forms. In these processes, the management of the liberated Cl2(g)
and HCI(g) will present engineering challenges with respect to corrosion and the fate of these materials.
Similar challenges are related to the chlorination processes that are proposed for salt management.

Process Interruptions: Loss of electrical power to the process equipment is inevitable. The high
temperature operations involving molten salts and molten metals must be able to withstand and recover
from power outages. In an industrial reprocessing application, OR and ER cells can each potentially
contain on the order of 1 MT of salt or more. The equipment must be designed to withstand the
mechanical stresses caused by salt solidification and remelting. Similar design considerations will need to
be made for the distillation and casting furnace operations.

Studies on molten salt chemistries for nuclear applications date back to the 1940s with work on
Molten Salt Aircraft Reactors at Oak Ridge National Laboratory (ORNL), the 1950s with work on the
Salt Cycle Process at Hanford, the 1960s with work on the Molten Salt Reactor Experiment at ORNL, and
the 1980s with work on the IFR Program at Argonne National Laboratory and Argonne National
Laboratory — West (now INL). Pyroprocessing research has been ongoing since the inception of the IFR
Program in the United States and other countries including Republic of Korea, Japan, France, United
Kingdom, India, China, and Russia.

Vi



The most recent pyroprocessing research includes studies related to the many aspects of salt
management because this is a key issue for pyroprocessing. As fission products accumulate in the OR and
ER salts, the salts must be processed to place the fission products into acceptable waste forms. These
processes include actinide drawdown to retain the actinides in the fuel cycle, fission product drawdown to
minimize the volume of waste, and chemical conversions of the fission product chlorides into forms that
are geologically more stable such as oxides, phosphates, carbonates, and sulfides. Other research includes
engineering operations, safeguards, and process monitoring.

vii
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Engineering Scale Pyroprocessing Activities
in the United States

1. INTRODUCTION

This report discusses pyroprocessing technologies as applied to two types of spent nuclear fuel for the
purpose of reprocessing. The two types of fuel are sodium-bonded, metallic, uranium fuel for sodium-
cooled fast reactors (SFRs) and uranium oxide fuel for light water reactors (LWRs). These two fuel types
were chosen because they are likely to be among the first applications of pyroprocessing, and significant
research has been performed in these areas in the US. The prior Experimental Breeder Reactor Il
(EBR-II) Integral Fast Reactor (IFR) Program and the present EBR-11 Spent Fuel Treatment (SFT)
Program will serve as case studies to describe pyroprocessing of SFR fuels. The recent collaborative
project between the US and the Republic of Korea (ROK) on the Joint Fuel Cycle Study (JFCS) Program
will serve as the case study to describe pyroprocessing of LWR fuels.

The goal of the IFR Program was to demonstrate a closed fuel cycle around EBR-I1I using
electrometallurgical methods. In anticipation of the IFR Program, EBR-II fuel was converted from an
alloy of high enriched uranium (HEU) with 5 wt% fissium, to an alloy of HEU with 10 wt% zirconium
(Zr). Fissium itself was an alloy of transition metals between yttrium (Y) and palladium (Pd) that was
developed for an earlier reprocessing technology called the “Melt Refining Process” that was
demonstrated on EBR-I1 in the 1960s. Under the IFR Program, the spent U-10Zr fuel was to be
reprocessed to make fresh U-10Zr fuel. However, as reprocessing continued, transuranics (TRU) would
have accumulated in the electrorefiner salt. Ultimately, the TRU would have been recovered to make an
alloy of depleted uranium (DU) with 20 wt% TRU and 10 wt% Zr (example nominal fuel composition),
which would have been tested in EBR-II. However, EBR-11 was shut down while the equipment and hot
cell for the IFR Program were still being prepared. Shut down occurred in 1994 about a year before the
IFR Program could begin the reprocessing efforts. Consequently, the IFR Program was terminated, and
the mission transitioned into the SFT Program to deal with the entire EBR-1I spent fuel inventory
including driver fuels (containing HEU) and blanket materials (containing DU). Therefore, the
pyroprocessing technologies described here were never used to reprocess fuels while EBR-I1 was
operational. However, these technologies have been extensively used to treat spent EBR-I1 fuels for
disposition. The differences between pyroprocessing as applied to reprocessing, and pyroprocessing as
applied to disposition will be discussed.

Under the JFCS, the purpose of reprocessing was to recover TRU from LWR fuels to make SFR
fuels. Pyroprocessing technologies to this end were demonstrated at the kilogram-scale, and the recovered
plutonium was used to fabricate fuel test specimens that were irradiated in the INL Advanced Test
Reactor (ATR) and subsequently subject to post irradiation examination and characterization. The fuel
test specimens were comprised of sodium-bonded DU/TRU/Zr ternary alloys. In this application of
pyroprocessing, the spent LWR fuel was simply the source of TRU available to the ROK to make these
SFR ternary fuels. Presently, the ROK has about 24 LWRs in service. The implementation of SFRs in the
ROK is a future prospect.

The IFR Program and the subsequent SFT Program were initiated at ANL-W, which became INL
MFC after a site-wide contract change in 2005. ANL-W was managed by the University of Chicago,
while INL Materials and Fuels Complex (MFC) is now managed by Battelle Energy Alliance (BEA).
Following the termination of the IFR Program in 1994, the mission entered a technology assessment
period that lasted until 1996, at which time electrometallurgical processing was demonstrated and
ultimately selected as the spent fuel treatment technology as recorded by a Federal Registry Record of
Decision in 2000. That marked the beginning of the SFT Program which continues today. Likewise, the
JFCS began in 2011. In the discussions that follow, the IFR Program is described in past tense, and the
SFT and JFCS Programs are described in the present tense.



1.1 Scale of Pyroprocessing Operations

By commercial standards, EBR-II was a small experimental reactor that operated at 62 MWt and
20 MWe. As already explained, no EBR-II fuel was reprocessed under the IFR Program. When EBR-II
was shut down in 1994, the spent fuel inventory included about 3 MT of driver fuel and 22 MT of
blanket. To date, between 1996 and 2023, the SFT Program has treated about 1.6 MT of EBR-II driver
fuel, 0.2 MT of Fast Flux Test Facility (FFTF) Reactor driver fuel, and 3.7 MT of EBR-II blanket. In
comparison, the JFCS Program processed a total of about 26 kg of spent oxide fuel in nine experimental
runs. Out of necessity JFCS Program used oxide fuels that were available for the program, which included
mixed oxide (MOX) fuel from the FFTF Reactor, and some LWR oxide fuels from the Belgian Reactor 3
and the Dresden Unit 1 Reactor.

Agueous processing technologies have been deployed at enormous industrial scales in support of
plutonium production and commercial fuel reprocessing. By comparison, the body of work performed on
pyroprocessing development is dwarfed by what has been accomplished on aqueous reprocessing.

1.2 Sensitive Nuclear Technology

Nuclear fuel reprocessing technologies are considered sensitive nuclear technologies by the
Department of Energy (DOE). Pyroprocessing is clearly a reprocessing technology as it involves the
separation, concentration, and purification of actinide metals from spent nuclear fuels. Much has been
published in the open literature on pyroprocessing for the IFR and SFT Programs. Much of what has been
published on these programs would, by today’s standards of export control and nonproliferation, not be
permitted to be published. This is particularly the case with regard to technical descriptions of the
engineering-scale equipment and operating parameters. The collaboration between the US and the ROK
on the JFCS Program was performed under a Cooperative Research and Development Agreement
(CRADA) and a Bilateral Nuclear Technology Transfer (NTT) Agreement. Within the JFCS Program, in
general terms, information related to oxide reduction operations is considered less sensitive than
information related to electrorefining operations. Consequently, few publications related to the JFCS
Program appear in the open literature.



2. DESCRIPTION OF PYROPROCESSING

All reprocessing flowsheets are concerned with chemical separations between what is desired to be
retained in the fuel cycle, and what is desired to be rejected from the fuel cycle. Reprocessing deals only
with chemical and physical separations, not isotopic separations. The most fundamental way to
understand the behavior of a particular reprocessing flowsheet is to understand the mass and energy
balance throughout the entire process. The guiding principles of mass and energy balances are straight
forward, in that the masses of all materials into and out of the flowsheet, along with the thermal energies
associated with chemical reactions and thermal management, must be accounted for and balance. In
addition, radiochemical processes that alter the isotopic compositions and introduce energy must also be
accounted for and balanced. However, in practice performing a detailed mass and energy balance is a
complex task.

A fictitious perfect reprocessing technology would be able to accept any spent nuclear fuel and break
it down into its individual elements with perfect separations. These elements could then be binned into
three categories: non-radiological elements that are easily disposed of or recycled, radiological elements
whose disposition must be managed, and actinide elements retained in the fuel cycle. The second category
is the actual nuclear waste, and this perfect reprocessing technology would produce the absolute
minimum amount of nuclear waste. However, such perfect separations are never possible in practice. In
practice, all three categories become partitioned throughout the process and waste volumes increase as
chemical reagents and equipment are consumed and radiological contaminations are spread.

A way of considering separation efficiencies during reprocessing is to determine, for each element
present in the spent nuclear fuel, what fractions report to the refined actinide products and what fractions
report to each individual waste streams. In this context, it is desired to have a high retention of actinides
in to, and a high rejection of fission products out of, the refined actinide products. However, a general rule
of separations is that purity decreases as recovery increases. A consequence of this rule is, for example, as
higher fractions of the actinides are retained in the refined products, so too are higher fractions of the
unwanted fission products. A balance must be struck between the competing factors influencing the
practicality and economics of the process.

A reprocessing facility based on pyroprocessing technologies will be comprised of several unit
operations that are scaled and duplicated as needed to meet the throughput requirements of the facility.
The number and engineering details of the unit operations are based on the performance requirements of
the facility. For the moment, the performance requirements will be limited to the type of spent fuel to be
processed (LEU oxide fuel and HEU metallic fuel), the throughput rate of the facility (equipment scaling
and duplication), and the specifications of the refined nuclear materials (electrorefined, metallic uranium
and uranium/TRU alloy).

2.1 Fuel Characteristics

A comparison of the characteristics of metallic SFR and oxide LWR fuels is summarized in Table 1.
The SFR fuel is comprised of a metallic alloy clad in stainless steel, along with bond sodium which
provides improved thermal conductivity between the fuel alloy, where the heat is generated, and the
cladding. The core of the reactor is comprised of an array of hexagonal assemblies containing individual
fuel elements, blanket elements (in breeder reactors), and control elements (heutron absorbers). As a fast
reactor, the neutrons are unmoderated as there is no water or graphite in the core. The hexagonal
assemblies are made of stainless steel and, in addition to containing the elements, act as fluid ducts to
channel the flow of sodium through the inside and outside of the assemblies. In a pool-type SFR, a large
reservoir of primary sodium is circulated through the core. The primary sodium loop then flows through
heat exchangers with the secondary sodium loop that is used to make the steam. Assemblies removed
from the SFR are removed from a pool of primary sodium and must be washed prior to disassembly.
Washing is performed with steam or a mixture of water and alcohol to control what is otherwise a
vigorous reaction between water and sodium. Because both the bond sodium and the fuel alloys are
highly reactive with water, spent SFR fuels are typically not stored in water pools for cooldown.



Table 1. Comparison Between Characteristics of SFR and LWR Fuels.

Fuel Type
Feature SFR LWR

Fuel Composition HEU/Zr or DU/Pu/Zr metallic LEUO; or LEUO,/PuO; ceramic
alloy. Bond sodium present. pellets.

Fuel Element Cladding Stainless steel alloy. Zirconium alloy.

Fuel Geometry Fuel elements are loaded into Fuel elements are loaded into
enclosed-duct hexagonal open square assemblies made for
assemblies made for sodium water circulation.
circulation.

Fuel Assembly Hardware Stainless steel alloy. Stainless steel alloy.

Fuel Assembly Exposure Submerged in a pool of sodium. Submerged in a pool of water.

Spent Fuel Cleaning Upon removal from the reactor the | N/A
fuel assemblies are washed to
remove external sodium.

Spent Fuel Storage Dry storage only. Risk of bond Wet or dry storage possible.
sodium exposure too great for wet
storage.

The LWR fuel is comprised of ceramic fuel pellets clad in a zirconium alloy, along with stainless
steel hardware, such as springs and plates, to maintain compaction of the fuel pellets. There is no bond
sodium in LWR oxide fuel elements, and thermal conduction is reliant on a tight fit between the fuel
pellets and the cladding. The core of the reactor is comprised of an array of square assemblies containing
individual fuel elements or control elements. As a thermal reactor, the neutrons are moderated by the
cooling water circulating through the core. The assemblies are made of stainless steel and, in addition to
containing the elements, are open to allow the flow of water around the fuel elements. In both the
pressurized water reactor (PWR) and the boiling water reactor (BWR) a reservoir of water is circulated
through the core. The PWR design has three water systems: primary, secondary (which makes the steam),
and condenser coolant (which cools the steam). The BWR design has two water systems: primary (which
makes the steam) and condenser coolant (which cools the steam). In the case of a PWR design, there are
two heat exchanges between the primary and secondary, and secondary and coolant waters. In the case of
a BWR, there is one heat exchanger between the primary and the coolant waters. Assemblies removed
from the LWR are removed from a pool of water and no washing is required prior to disassembly. Spent
LWR fuels are stored in water pools (when the decay heat is high), or dry storage (when the decay heat is
low).

A comparison of the unit operations and materials handling characteristics of pyroprocessing SFR and
LWR fuels is summarized in Table 11. In agueous reprocessing, the entire fuel assemblies (including the
stainless-steel hardware, cladding, and spent fuel) are mechanically shredded and digested in concentrated
nitric acid and the solution is transferred into an input accountancy tank. Input accountancies of the
various metals are determined based on the volume, density, and concentrations of the solution in the
tank. This type of input accountancy is not possible with pyroprocessing, and this topic is discussed in
greater detail later in Sections 4.2 and 6.2.



Pyroprocessing flowsheets begin with the recovery of the fuel elements by mechanical disassembly of
the fuel assemblies. This involves cutting operations to free the fuel elements from the assemblies. Care is
taken to not breach the cladding of the fuel elements during disassembly operations. The assembly
hardware is mostly stainless steel that has become activated in the reactor core. Assembly hardware is
advanced to waste processing (see Table 2, Waste Metals Consolidation of Assembly Hardware). Since
bond sodium and metal fuels are highly reactive in air, all subsequent operations involving the metallic
SFR fuels are performed in a dry argon atmosphere. The processes for metallic SFR fuels and LWR fuels
are discussed in subsequent subsections.

2.2 SFR Fuels Processing (EBR-1l Example)

Each fuel element is chopped through the length of the fuel region. The lengths of the chopped pieces
are approximately equal to the diameter of the fuel element, about 6 to 7 mm. The purpose of chopping is
to expose the bond sodium and metallic fuel for the subsequent uranium electrorefining operation. The
bond sodium and fuel must be exposed to the electrolyte for the separations chemistry to occur. The
chopped fuel is loaded into an anode basket that is advanced to electrorefining (see Table 3, Uranium
Electrorefining). Pyroprocessing unit operations and materials handling operations are inherently batch
operations. The batch sizes may be limited by criticality constraints related to the fissile materials
inventories, which are largely uranium and plutonium. In the case of EBR-II fuels, where the 23U
enrichment is around 65%, the total actinide mass loaded into the anode basket is limited to 15 kg.

Under the current practice, the plenum regions of the fuel elements are not chopped and are
segregated separately. These plenums contain some fraction of the bond sodium, and some fraction of the
alkali (Group 1) and alkaline earth (Group 2) fission products that have solubilities in the bond sodium.
Plenums are advanced to waste processing (see Table 4, Waste Metal Consolidation of SFR Plenums).

The electrorefiner (ER) is an electrochemical cell with an electrolyte comprised of LiCI-KClI eutectic
(55.8 wt% KCI and 44.2 wt% LiCl), with a nominal concentration of 5 wt% UCIs. The operating
temperature is 500°C, ensuring a molten salt phase with a negligible vapor pressure. The formation of
high valence uranium chloride such as UCl, is chemically suppressed because the salt is continuously
exposed to uranium metal. The refining of uranium is driven electrochemically by an external DC power
supply. Uranium is oxidized from the “impure” spent fuel in the anode basket, and “purified” uranium is
reduced onto a cathode mandrel. The purified uranium deposits with a highly dendritic morphology
exhibiting a high surface area. The rate at which uranium is transferred from the anode basket, through
the salt, to the cathode mandrel is governed by the DC amperage applied to the circuit by the power
supply. A current of 100 A, applied for 1 hr (100 A-hr of charge) will move approximately 300 g of
uranium. This is merely an expression of Faraday’s Law.

In an electrochemical cell, oxidation always occurs at the anode, and reduction always occurs at the
cathode. In a Galvanic cell, e.g., a common battery, the electrochemical reactions are spontaneous, and
the anode has a lower potential than the cathode. In an electrolytic cell, e.g., uranium electrorefining, the
electrochemical reactions are driven by an external power supply, and the cathode has a lower potential
than the anode. Nevertheless, oxidation always occurs at the anode and reduction always occurs at the
cathode.

Oxidation occurs at the anode: U = U3t + 3e~
The cations (U3") migrate through the salt from the anode to the cathode.
The electrons (e™) flow through the electrical circuit from the anode to the cathode.

Reduction occurs at the cathode: U3t 4+ 3e~ =U



Significant chemical separations occur in the ER. The spent fuels processed in the ER must be
metallic. Uranium oxide does not electrorefine to uranium metal in the ER. Oxide fuels are first reduced
to metals in the oxide reduction (OR) cell. All metals in spent fuel can form metal chlorides. However,
each metal has a different affinity to form its chloride. In the ER salt, UCIs is the least stable metal
chloride present under most normal operating conditions. Therefore, metals in the spent fuel that have
higher affinities than uranium to form chlorides will accumulate in the molten salt at the expense of the
UCI; concentration. The uranium thus lost from the salt will mostly deposit as a metal on the anode
basket. The Group 1, Group 2, lanthanide, and transuranic metals have higher affinities than uranium to
form chlorides and consequently accumulate in the ER salt. Conversely, the transition metals have lower
affinities than uranium to form chlorides and consequently remain in the anode basket as metals.

To summarize, the metallic spent fuel in the anode basket is partitioned three ways. The uranium
reports to the cathode as electrorefined uranium. The reactive metals with affinities greater than uranium
to form chlorides accumulate in the ER salt, and the noble metals with affinities lower than uranium to
form chlorides remain in the anode basket. As discussed earlier, these chemical separations are not
perfect. For example, metals cannot be oxidized into the ER salt unless they are in contact with the ER
salt. Simply stated, reactants must come together to react; the electrolyte cannot oxidize from the
electrode what it cannot reach, and the electrode cannot reduce from the salt what it cannot reach. As
pyroprocessing does not attempt to oxidize all anode materials, the result is incomplete recovery of
actinides from the chopped fuel in the anode basket. Separations in the ER and the consequences of
different fuel types are discussed in greater detail in Section 3.

In the present ER operations, about 14 kg of chopped fuel is loaded into the anode basket. To
electrorefine this amount of uranium approximately five cathodes are harvested. The volume of 14 kg of
chopped fuel is much less than the volume of 14 kg of dendritic electrorefined uranium. To harvest
uranium, the cathode mandrel is removed from the ER, allowed to cool to ambient temperature, and the
dendritic uranium is scraped off the mandrel into a process crucible. Meanwhile, a clean cathode mandrel
is returned to the ER so electrorefining operations can continue. The electrorefined uranium is comprised
of high surface area dendritic uranium deposits and adhering salt. Due to the high surface area of the
dendritic uranium, typical recovered uranium deposits are about 11 wt% adhering ER salt. This composite
material is then advanced to distillation (see Table 5, ER Salt Distillation from Electrorefined Uranium).

When no further uranium can reasonably be recovered from the anode basket, the anode basket is
removed from the ER and the contents are emptied into a process crucible. When the fuel elements are
chopped, the cladding pieces are called “segments.” When an anode basket is emptied, the cladding
pieces are called “hulls.” The hulls are comprised of stainless-steel cladding, fuel residue (unoxidized
metals from the spent fuel), and adhering salt. This material is then advanced to waste processing (see
Table 6, Waste Metal Consolidation of ER Anode Residue).

Distillation furnaces for pyroprocessing are designed to distill salt from metal under vacuum
conditions. The furnace may also be designed to melt the metal into a consolidated ingot. The process
crucibles in distillation furnaces are held under a vacuum as the temperature is raised. The vapor pressure
of ER salts becomes significant at temperatures above 800 to 1,000°C. Uranium melts at approximately
1,130°C, and stainless-steel alloys melt at approximately 1,550°C. The process crucible in the distillation
furnace must be compatible with molten salt and, in the case of metal consolidation, must also be
compatible with molten metal. For distillation furnaces with induction heating, successful process
crucibles designs include graphite crucibles as the induction coupler, which are coated on the inside with
castable liners. In the case of salt distillation and uranium consolidation, the crucible liner is zirconia. In
the case of uranium consolidation without salt present, the crucible liner is yttria. And in the case of salt
distillation in the presence of stainless-steel, the crucible liner is alumina. Eventually, these process
crucibles reach the end of their service lives and become waste that is contaminated with remnants of the
materials they processed. These types of process waste are discussed in greater detail in Sections 2.4 and
4.5. Alternatives to graphite crucibles lined with zirconia, yttria, and alumina is an ongoing research area.



The electrorefined uranium harvested from the cathode mandrel is loaded into a process crucible and
advanced to distillation (see Table 7, ER Salt Distillation from Electrorefined Uranium) to distill the salt,
which is returned to the ER, and the uranium dendrites are consolidated into an ingot. The uranium ingot
from this distillation furnace is advanced to a casting furnace (see Table 8, Uranium Metal Casting) for
remelting and sampling. Sampling is performed by drawing a sample of the well-mixed, molten uranium
into a quartz tube where it solidifies. These “pin samples” are sent for destructive analysis where they are
used to verify the enrichment of the electrorefined uranium ingots. The ingots produced by this second
casting furnace are too large (>25 kg) to be accommodated by the presently anticipated downstream
processing. Therefore, the ingots from the second casting furnace are advanced to a third casting furnace
(see Table 9, Uranium Metal Casting) to recast the uranium into smaller shapes called “reguli” which are
about 3 kg each. The anode residue harvested from the anode basket is loaded into a process crucible and
advanced to waste processing (see Table 10, Waste Metal Consolidation of ER Anode Residue).

Table 11. Comparison Between Pyroprocessing Unit Operations of SFR and LWR Fuels.

Unit Operations and Materials
Handling

Fuel Type

SFR
(EBR-Il Example)

LWR
(JFCS Example)

Headend Fuel Preparation for
Electrochemical Operations

Fuel elements are removed from
assemblies. Assemblies are
advanced to waste metal
consolidation.

Fuel elements are removed from
assemblies. Assemblies are
advanced to waste metal
consolidation.

Inert atmosphere required for all
subsequent operations.

N/A

N/A Fuel is declad, and oxide fuel and
cladding are separated from each
other.

N/A Cladding is advanced to waste

metal consolidation.

Cladding and fuel alloy are
chopped and loaded into the ER
anode basket.

Oxide fuel is prepared as powder
or pellets and loaded into the OR
cathode basket.

Plenums are advanced to waste
metal consolidation.

N/A

N/A

Inert atmosphere required for all
subsequent operations described
below.

Oxide Reduction (OR)

N/A

OR cathode basket is
electrochemically processed in
LiCl-Li,O salt.

N/A

Oxide is converted to metal while
0(qg) is liberated at semi-inert
anode.

N/A

Most of the Group 1 fission
products accumulate in the OR
salt.

N/A

OR cathode basket is advanced to
OR salt distillation.




Unit Operations and Materials
Handling

Fuel Type

SFR
(EBR-Il Example)

LWR
(JFCS Example)

OR Salt Distillation

N/A Salt is distilled and returned to
OR.
N/A Materials in the OR cathode

basket are advanced to the ER as
materials in the ER anode basket.

Uranium Electrorefining

ER anode basket is
electrochemically processed in
LiCI-KCI-UCl; salt.

ER anode basket is
electrochemically processed in
LiCI-KCI-UCl; salt.

Uranium in the fuel is oxidized
from the anode basket, while
purified uranium is reduced on
the cathode.

Uranium in the fuel is oxidized
from the anode basket, while
purified uranium is reduced on
the cathode.

Group 1, Group 2, lanthanides,
and transuranics fission products
accumulate in the ER salt.
Transition metals remain in the
anode basket.

Group 1, Group 2, lanthanides,
and transuranics fission products
accumulate in the ER salt.
Transition metals remain in the
anode basket, except most of the
Group 1 fission products
accumulate in the OR salt.

Choose uranium downblending
strategy.

N/A

Electrorefined uranium is
harvested from the cathode and
advance to ER salt distillation.

Electrorefined uranium is
harvested from the cathode and
advance to ER salt distillation.

Anode residue is harvested from
the anode basket and advanced to
waste metal consolidation.

Anode residue is harvested from
the anode basket and advanced to
waste metal consolidation.

ER Salt Distillation from
Electrorefined Uranium

Salt is distillated and returned to
ER. Uranium is consolidated into
an ingot.

Salt is distillated and returned to
ER. Uranium is consolidated into
an ingot.

Uranium ingot is advanced to
metal casting.

Uranium ingot may be waste or
advanced to metal casting.

Uranium Metal Casting

Electrorefined uranium cast into
desired shapes.

Electrorefined uranium may be
waste or cast into desired shapes.

U/TRU Alloy Recovery from
ER.

U/TRU alloy recovered from ER
salt using a liquid cadmium
cathode.

U/TRU alloy recovered from ER
salt using a liquid cadmium
cathode.

U/TRU alloy advanced to ER salt
and cadmium distillation.

U/TRU alloy advanced to ER salt
and cadmium distillation.




Unit Operations and Materials
Handling

Fuel Type

SFR
(EBR-Il Example)

LWR
(JFCS Example)

ER Salt and Cadmium
Distillation from U/TRU Alloy

Salt is distilled and returned to
ER. U/TRU alloy consolidated
into ingot. Cadmium becomes
waste.

Salt is distilled and returned to
ER. U/TRU alloy consolidated
into ingot. Cadmium becomes
waste.

U/TRU Alloy Casting

Recovered U/TRU alloy cast into
desired shapes.

Recovered U/TRU alloy cast into
desired shapes.

Fuel Fabrication

HEU and HEU/TRU alloy, or DU
and DU/TRU alloy, available for
fuel fabrication.

LEU/TRU alloy available for fuel
fabrication. LEU may be waste.

Waste Metal Consolidation of
Assembly Hardware

Assemblies are consolidated into
compact or waste metal ingot.

Assemblies are consolidated into
compact or waste metal ingot.

Waste Metal Consolidation of
SFR Plenums

Bond-sodium is distilled and
neutralized. Plenums are
consolidated into compact or
waste metal ingot.

N/A

Waste Metal Consolidation of
LWR Cladding

N/A

Cladding is consolidated into
compact or waste metal ingot.

Waste Metal Consolidation of
ER Anode Residue

Salt is distilled and returned to
ER. Anode residue is
consolidated into waste metal
ingot.

Salt is distilled and returned to
ER. Oxide fraction is returned to
OR for processing. Metal fraction
is consolidated into waste metal
ingot.

The box in Table 11, “Choose uranium downblending strategy,” has to do with the difference
between the enrichment of the fuel being processed versus the desired enrichment of the electrorefined

uranium product. For example, under the IFR Program, no downblending would have occurred because
the desire was to reprocess HEU EBR-I1 fuels. However, the SFT Program requires that the electrorefined
HEU is downblended to LEU (<20% 2%U). Presently, downblending occurs at three locations. First, by
simultaneously electrorefining HEU from an anode basket containing the chopped fuel, and DU from an
anode basket containing a DU ingot. The two sources of HEU and DU are collected on a common
cathode mandrel. Second, by adding DU to the uranium ingot in the ER salt distillation furnace. Third, by
adding DU to the uranium ingot in the first casting furnace, the one that collects the pin sample described
earlier.

U/TRU alloy recovery from the ER salt is also dependent on the objectives of the reprocessing
strategy. The SFT Program requires that the plutonium and other TRUs remain in the ER salt, which is
the present practice. However, under the IFR Program the destination of TRUs may have been different.
For example, plutonium could have been recovered to make ternary fuels for testing in EBR-II.
Nevertheless, during the SFT Program the liquid cadmium cathode (LCC) technology was demonstrated
for recovering plutonium from the ER salt as U/TRU metallic alloys. The LCC operates under the
following thermodynamic principles. Under normal uranium electrorefining conditions, plutonium
deposits on the cathode mandrel at potentials about 400 mV more negative than uranium. Therefore,
under normal uranium electrorefining conditions, plutonium remains in the salt and is not co-deposited
with uranium. Using a molten pool of cadmium as the cathode allows plutonium and uranium to deposit
together as an alloy at the same cathode potential. This is because the chemical potential of plutonium is



greatly reduced in the cadmium, compared to the cathode mandrel, thereby allowing the plutonium to be
reduced at the same potential as uranium. The result is that the pool of cadmium becomes saturated with
plutonium and uranium to a degree governed by the concentrations of plutonium and uranium in the salt.
The resulting cadmium alloy is harvested, loaded into a process crucible, and advanced to distillation (see
Table 12, ER Salt and Cadmium Distillation from U/TRU Alloy). The cadmium distills at a lower
temperature than the salt. In principle, the cadmium could be reused, but the reuse of cadmium has not
been demonstrated. The remaining U/TRU alloy is consolidated into an ingot. Like electrorefined
uranium, the U/TRU alloy is advanced to casting (see Table 13, U/TRU Alloy Casting) to recast the alloy
into shapes more suitable for fuel fabrication. The LCC technology was demonstrated in the blanket ER
four times. Afterward, the U/TRU alloy ingots were re-electrorefined in the blanket ER to return the TRU
to the salt.

The products from the casting operations (see Table 14, Uranium Metal Casting and U/TRU Alloy
Casting) are advanced to fuel manufacturing (see Table 15, Fuel Fabrication), where further alloying and
casting takes place to make the desired fuel alloy compositions and shapes. The alloys required for fuel
fabrication have a significant effect on the operation of the ER. For example, EBR-II had driver fuel
assemblies containing HEU and blanket assemblies containing DU. The operating EBR-11 core contained
about 50 driver fuel assemblies, each with approximately 3 kg of HEU-10Zr in 61 fuel elements. The
driver core was surrounded by about 590 blanket assemblies, each with approximately 47 kg of DU in 19
blanket elements. Both spent driver and blanket contained TRU. Under the IFR Program, the primary
objective of electrorefining the HEU-10Zr fuel would have been to recover a HEU/Zr alloy to make
HEU-10Zr binary fuel, and the primary objective of electrorefining the DU blanket would have been to
recover a DU/TRU alloy from the salt to make DU/TRU/Zr ternary fuel. However, the IFR Program was
terminated before this happened and the fuel cycle management of uranium, TRU, and zirconium was
never experienced. Under the SFT Program, the objective of electrorefining the HEU-10Zr fuel is to
recover the HEU and downblend it to LEU and to put the bond sodium and TRU into the salt. While the
objective of electrorefining the DU blanket is to recover the DU and to put the bond sodium and TRU into
the salt. These distinctions between the objectives of the IFR Program and the SFT Program have
significant impacts on flowsheet design and operations.

The SFR fuels involve three types of materials for “Waste Metal Consolidation”: “Assembly
Hardware,” “SFR Plenums,” and “ER Anode Residue.” There are multiple process options for each that
depend on many factors, not the least of which is the acceptance criteria of the destination waste
repository. The “Assembly Hardware” is comprised of activated stainless-steel that can be either
compacted or melted into an ingot. This waste is generally not associated with actinide or fission product
contamination. The “SFR Plenums” pose more of a challenge because they contain bond sodium that was
exposed directly to the fuel and consequently contain dissolved Group 1 and Group 2 fission products. It
is possible to change the flowsheet strategy and rather than segregate the plenums, to chop and load the
entire lengths of fuel elements into the anode baskets. However, this would result in greater bond sodium
and fission product loading to the ER salt, and minimizing this accumulation is generally considered the
best practice. Therefore, the path suggested here is to distill the bond sodium from the plenums and to
neutralize and stabilize the sodium by chemical conversion from a highly reactive metal to, for example, a
hydroxide, carbonate, or chloride form. The cladding, once free of metallic sodium, can be either
compacted or melted into an ingot. Treatment of the “ER Anode Residue” is necessarily a distillation
operation to allow return of the salt to the ER. The remaining fraction is consolidated into a waste metal
ingot that contains cladding, and residual quantities of fission products and actinides.
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2.3 LWR Fuels Processing (JFCS Example)

There are differences and similarities between the flowsheets for SFR and LWR fuels. In both cases,
the fuel elements are removed from the assembly hardware. The LWR fuel is then mechanically declad
and the zirconium alloy cladding is separated from the oxide fuel. Because the separations are incomplete,
the zirconium cladding is expected to be significantly contaminated with adhering fuel and fuel powder.

The recovered oxide fuel is then prepared for oxide reduction. There are many options available, but
ultimately the fuel must be loaded into the cathode baskets for oxide reduction. Increasing the surface
area of the fuel aids in oxide reduction by exposing a greater surface area of the fuel to the electrolyte in
the oxide reduction (OR) cell. The recovered fuel can be calcined at high temperature in the presence of
oxygen to convert the UO; to U3Og. Calcination results in a form of chemical decrepitation that converts
the granular fuel into a fine powder. In other words, there is a volume expansion when going from UO; to
U3Og that breaks the fuel into a fine powder. Calcination of UO; to U3Os can also be utilized to improve
the efficiency of mechanical decladding of LWR fuels by helping to disengage the fuel from the cladding.
Alternatively, without calcination, standard comminution (size reduction) techniques can be applied by
the operations of crushing, grinding, and sizing to produce a fine powder. And finally, the fine powder
can be loaded directly into the cathode basket, or pelletized and loaded into the cathode basket. There are
significant material handling challenges related to recovering the oxide fuel from the cladding and loading
it into a cathode basket. The challenges associated with remote handling fine powders include the
efficient separation of the oxide fuel from the cladding and containment during size reduction,
representative sampling for input accountancy, and loading into the OR cathode baskets. The loaded
cathode basket is then advanced to the OR cell (see Table 16, Oxide Reduction).

The OR cell is an electrochemical cell with an electrolyte comprised of LiCl with a nominal
concentration of a few weight percent Li>O. The operating temperature is 650°C, considerably higher than
the ER cell operating temperature of 500°C. The reduction of the oxide fuel to metal is driven
electrochemically by an external DC power supply. There are two predominant mechanisms for the
reduction. Uranium oxide is used as an example below.

The Li20 is dissolved in the electrolyte as lithium cations (Li*) and oxygen anions (O°). By applying a
negative potential to the cathode and a positive potential to the anode, the lithium cations are reduced to
metallic lithium at the cathode, while the oxygen anions are oxidized to oxygen gas at the anode. The
cathode and anode “half-cell” reactions are shown below, respectively.

8Li,0 + 16e~ = 16Li(1) + 80%~
802~ = 40,(g) + 16e”
The net reaction is the conversion of Li,O to lithium metal and oxygen.
8Li,0 = 16Li(1) + 40,(9)

Since lithium forms a more stable oxide than uranium, the lithium metal can reduce the uranium
oxide to uranium metal. The uranium oxide has little solubility in the electrolyte and remains in the
cathode basket. By comparison, lithium oxide has a high solubility in the electrolyte and dissolves into
the electrolyte as described above. The net reaction is the reduction of fuel oxides to metals.

Us04(s) + 16Li(1) = 8Li,0 + 3U(s)

In addition, there is a mechanism of direct electrochemical reduction of the UO; or U3Os. This is
possible because the fuel oxides have some degree of electrical conductivity. The cathode and anode
“half-cell” reactions are shown below, respectively.

Us04(s) + 16e~ = 3U(s) + 802~
20% = 0,(g) + 4e”
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The anode is made of a semi-inert material. Choices include platinum and iridium. However, each of
these materials exhibit degradation over time from chemical interactions with various fission products
that report to the electrolyte. Degradation occurs when the surface of the metallic anode becomes
passivated by the buildup of an electrically resistive layer (for iridium), or the metallic anode loses mass
as the corrosion products spall off the surface of the metals (for platinum). Both of these anode materials
are high-cost and there is an active search for alternative materials. The anode can be made of a low-cost
consumable material such as carbon, but this introduces carbon to the salt, which may have other
deleterious effects. In a similar manner as described earlier, chemical partitioning of fission products into
the salt is possible for metals that have a greater affinity to form a chloride than lithium. These include
cesium and strontium. Another consequence of oxide reduction is that any noble gas fission products
remaining in the fuel loaded into the cathode basket are released as the oxides are reduced to metals.

Carryover of salt from the OR cell to the ER cell was avoided by advancing the reduced metals to
distillation (see Table 17, OR Salt Distillation). The reason is primarily to prevent excess LiCl and Li.O
from entering the ER salt where it can form uranium oxide. As discussed earlier, oxides are not
electrorefined in the ER cell. A potential mechanism for the oxidation of UCIs to UO; by the action of
Li>O is shown below.

6Li,0 + 4UCly = 12LiCl + 3U0, + U

There are many options available for salt distillation. The conversion efficiency of oxides to metals
during OR operations was, at best, around 95%. The contents of the cathode basket could have been
removed and loaded into a process crucible for salt distillation, and then loaded into an anode basket for
electrorefining (see Table 18, Uranium Electrorefining). Salt distillation could have included metal
consolidation, which has the advantage of separating all oxides from the metal product advanced to
electrorefining (see Table 19, Uranium Electrorefining). However, during the JFCS Program the cathode
basket itself was advanced to distillation and then to electrorefining. In other words, the same basket
served as the cathode basket during oxide reduction, the process crucible during distillation, and the
anode basket during electrorefining.

The chemical separations during electrorefining are essentially the same between the metallic SFR
and oxide LWR fuels, with the exception that the LWR fuels will have lost most of the Group 1 and
Group 2 fission products to the OR salt. A consequence of incomplete reduction during OR cell
operations was that the anode residue from electrorefining contained un-reduced oxides, which required a
disposition path. During the JFCS Program, the anode residue was a waste. In the context of a closed fuel
cycle, the oxides in the anode residue would be returned to OR cell operations for another pass through
the OR cell. This can be achieved by advancing the anode residue to distillation (see Table 20, Waste
Metal Consolidation of ER Anode Residue) to remove the ER salt before advancing the material to the
headend of OR cell operations.

The electrorefined uranium recovered from LWR fuels is LEU, which may or may not have value to
the fuel cycle strategy being deployed. For LWR fuels, the only product of value may be the U/TRU
alloys recovered from the ER salt. This was the case during the JFCS Program. However, the
electrorefiner is operated the same way for LWR fuels as SFR fuels with regards to uranium
electrorefining, U/TRU alloy recovery, salt distillation, and casting operations. Of course, due to mass
limits imposed by criticality considerations, batch sizes are influenced by the enrichment level of the
uranium and the concentration of TRU.

The LWR fuels involve three types of materials for “Waste Metal Consolidation”: “Assembly
Hardware,” “LWR Cladding,” and “ER Anode Residue.” As with SFR fuels, the “Assembly Hardware” is
comprised of activated stainless-steel that can be either compacted or melted into an ingot. This waste is
generally not associated with actinide or fission product contamination. LWR fuels will also have a
plenum section, but because there is no bond sodium present, the plenum sections are treated in the same
manner as the cladding. The “LWR Cladding” is a challenge for two reasons. First, it is a zirconium alloy
that has a higher melting temperature than stainless steels, 1,850°C for the zirconium alloys versus
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1,550°C for stainless-steel alloys. Consequently, the zirconium cladding is blended with stainless-steel to
reduce the melting temperature to below 1,550°C. Second, it is contaminated with oxide fuel that remains
from the decladding operations. Therefore, compaction into a waste form appears to be a reasonable path.
Treatment of the “ER Anode Residue” is necessarily a distillation operation to allow return of the salt to
the ER. However, the anode residue is a mixture of un-reduced oxides and metallic fission products and
actinides. Metal consolidation by casting is an option to form a metal ingot for disposal, while the dross
could be returned to the headend of OR cell operations.

2.4 Product and Waste Materials Characterizations

Spent nuclear fuels contain an array of radioactive fission products and actinides. As described
earlier, the objective of a reprocessing strategy is to make separations between the elements to be retained
in the fuel cycle and the elements to be rejected from the fuel cycle. These two streams report on fuel
fabrication and waste management, respectively. However, incomplete separations, chemical processing,
and materials handling always results in the spread of radioactive elements from the spent fuel, which
increases the mass of materials requiring waste management. The result is two competing goals of
maximizing actinide recovery while minimizing waste generation. Reprocessing is feasible only if an
acceptable balance is struck between the two attainable ranges of actinide recovery and waste generation.
Everything associated with the process requires an accepted disposition path that is governed by the
criteria established for product specifications, waste acceptance, environmental release, etc. A comparison
of waste streams produced by pyroprocessing SFR and LWR fuels is summarized in Table 21. Each waste
stream is discussed below.

“Reactor Primary Sodium Residue” is the sodium adhering to the fuel assemblies removed from the
SFR. This sodium will contain activated sodium and potentially radionuclides from the fuel in cases
where cladding breached in the reactor core and contaminated the primary sodium. Naturally occurring
sodium is 100% #Na. Some amount of 2°Na is activated by the (n, 2n) mechanism (capture of a neutron
and ejection of two neutrons) to 2Na (2.6 y). Therefore, the sodium wash operation will produce
radiological waste.

“Assembly Hardware” includes all the stainless-steel components associated with the fuel
assemblies. Stainless-steel alloys contain nickel and cobalt. Naturally occurring nickel is 68% %éNi. Some
amount of *®Ni is activated by neutron capture with proton ejection to *®Co (71 d). Naturally occurring
cobalt is 100% *°Co. Likewise, some amount of *Co is activated by neutron capture to ®°Co (5.27 y).
Therefore, the assembly hardware is radiological waste.

“Fission Product Gases” include the volatile radionuclides in the spent fuel that are highly mobile in
the atmosphere. The long-lived radionuclides of greatest importance include #Kr (10.8 y), *H (12.3 y),
14C (5700 y), °I (15.7 My), and, if present, 311 (8.02 d) and *?"Xe (36.3 d). Volatile fission products are
potentially released during decladding operations and electrochemical processing. With regards to
chemical pathways leading to atmospheric release, in some cases there are distinct differences between
aqueous reprocessing and pyroprocessing. For example, iodine is a halide fission product and
pyroprocessing uses molten chloride salts, the majority of iodine is expected to report to the OR and ER
salts. Otherwise, the management of fission product gases is essentially the same between aqueous
reprocessing and pyroprocessing.

“Groups 16 (chalcogen) and 17 (halogen) Fission Products” include selenium, tellurium, bromine,
and iodine. Much attention has been paid to the fate of Group 1, Group 2, lanthanides, transuranics, and
noble gases. However, these fission products also accumulate in the OR and ER salts and can interfere
with the performance of the oxygen evolving anodes in the OR.
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“Fuel Element Cladding” includes stainless-steel alloys from SFR fuels and zirconium alloys from
LWR fuels. The SFR cladding is split between two process streams. The section of the fuel elements
containing fuel are chopped and loaded into the electrorefiner anode baskets. This portion of the cladding
ultimately reports to the waste metal ingots along with the ER anode residues. The “Fuel Element
Plenums” report directly to a sodium distillation furnace. After sodium distillation, the cladding can either
be consolidated by compaction or melted into a waste metal ingot. The LWR cladding was separated from
the oxide fuel and is contaminated with the remnants of adhering fuel particles. Due to the high melting
temperature of the zirconium alloy, remelting is not a preferred processing option. The cladding can be
consolidated by compaction.

“Anode Residues” are different between processing metallic fuels and oxide fuels. When processing
metallic fuels, anode residue is primarily cladding and the transition metal fission products that do not get
dissolved into the salt during uranium electrorefining in the ER cell. When processing oxide fuels, if there
is incomplete conversion of the oxide fuel to metal in the OR cell, then the anode residue includes the
residual oxide fuel as well as the transition metal fission products. The residual oxide fuel can be returned
to the headend for processing again in the OR cell. Ultimately, the transition metal fission products report
to the waste metal ingots.

“Bond Sodium” is associated only with the SFR fuels, where it is directly exposed to the fuel alloy.
Sodium has a high solubility for Group 1 and Group 2 fission products. The normal melting temperature
of sodium is 98°C. Alloying with fission products such as cesium and strontium, drops the melting
temperature significantly. Liquid sodium alloys have been observed in plenum sections at ambient
temperatures near 25°C, indicating that significant alloying has occurred. The bond sodium follows along
with the cladding that is segregated between the electrorefiner (the chopped cladding) and the sodium
distillation furnace (the plenum sections). “Bond Sodium in the Fuel Element Cladding” reports to the
electrorefiner where it partitions into the salt as NaCl. “Bond Sodium in the Fuel Element Plenums” that
reports to sodium distillation must be stabilized into a waste form. The management of bond sodium is
not trivial. If it reports to the ER salt, it significantly increases the volume of salt waste. If collected by
distillation, it must be converted into a stable waste form accommodating not only the sodium, but also
the fission products accompanying the sodium.

“Fission products ” that report to the OR salt are those that can exchange with the LiCl in the salt.
The candidates are select elements from Group 1 and Group 2 that include Cs, K, Na, Rb, Ba, and Sr. The
thermodynamic driving forces to partitioning of these elements from the fuel and into the salt by
displacing LiCl are marginal. Therefore, the separation efficiencies may be low. Conditions relative to the
ER salt are markedly different because partitioning into the ER salt requires displacing UCls, which is a
much less stable chloride than LiCl. “Group 1 and Group 2 Fission Products” in SFR fuels report to the
bond sodium and the ER salt, and in LWR fuels report to the OR salt and the ER salt. “Lanthanide and
Transuranic Fission Products” tend to form chlorides that are less stable than LiCl, but more stable than
UCls. Therefore, these fission products in both SFR and LWR fuels report to the ER salt. Conversely,
“Transition Metal Fission Products” tend to form chlorides that are less stable than LiCl and UCls.
Therefore, these fission products in both SFR and LWR fuels remain as undissolved solids in the ER
anode baskets. These separations chemistries are discussed in greater detail in Section 3.1.

“Process Casting Drosses” are generated to a greater or lesser degree in every operation that melts
metal. For example, when electrorefined uranium is processed in a distillation furnace that both distills
salt and consolidates the uranium into an ingot, the graphite process crucible is lined with a castable
zirconia (Zr0O.). The selection of zirconia is a compromise because it must be compatible with both
molten salt and molten metal. The result is that the molten uranium reacts with the zirconia to form some
uranium oxide, which is the casting dross. In the case of the LWR flowsheet, oxide casting drosses can
potentially be processed in the OR cell. However, an OR cell is not available in the SFR flowsheet.
Alternatively, there are chemical means to chlorinate the casting drosses into a salt similar to the ER salt.
These chlorination chemistries are discussed in greater detail in Section 3.4.
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“OR Salts” become laden with Group 1 and Group 2 fission products, and “ER Salts ” become laden
with Group 1, Group 2, and lanthanide fission products along with transuranics. There are several
consequences of the changing salt compositions. Consider the ER. The LiCI-KClI eutectic salt has a
liquidus temperature of about 350°C. If the cell is operating at 500°C and the liquidus temperature is
350°C, then the cell is operating with 150°C of “superheat.” As UCl3z and other metal chlorides
accumulate in the salt the liquidus temperature increases. After the accumulation of a significant loading
of fission products in the salt, the liquidus temperature could increase to 450°C, at which point the cell
would be operating with only 50°C superheat. At some point there is too little superheat to operate the
cell and the salt must be managed. Another consideration is the thermal load in the salt generated from the
decay heat released by the fission products in the salt. The OR and ER salts are held in a steel vessel
surrounded by electrical resistance heaters and thermal insulation. As the thermal load in the salt
increases, less power is needed from the electrical heaters to maintain the operating temperature. At some
point, it may be possible that the thermal load is sufficient to keep the salt molten without any support
from the heaters. This too is a condition to be avoided. Another consideration is the fissile inventory in
the salt, and the consequences of this on criticality control and safety control limits.

“Cadmium” was used in both the SFT Program and the JFCS Program in the LCC runs to recover
U/TRU alloys from the ER salts. Cadmium in the form of CdCl. is currently used in the SFT Program to
replenish the UClI; concentration in the ER salt that is lost as fission products and transuranics accumulate
in the salt. This is achieved by the following reaction.

3CdCl, + 2U(s) = 2UCls + 3Cd (D)

CdCl; is added directly to the ER salt where it reacts with uranium metal to form UCl; in the salt and
cadmium metal. At 500°C, the cadmium metal reports to a pool of molten cadmium on the bottom of the
ER vessel. Although this is an easy and effective way of replenishing the UCls, the high vapor pressure of
cadmium does cause some operational difficulties. For example, cadmium metal condenses in the
headspace of the ER vessel resulting in the occasional electrical shorting between the anode and cathode
leads and the vessel.

As a chemical reagent, UCls is referred to as an “oxidant” because it is consumed as the more reactive
metals in the fuel are oxidized in the ER salt. Depending on the details of the fuel cycle application, the
enrichment of the uranium in the UCI; oxidant may be an issue. In the example given above, the CdCl.
will react with any uranium it contacts in the ER vessel. Alternatively, UCls can be produced in a
laboratory glovebox using DU, natural uranium, or HEU, according to the requirements. Experience has
shown that compared to making purified UCls, it is easier to make UCI; as LiCI-KCI-UCI; ternary salt
mixture that is about 12, 8, 80 wt%, respectively. However, this excess LiCl and KCI does add to the salt
volume.

“Fuel Fabrication Scraps” includes casting drosses, machining scraps, out of specification fuel
elements, etc. It is technically easier to recover the actinides from these materials, than it is to recover
actinides from spent fuels.

“Process Equipment Scraps” include all forms of contaminated process equipment that becomes
waste. A significant source of process waste are the crucibles used for distillation and casting operations.
Additional items include electrodes, heat shields, motors, vacuum pumps, electrical cables, fixturing,
containers, etc.

“Hot Cell Equipment Scraps” include those items specifically related to hot cell operations. These
items tend not to be as highly contaminated as “Process Equipment Scraps,” but as with all other wastes,
a disposition path is required. There are many mechanical and electrical systems related to hot cell
operations. A hot cell facility is essentially a large machine staffed with an operations crew that include
operators, mechanical engineers, electrical engineers, criticality safety engineers, health physicists (HPs),
etc.
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Table 21. Comparison Between Pyroprocessing Wastes of SFR and LWR Fuels.

Waste Material

Fuel Type

SFR

LWR

Reactor Primary Sodium Residue

Reports to sodium wash operation.
Suspect contamination from
breeched fuel in the reactor and
sodium activation in the core.

N/A

Assembly Hardware

Reports to disassembly operation,
then to metal waste consolidation.

Reports to disassembly operation,
then to metal waste consolidation.

Fission Product Gases

Released during fuel element
chopping and uranium
electrorefining.

Released during decladding and
oxide reduction.

Fuel Element Cladding

Reports to ER anode residue, then to
waste metal consolidation.

Reports to decladding operation,
then to waste metal consolidation.

Bond Sodium in Fuel Element
Cladding

Reports to ER salt.

N/A

Plenums

waste metal consolidation.

Fuel Element Plenums Reports to fuel element chopping N/A
operation, then to waste metal
consolidation.

Bond Sodium in Fuel Element Distilled and neutralized during N/A

Group 1 and Group 2 Fission
Products

Reports to ER salt and bond sodium
in plenums.

Reports to OR salt.

Lanthanide Fission Products

Reports to ER salt.

Reports to ER salt.

Transuranic Fission Products

Reports to ER salt.

Reports to ER salt.

Transition Metal Fission Products

Reports to ER anode residue.

Reports to ER anode residue.

Process Casting Drosses

From casting of plenums,
electrorefined uranium, U/TRU
alloy, and anode residue.

From casting of zirconium cladding,
electrorefined uranium, U/TRU
alloy, and anode residue.

management and/or direct disposal.

OR Salt N/A Requires fission product
management and/or direct disposal.
ER Salt Requires fission product and Requires fission product and
actinide management and/or direct actinide management and/or direct
disposal. disposal.
Cadmium Requires fission product Requires fission product

management and/or direct disposal.

Fuel Fabrication Scraps

Includes casting drosses and heals.

Includes casting drosses and heals.

Process Equipment Scraps

Includes excessed casting crucibles
and process equipment.

Includes excessed casting crucibles
and process equipment, plus, OR
anode materials.

Hot Cell Equipment Scraps

Includes all items associated with
hot cell operations.

Includes all items associated with
hot cell operations.
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2.5 Process Flowsheets

Schematic flowsheets of the IFR Program, SFT Program, and JFCS Program are shown in Figure 1
through Figure 6. These figures illustrate the processes that were described previously. Each figure is a
simple flowsheet and in no way illustrates the complexity required of a large-scale commercial
reprocessing facility.
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4 Fuel I Fuel v Dendrites —— HEU/Zr
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Figure 1. Schematic flowsheet of the IFR Program driver fuel processing.
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Figure 2. Schematic flowsheet of the IFR Program blanket processing.
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Figure 3. Schematic flowsheet of the IFR Program TRU recovery from blanket processing.
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Figure 4. Schematic flowsheet of the IFR Program TRU recovery from driver fuel processing.
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Flowsheets related to the IFR Program are shown in Figure 1 to Figure 4. Figure 1 illustrates how
EBR-II driver fuel can be processed to recover electrorefined HEU/Zr alloy for fuel fabrication and allow
TRU to accumulate in the driver ER salt. Figure 2 illustrates how EBR-II blanket can be processed to
recover electrorefined DU ingots and allow TRU to accumulate in the blanket ER salt. Figure 3 illustrates
how TRU can be recovered from the blanket ER salt using the LCC technology and in this example, the
TRU is recovered as a DU/TRU alloy. Figure 4 illustrates how TRU can be recovered from the driver ER
salt using the LCC technology and in this example, the TRU is recovered as a HEU/TRU alloy. The
requirements of ternary fuel fabrication are different when the TRU is provided as a DU/TRU alloy
versus a HEU/TRU alloy.

Figure 6. Schematic flowsheet of the JFCS Program.
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Conceptual flowsheet modeling is an integral part of the engineering design process. However,
flowsheet modeling does not prove a process, only pilot studies and successful deployment prove a
process. Flowsheet modeling can be of little value when not backed-up by direct engineering experience,
and when one or more of the following negative attributes apply:

e Include unit operations that have not been demonstrated.

o Include unit operations that have not been demonstrated at the scales shown.
¢ Include unit operations that have not been demonstrated integrated as shown.
e Assume technical readiness levels that have not been demonstrated.

e Assume separations characteristics that have not been demonstrated.

e Assume chemical behaviors that have not been demonstrated.

e Assume equipment performance characteristics that have not been demonstrated.
o Do not consider corrosion, holdup, and cross contamination.

o Do not consider process upsets and recovery strategies.

e Do not consider detailed mass and energy balances.

e Do not consider decay heat management.

o Do not consider criticality engineering.

o Do not consider a materials control and accountancy strategy.

e Do not consider a safeguard strategy.

o Do not consider facility safety requirements.

o Do not consider remotely operated system designs.

e Do not consider equipment repair and replacement.

e Do not consider disposition paths for each waste.

o Do not consider government regulations.

o Do not specify the exact fuel cycle application.

On the other hand, when done well and with objectivity, flowsheet modeling can provide useful
information that helps identify the most critical areas needing attention and resource allocation.

20



3. TECHNICAL FUNDAMENTALS

A pyroprocessing flowsheet utilizes several different chemical operations including molten salt
chemistry, molten salt electrochemistry, salt distillation, metal distillation, melting, and casting. This
section outlines some of the basic considerations.

3.1 Separations Chemistries

The separation chemistries in pyroprocessing generally involve high-temperature materials exchanges
between several phases including molten salt, solid salt, molten metal, solid metal, salt vapor, metal
vapor, oxides, and other gases. The partitioning of elements between these phases is governed by
thermodynamic and kinetic considerations. Thermodynamically, the elements partition themselves
according to their relative chemical stabilities between the phases as the system seeks its most stable
configurations. Kinetically, the rates of the reactions are governed by amperage, voltage, surface area,
concentration, temperature, diffusion, mixing, and other rate-controlling factors. Many of the most
important reactions are interfacial, occurring in narrow regions along the interface between two or more
phases.

For example, electrorefining uranium requires two electrodes: an anode and a cathode. The anode and
cathode are submerged in a common electrolyte, and they are electrically connected to a DC power
supply. The anode is connected to the positive terminal and the cathode is connected to the negative
terminal. In the external electrical circuit, electrons flow from the anode to the cathode. In the internal
ionic circuit, uranium cations flow from the anode to the cathode. The two circuits, electrical and ionic,
are balanced with respect to charge. As one uranium cation (U%*) completes the ionic circuit from the
anode to the cathode, three electrons (e”) complete the electrical circuit from the anode to the cathode.
Impure uranium (spent fuel) is loaded into the anode and purified uranium deposits on the cathode.
Ampere is a unit of rate: coulombs per second. And a coulomb is a quantity of electrons: 6.24E18 e". The
greater the amperage in the external circuit, the greater the rate uranium is electrorefined.

The ER salt is LiCI-KClI eutectic with about 5 wt% UClI; with a liquidus temperature of
approximately 350°C. The ER operating temperature is approximately 500°C. The OR salt is LiCl with a
few wt% Li,O with a liquidus temperature of approximately 605°C. The OR operating temperature is
approximately 650°C. These salts are essentially clear liquids with densities and viscosities only a little
greater than water. As fission products and transuranics accumulate in the OR and ER salts, the liquidus
temperatures rise, the salts become opaque, and the densities and viscosities increase.

In OR operations, salt is distilled from the cathode product and returned to the OR cell. In ER
operations, salt is distilled from the cathode product and the anode residue and returned to the ER cell.
Under these idealized conditions, the salts are contained in the cells, baring small inventories of in-
process salts contained in the materials heading to distillation, the salts within the distillation furnaces,
and the salts being returned to the cells from distillation. As fission products accumulate in the OR salt at
the expense of LiCl, the salt volume and density are affected, but to a lesser extent than what occurs in the
ER salt. As fission products and transuranics accumulate in the ER salt, they do so at the expense of the
UCIs concentration. However, unlike the OR cell where LiCl is the bulk of the salt, in the ER cell, the
UCIs concentration must be maintained at approximately 5 wt%. This means that additional UCI; must be
added to the salt at the same rate it is displaced from the salt. This results in a significant increase in salt
volume over time. The mass balance can be thought of in terms of a chlorine balance. As metal cations
accumulate in the salt, chlorine must be provided in stoichiometric ratios proportional to the cumulative
valence increases of the cations.
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3.2 Thermodynamic Limitations to Separations Chemistries

Chemical potential, or activity, is a thermodynamic construct related to the “strength-of-presence” (a
term made-up here to illustrate a concept) of a species or element in a chemical system. The greater its
activity, the greater its strength-of-presence, and the greater its reactivity with regards to its participating
in chemical reactions. By definition, the activity of a pure species is numerically equal to 1. For example,
in a process crucible containing molten LiCl at 650°C, the activity of LiCl is 1 because the species is
pure. Similarly, in a process crucible containing molten LiCI-KCI eutectic at 500°C, the activities of LiCl
and KCI are each something less than 1 because neither species is pure. In the first example, the phase is
molten LiCl, and in the second example, the phase is a molten mixture of LiCl and KCI. Mathematically,
activity of a species can be expressed as its concentration multiplied by a correction term, the activity
coefficient, which is an empirical construct. Arguably, all chemical thermodynamics is an empirical
construct used to describe the behaviors of chemical systems. The value of an activity coefficient for a
particular species is influenced by temperature, concentration of the paired species, and the concentrations
of all other species in the chemical system. In the field of molten salt electrochemistry, it is not often that
activity coefficients are known with much accuracy and precision. And when they are known, it is often
for limited conditions of salt composition and temperature range.

The OR salt is LiCl with a nominal concentration of Li»O, and the ER salt is LiCI-KCI eutectic with a
nominal concentration of UCls. For the moment, assume the salts are otherwise free of fission product
chlorides. It is almost intuitive that as the concentration of Li-O in the OR salt is decreased, its strength-
of-presence decreases, meaning its activity decreases. The same is true of UCI; in the ER salt. The
consequence is that the chemical behaviors of Li,O and UCIs change as their concentrations change. By
such mechanisms, the performance of the OR cell is influenced by the concentration of Li.O in the OR
salt, and the performance of the ER cell is influenced by the concentration of UCl; in the ER salt.

Many separation processes in pyroprocessing rely on the partitioning of elements between two phases
that are in pseudo-equilibrium with each other. For two (or more) phases to be in true thermodynamic
equilibrium, the activities of all species are equal across each of the phase boundaries. But this says
nothing about concentrations of the species in each phase. It is possible for two phases to be in
equilibrium, sharing common activities for a given species, while exhibiting vastly different
concentrations of that species in each phase. This observation suggests that the activity coefficient
behavior of this species is different in each phase. It is by such chemical driving forces that separations
are possible where an element is driven into one phase at the expense of the other phase. The driving
force goes away as the activity differential approaches zero.

The consequence of separations is that as the concentration of a species decreases, so too does its
strength-of-presence, rendering it less likely to participate in the desired reactions. To force it to
participate at lower concentrations more chemical driving force can be applied, but then other species will
begin to respond in an undesirable way thwarting the desired separations outcome. This is the more
fundamental explanation of why product purity decreases as recovery increases.

3.3 Exchange Current Density

Exchange current density is a well-known electrochemical phenomenon. It involves mass transfer
initiated by the exchange of atoms between an electrode and electrolyte. Atoms on the electrode are being
oxidized into the salt as cations in the salt are being reduced onto the electrode. The rate of oxidation is
balanced by the rate of reduction; therefore, the net mass transfer is effectively zero. For example,
uranium metal and uranium cations in ER salts exhibit this behavior. Since cations are charged particles,
the rate of exchange is measured by current density.
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Exchange current density is an interfacial phenomenon. Even when the system is otherwise at pseudo-
equilibrium, at least with respect to the bulk compositions of the salt and metal, mass transport can be
active in the interfacial region. The surface morphology of the metal can be affected as the process is not
necessarily uniform and can occur at preferred sites. The effect is a form of corrosion in that it can alter
the surface condition of the metal. For any particular metal, the effect is enhanced or inhibited by the
composition of the salt.

3.4 Chlorination Chemistry

Chlorination is the chemical process of converting metals into metal chlorides. Chlorination has
already been discussed in the context of fission product accumulation in the OR salt at the expense of
LiCl, fission product accumulation in the ER salt at the expense of UCls, and UCI; production by the
reaction of uranium metal with CdCl.. The function of the OR cell is to convert spent oxide fuels to
metals. The function of the ER cell is to collect electrorefined uranium from spent metal fuels, or from
spent oxide fuels that have been converted to metals in the OR cell.

Casting drosses and corroded metallic fuels are not candidate materials for electrorefining in the ER
cell; and they are not necessarily good candidate materials for oxide reduction in the OR cell, particularly
if bond sodium is present. However, these oxidized, or partially oxidized, materials can be chlorinated.
For example, ZrCl, is a good chlorinating reagent for actinide oxides because it forms a weak chloride
and a strong oxide. The reactions below tend to be thermodynamically favorable in ER salts:

4U0,(s) + 3ZrCly, + Zr(s) = 4UCl; + 4Zr0,(s)
4Pu0,(s) + 3ZrCly, + Zr(s) = 4PuCl; + 4Zr0,(s)

The stoichiometry shown is only conceptual as these metals can exhibit multiple valence states in the
salt depending on the chlorine chemical potential. Such chlorination chemistry provides opportunities to
recover actinides from process streams that otherwise would have less favorable disposition paths.

3.5 Distillation Chemistry

Distillation exploits differences in vapor pressures between materials to affect separations. In the case
of uranium dendrites and adhering salt, as the materials are heated under a vacuum, the vapor pressure of
the constituents in the salt are much higher than the vapor pressure of the uranium metal, or the U/TRU
alloy in the case of actinide recovery. Consequently, the salt transitions from a solid, to a liquid, to a
vapor. The vapor pressure of the salt becomes significant at temperatures of approximately 800°C and
above, and mass transfer is noticeably accelerated. The salt vapors migrate to a cooler part of the
distillation furnace where the salt vapors condense back to a liquid and are collected. Meanwhile, the
uranium metal melts at approximately 1,130°C, but even at that high temperature the vapor pressure of
uranium is low. A noticeable exception is cadmium used for the LCC. Cadmium melts at approximately
320°C and has a high vapor pressure, meaning that the cadmium will melt and distill before the salt.

3.6 Cadmium Pool in the EBR-II Driver Fuel Electrorefiner

The ER used to process EBR-II driver fuels for the SFT Program contains both cadmium and salt. As
described earlier, the ER vessel is approximately 1-m in diameter and 1-m tall. The densities of molten
cadmium and salt are approximately 7.5 and 1.7 g cm, respectively. The salt floats on top of the
cadmium as these phases are particularly immiscible.

The purpose of the cadmium pool has a historical origin. The early electrorefiner design concepts for
the IFR Program included a deep cadmium pool beneath the salt. The intention was to submerge the
basket containing the chopped fuel into the cadmium pool. The cadmium would dissolve metallic fuel and
act as the anode. The uranium would transport from the cadmium pool, through the salt, and collect on the
cathode mandrel as a refined metal product.
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Such an electrorefiner may very well have been constructed for the IFR Program, except for the
constraint that the FCF hot cell did not have enough overhead height to accommodate the envisioned
design feature requiring a deep molten cadmium pool. As a compromise, the electrorefiner was designed
with a shallow cadmium pool. The intention was to transport uranium from the anode basket, through the
salt to the cadmium pool, then from the cadmium pool, through the salt to the cathode mandrel. The
process was demonstrated at ANL in equipment that was about 1/4™ the scale of the equipment installed
at ANL-W (now INL) in the FCF. However, operations during the SFT Program demonstrated that
uranium could be transported from the anode basket, through the salt, to the cathode mandrel.

Today the ER is operated in four modes. Direct transport moves the uranium from the anode basket to
the cathode mandrel. Anodic dissolution moves the residual anode materials, primarily uranium and
zirconium, from the anode basket to the cadmium pool. Deposition moves the uranium from the cadmium
pool to the cathode mandrel. And cathode stripping moves the uranium from the cathode mandrel to the
cadmium pool.

There are pros and cons to having the cadmium pool in the ER vessel. The pros include the following.

e Asdescribed earlier, adding CdCl; to the ER salt is a very easy and convenient way of replenishing
the UCIs concentration.

e Uranium that falls from the anode basket and cathode mandrel are dissolved in the cadmium pool and
are easily recovered by the deposition operation described above.

o Electrochemical measurement or direct sampling of the cadmium pool provides a tool to assess fissile
materials inventory in the ER.

The cons include the following.

e Cadmium has a noticeable vapor pressure at 500°C. Consequently, the cadmium permeates the salt
and forms a cadmium vapor pressure in the headspace above the salt. Over time, this cadmium vapor
condenses on the cooler parts of the lid assembly and causes electrical shoring between the anode and
vessel, and cathode and vessel. This problem is mitigated by manually cleaning the affected areas.

e Cadmium is a Resource Conservation and Recovery Act (RCRA) metal, which complicates waste
management and disposal. Adding CdCl; increases the overall cadmium inventory in the hot cell
facility.

The cadmium pool in the ER vessel has nothing to do with the LCC technology described earlier. The
cadmium pool is not used to recover TRU from the salt, although it is conceptually feasible.

3.7 Fission Product Radiochemistry

A reactor operating at 1,000 MW thermal consumes approximately 1 kg d of fissile metals such as
235U. A uranium nucleus contains 92 protons (Z = 92). The moment this nucleus splits into two daughters
(primary fission fragments), there remain 92 protons between the daughters. The possible combinations of
two daughters are listed in Table 22 along each row. These 36 daughters represent about 39% of the
elements of the Periodic Table up to uranium.
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However, there are about 383 possible daughter nuclide types as each daughter can be born as one of
several isotopes. Many of these isotopes are ephemeral as the processes of radioactive decay begin
immediately upon formation. There are many different modes of radioactive decay, some of the major
modes are shown below:

Alpha Decay 4X - 473X + %a
Beta Electron Decay X - 24X + 9+
Beta Positron Decay X - 4%+ B +v
Electron Capture X+ e - ,4X" + Xray
Gamma Emission 4X* > 4X' + y ray
Spontaneous Fission ATBECX - 24X'+ 85X + Cn

Here, Z is the atomic number (number of protons), A is the mass number (number of protons and
neutrons), o is a helium nucleus, P is an electron (-) or a positron (+), v is a neutrino, v’ is an antineutrino,
X-ray and y-ray are forms of high energy electromagnetic radiation, and n is a neutron.

Table 22. Primary Fission Fragments Pairs of Uranium

Daughter A Z Daughter B Z
Copper 29 Europium 63
Zinc 30 Samarium 62
Gallium 31 Promethium 61
Germanium 32 Neodymium 60
Arsenic 33 Praseodymium 59
Selenium 34 Cerium 58
Bromine 35 Lanthanum 57
Krypton 36 Barium 56
Rubidium 37 Cesium 55
Strontium 38 Xenon 54
Yttrium 39 lodine 53
Zirconium 40 Tellurium 52
Niobium 41 Antimony 51
Molybdenum 42 Tin 50
Technetium 43 Indium 49
Ruthenium 44 Cadmium 48
Rhodium 45 Silver 47
Palladium 46 Palladium 46
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As an example, uranium can fission into 24°Xe and %Sr, and decay according to the following modes
for 140Xe:

1210xe - 1220cs + 9B (13.6 5)
119¢s - 1298a + _9B (1.06 min)
110Baq - 180La + 9B (12.75 d)
110La — 133Ce (stable) + _IB (1.678 d)
and for %Sr:
28Sr - 28Y + _9B (1.25 min)
%Y > 28Zr (stable) + _9pB (18.7 min)

Alternately, uranium can fission into *”Xe and **Sr, and decay according to the following modes for
l37xe:

137Xe - 131Cs + _9p (3.82 min)
137¢s —» 127Ba (stable) + _9B (30.07 yr)
and for °Sr:
3357 = 33Y + _§B (25.15)
53Y - 227r + _%B (10.3 min)
257r > 33Nb + _9B (64.02 d)
2°Nb — 35Mo (stable) + _I6 (34.99 d)

Notice that the decay chains of 14°Xe and %Sr lead to stable Ce and Zr, while those of $3"Xe and %Sr
lead to stable Ba and Mo. Each of these decay paths are occurring simultaneously along with all other
possible fission product pairs and isotopes, and their respective decay paths. Computer modeling of these
phenomena for a specific reactor application can be done using burnup code as previously described,
which predicts the composition of the fuel as a function of all the parameters associated with reactor
operations. There are significant variations in fission product yield that are dependent on the neutron
spectrum in the core, the fuel type, and the degree of burnup.

A consequence of these decay processes is that the compositions, decay heats, and radiation
signatures of spent fuels are constantly changing. Presently, the SFT Program is processing EBR-I1 MK-11
generation driver fuels that are at least 50 years old. The JFCS Program processed oxide fuels that were at
least 30 years old. The radiation signatures and decay heat load of these aged fuels are much lower than
what would be experienced in the application of a nuclear reactor with a co-located pyroprocessing
facility, as was envisioned for the IFR Program.

26



3.8 Consequences of Process Efficiency
This section presents two simple models of an integrated fuel reprocessing scheme that illustrate the

importance of 1) maximizing the retention of actinides, and 2) maximizing the rejection of lanthanides,
during reprocessing. This analysis applies generally to any reprocessing scheme be it aqueous
reprocessing or pyroprocessing. The integrated fuel reprocessing scheme is illustrated in Figure 7.
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Figure 7. lllustration of an integrated fuel reprocessing scheme.

As is the case with an integrated recycle system, the composition of any process stream is affected, to

one degree or another, by the performances and efficiencies of all the integrated processes. The process
streams shown in Figure 7 are identified as follows.

S1: Incoming stream to fuel fabrication. This stream is needed to sustain the fuel cycle. For example,
it could contain HEU from an enrichment plant, or plutonium from weapons stockpiles or TRU
recovered from LWR spent fuels.

S2: Fresh fuel stream from fuel fabrication to the reactor. This is the reprocessed “new” fuel entering
the reactor, it is not virgin fuel. It contains a complex mixture of uranium, plutonium, minor actinides,
and lanthanides.

S3: Spent fuel stream from the reactor to reprocessing. This is the “spent” fuel entering the
reprocessing facility. It contains less fissile inventory and greater fission product inventory than the
“new” fuel.

S4: Recovered stream from reprocessing to fuel fabrication. This stream contains actinides and
lanthanides that are retained in the fuel cycle.

S5: Discharged stream from reprocessing to waste. This stream contains actinides and lanthanides
that are rejected from the fuel cycle to the waste streams.

In general terms, the goals of nuclear fuel reprocessing are to maximize the retention of actinides, and

minimize the retention of lanthanides, in the fuel cycle process. However, the separations sciences
embedded within these two goals do not behave independently of each other. For example, those
technologies which are deployed to maximize the retention of actinides will, at the same time, tend to
increase the retention of lanthanides. In other words, if the primary goal is to meet some established target
threshold for the retention of actinides (e.g., 99.5 wt% of the actinides must be retained in the fuel cycle),
then the secondary goal becomes optimization of rejection of lanthanides while meeting that target. This
is only one of many ways in which this engineering challenge of reprocessing can be expressed.

The integrated fuel reprocessing scheme illustrated in Figure 7 is considered in regard to the retention

of actinides in the fuel cycle. A simple process efficiency model for actinide retention is illustrated in
Figure 11.
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Figure 8. Process model for actinide retention.

The mass distribution parameters shown in Figure 8 are identified as follows:

e 1: Mass of Actinides in Stream S2. This value is normalized to 1, which means that the “new” fuel
stream contains 1 arbitrary mass unit of actinides. In engineering units, this value would equal the
actinide fuel demand of the reactor.

e cl: Mass of Actinides in Stream S3. This value is the mass of actinides in the “spent” fuel stream,
expressed as a fraction of the mass of actinides in the “new” fuel stream.

e c2: Reprocessing Efficiency. This is the efficiency of the reprocessing facility to retain actinides in
the fuel cycle.

o 1-cl: Reactor Efficiency. This is the efficiency of the reactor to burn actinides. This value is in terms
only of comparison of the actinide loadings of the “new” and “spent” fuel streams. This is not a
rigorous definition of burnup efficiency.

e clc2: Mass of Actinides in Stream S4. This value is the mass of actinides in the recycle stream,
expressed as a fraction of the mass of actinides in the “new” fuel stream.

e c1(1-c2): Mass of Actinides in Stream S5. This value is the mass of actinides in the waste stream,
expressed as a fraction of the mass of actinides in the “new” fuel stream.

e 1-(clc2): Mass of Actinides in Stream S1. This value is the mass of actinides needed to complement
the mass of actinides in the recycle stream to meet the demand of the reactor.

Results of the model are presented in Table 23 and Figure 9. The loss of actinide to the waste stream
(c1[1-c2]) from the reprocessing facility is shown as a percentage of the fresh actinide make-up (1-[c1c2])
to the fuel fabrication, for various values of 1-c1 and c2. This relationship is expressed in the following
equation:

cl(1—c2) y
1 —(clc2)
Typical prototype reactor designs give actinide burnup efficiencies ranging between 0.10 and 0.15.
Considering this range as an achievable “near term” performance for proposed burner reactors,
demonstrating actinide recycling efficiency better than 0.99 (>99%) is crucial to justifying the integrated

burner/reprocessing cycle as an effective means of utilizing and minimizing actinide discharges to a long-
term geological repository.

Actinide Loss (%) = 100
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Table 23. Results of Actinide Model

Reprocessing
Reactor Efficiency
Efficiency (c2)

(1-c1) 0.98 0.99 0.999
0.05 27.54 15.97 1.86
0.10 15.25 8.26 0.89
0.15 10.18 5.36 0.56
0.20 7.41 3.85 0.40
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Figure 9. Relationship between burnup, reprocessing recovery, and fissile losses.

The integrated fuel reprocessing scheme illustrated in Figure 8 was considered for the rejection of
lanthanides from the fuel cycle. A simple process efficiency model for lanthanide rejection is illustrated in
Figure 10.
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Figure 10. Process model for lanthanide rejection.
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The mass distribution parameters shown in Figure 10 are identified as follows:

e i: Mass of Lanthanides in Stream S1. This value reflects a condition in which Stream S1 contains
some mass fraction of lanthanides.

e x1: Mass of Lanthanides in Stream S2. This value is the mass of lanthanides in the new fuel stream.
e X2: Mass of Lanthanides in Stream S2. This value is the mass of lanthanides in the spent fuel stream.
e u: Mass of Lanthanides in Stream S4. This value is the mass of lanthanides in the recycle stream.

e y: Mass of Lanthanides in Stream S5. This value is the mass of lanthanides in the waste stream.

The model for lanthanide rejection achieves steady state values as the limit of the number of
cycles (n) through the process approaches infinity. The following equations describe the model.

X1y, =up_1 +i,
X2, =x1, + b,
Yn = c(x1y)
Uy = (1 =0)(x2y)
_(+bha-Q1- o™

n

Cc

In the equations above, i» is an impurity related constant associated with Stream S1, by is a burnup
related constant associated with the reactor, and c is the rejection efficiency of lanthanides from the
reprocessing facility. The model achieves steady state as the number of cycles (n) approaches infinity.

i (x2,) = (i +b)

_ _(i+b)

lim (x1,) = ©=b)

lim () = (i +5)
rlli—l;rc}o(un) — w

Results of the model are presented in Table 24. This set of results reflects a case in which no
lanthanides are present in Stream S1; which is to say, i = 0.

Table 24. Results of lanthanide model.

Ln Generation in Ln Rejection Lnto Lnto

Relative the Reactor Fraction from Fuel Fabrication Reprocessing

Burnup in (wt% of total fuel) Reprocessing (wt% of total fuel) | (wt% of total fuel)
Reactor (x2-x1) y/Ix2 u X2

2 0.9 0.22 2.22
Low 2 0.8 0.50 2.50
2 0.7 0.86 2.86
2 0.5 2.00 4.00
4 0.9 0.44 4.44
. 4 0.8 1.00 5.00
Medium 4 0.7 1.71 5.71
4 0.5 4.00 8.00
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Ln Generation in Ln Rejection Lnto Lnto
Relative the Reactor Fraction from Fuel Fabrication Reprocessing
Burnup in (wt% of total fuel) Reprocessing (wt% of total fuel) | (wt% of total fuel)
Reactor (x2-x1) yIx2 u X2
8 0.9 0.89 8.89
High 8 0.8 2.00 10.00
8 0.7 3.43 11.43
8 0.5 8.00 16.00

Table 24 is divided into three sections representing low, medium, and high burnup in the reactor. This
comparison is subjective, but for these purposes “low” burnup converts 2 wt% of the fuel mass to
lanthanides; “medium” burnup converts 4 wt%; and “high” burnup converts 8§ wt%. For each of the three
levels of burnup, the table considered four values of reprocessing efficiencies: 0.9, 0.8, 0.7, and 0.5. A
value of 0.9 means that 90 wt% of the lanthanides in Stream S3 are rejected to Stream S5. For the case in
which the reactor is operated at a “medium” burnup, and the reprocessing efficiency is 80%, the “new”
fuel to the reactor will contain 1 wt% lanthanides, due to the 1 wt% lanthanide return to fuel fabrication in
Stream S4. And the “spent” fuel from the reactor will contain 5 wt% lanthanides, due to the additional 4
wt% lanthanide generation in the reactor. The actinide retention and lanthanide rejection models
presented here are not, in the strictest sense, rigorous, but they do accurately reflect the consequences
associated with these process effects.

However, what can be stated with certainty is that actinide retention and lanthanide rejection are not
independent considerations, and that, generally, as we seek to increase actinide retention, lanthanide
rejection will decrease. However, much remains unknown. For example, if it is deemed necessary to have
99.9% efficiency for actinide retention in the reprocessing facility, the corresponding maximum
lanthanide rejection efficiency is presently unknown and there are no satisfactory tools for its estimation.

Nevertheless, much information can be gleamed from this data. The following are some of the
observed relationships:

Higher burnup improves the consumption of actinides.
e Increased actinide retention improves the consumption of actinides.

e If burnup is a limitation, then improved actinide retention can allow for higher consumption of
actinides.

e Increased lanthanide rejection decreases lanthanide loading of the fuel.
o Higher burnup increases the lanthanide loading of the fuel.

o If actinides loading of the fuel is a limitation, then improved lanthanide rejection can allow for higher
burnup.

o Improved purity of the actinide source material decreases the lanthanide loading of the fuel.

However, in practice each category is comprised of a family of elements with unique separations
behaviors. The consequence of these unique behaviors is that each actinide will have an independent
retention efficiency and each lanthanide will have an independent rejection efficiency; and, as is already
understood, there will be some degree of overlap between the separation behaviors of the two families.
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4. PYROPROCESSING PROCESS CHALLENGES AND ATTRIBUTES

4.1 Input Accountancy

Pyroprocessing has no analog to the input accountancy tank used for aqueous reprocessing.
Pyroprocessing input accountancy requires other techniques. In the SFT Program, input accountancy is
performed by a combination of burnup code and representative sampling. In the SFT Program, only
EBR-II fuels, and a small inventory of Fast Flux Test Facility (FFTF) fuels have been treated. The
histories of these fuels are well known and computer code for reactor physics burnup has been applied in
most cases to calculate the compositions of the spent fuels. In addition, select samples of fuel segments
from the chopping operations are collected for destructive analysis. These two sources of data are used for
input accountancy. In the JFCS Program, the fuel elements were declad and the oxide fuels were crushed
into powders. Representative samples of these powders were collected for destructive analyses. Input
accountancy is addressed in much greater detail later in this report.

4.2 Materials Control and Accountancy

For both the SFT and JFCS Programs, the ER and OR vessels were volume calibrated following their
fabrication. For example, the cylindrical ER vessel for the SFT Program is about 1-m in diameter and 1-m
tall. The calibration procedure was to add purified water to the vessel in 2-kg increments and measure the
water depth after each addition. By this method, a calibration curve was developed that relates water
depth to water volume. During ER operations, a salt level probe is inserted from the top and lowered until
it contacts the surface of the salt, and contact is determined by electrical continuity measurements through
the probe and vessel. The probe is calibrated such that it measures the depth of the salt which, together
with the calibration curve described above, provides the volume of salt in the vessel. The density of the
salt is determined empirically through the chemical composition of the salt. The volume and density of
the salt provide the mass of the salt in the vessel. A similar approach was used for the JFCS Program for
both the ER and OR vessels.

The level measurement technique works well provided the vessel is filled with a homogenous liquid.
The technique loses accuracy and precision when, for example, there are solid phases present in the vessel
as well. In this instance the technique still provides the total volume occupied in the vessel, but
determining the volume of liquid and solid phases individually is challenging. Examples of solid phases
are oxide sludges on the bottom of the OR vessel, uranium metal on the walls of the ER vessel, and
zirconium inventory accumulated in the ER vessel.

The Fuel Conditioning Facility (FCF) and Hot Fuels Examination Facility (HFEF) hot cells are
divided into zones for materials control and accountancy (MC&A) purposes. These zones are
administratively defined areas within the hot cells that do not necessarily have any physical barriers. The
materials inventories in each zone, and that transfer of materials between zones, are tracked by computer
software that is a combination of process modeling and database capabilities. FCF uses software for this
purpose that was originally developed for the IFR Program called the Mass Tracking (MTG) System.
MC&A is addressed in much greater detail in Section 6.

4.3 Salt Homogeneity and Sampling

During the SFT and JFCS Programs, ER and OR salt samples are routinely collected and analyzed. In
conjunction with a lack of active salt mixing, temporary compositional stratification of ER salt has been
observed immediately following termination of electrorefining operations. The temporary stratification
effect manifests as an upper salt layer with a distinctly lower concentration of UCls, and a lower salt layer
with a distinctly higher concentration of Ucls, within the ER vessel. However, the stratification dissipates
shortly after electrorefining is terminated by turning off the current between the anode and cathode. It has
generally been observed that when no current is flowing, OR and ER salts have homogenous
compositions due to the action of mechanical agitation in the salts and/or the natural convective flow of

32



salts. Thus, the homogeneity of the salt should not be assumed without proper validation in any operating
OR and ER cell.

It is generally the practice at INL to collect salt samples that are approximately 1-g for chemical
analyses. The homogeneity of the bulk salt is important in order for the small 1-g salt sample to be
representative of the composition of the bulk salt. A reoccurring problem with salt sampling is metal
particulate suspended in the salt. This is true of chloride and fluoride salts. For example, when analyzing
to determine the uranium concentration in an ER salt, the information most often sought is the
concentration of Ucls. However, the currently practiced analytical techniques dissolve salt samples as a
whole in an acidic solution and cannot distinguish between uranium present as Ucls, or uranium present
as small particles of uranium metal entrained in the salt sample.

The hygroscopic nature of OR and ER salts can also contribute to analytical error stemming from
sample handling. If the salt samples absorb water before the tare weights are taken prior to digestion of
the samples, the concentrations determined by the chemical analyses will be biased lower than they are
because the sample weights will be biased higher than they are.

4.4 Oxide Reduction

The basic chemistries of oxide reduction in the OR cell, and electrorefining in the ER cell, were
discussed earlier and it was shown how the rate of electrorefining in the ER cell is controlled by the
amperage supplied to the circuit by the external DC power supply. This is true up to a limit that is set by
factors such as the surface areas of the electrodes and the concentration of Ucls in the salt. The rate of
oxide reduction in the OR cell does not behave in the same way. The rate limiting step in oxide reduction
is the diffusion of reactants and products into and out of the bed of material in the cathode basket that is
undergoing conversion from oxide to metal. All things being equal, oxide reduction takes considerably
more time than electrorefining.

For example, consider the oxide fuel reduction sequence when lithium is the reductant. Lithium
cations permeate the salt at every location. Lithium cations are reduced to metal at the electroactive
surface of the cathode. The lithium metal diffuses into a bed of material in the cathode basket, which
becomes a mixture of oxide fuel and metal fuel as reduction proceeds. The lithium metal reacts with oxide
fuel, to oxidize the lithium, and reduce the fuel to metal. The Li>O formed dissolves into the salt. The
oxygen anions migrate through the bed of material into the bulk salt, and through the bulk salt to the
anode, where they are oxidized to oxygen gas at the electroactive surface of the anode. The oxygen gas
forms bubbles on the surface of the anode. The gas rises to the surface of the salt, where it is channeled
away and discharged from the OR cell.

4.5 Different Fuel Types

In the IFR Program, pyroprocessing was to be applied to SFR HEU-10Zr metal fuel to recover
electrorefined HEU/Zr alloys for the purpose of making reprocessed fuel for EBR-11, which was never
demonstrated. In the SFT Program, pyroprocessing is applied to SFR HEU-10Zr metal fuel to recover
electrorefined LEU for future uses. In the JFCS Program, pyroprocessing was applied to LWR LEU oxide
fuel to recover electrorefined LEU/TRU alloys for the purpose of making SFR metal fuel specimens that
were irradiated in the INL ATR. In all these applications, the fuel being processed had only the TRU that
was bred into the fuel while it was in the reactor, which means the TRU concentrations in these spent
fuels were low. This allows the TRU to accumulate in the ER salt slowly as uranium is electrorefined.
However, in the future, pyroprocessing may be applied to SFR DU-20TRU-10Zr metal fuels to recover
DU/TRU/Zr alloys for reprocessing. Pyroprocessing of high-TRU fuels will have new challenges with
regards to TRU management.
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Mixed oxide fuels have been developed for use in both thermal and fast reactors. A pyroprocess
called the “Salt Cycle Process” to reprocess MOX fuels was developed at Hanford in the 1950s and
1960s. Research on the process in the U.S. was dropped after an engineering-scale demonstration.
However, to support MOX fuel reprocessing, development continued in Russia under the names
“Dimitrovgrad Dry Process and the Russian Institute of Atomic Reactors (RIAR) Dry Process.” This
process uses molten salt electrochemistry to recover purified UO2, PuO,, or a mixture of UO; and PuO,
from spent MOX fuel, or from other uranium- and plutonium-bearing feedstocks.

46 Process Wastes

All process wastes require a disposition path. In some cases, the wastes are treated within the
flowsheet, in other cases the wastes are shipped to a waste facility. The receiving waste facility
establishes the waste acceptance criteria for the facility. Therefore, wastes to be shipped to a waste facility
must meet the acceptance criteria of the receiving waste facility. Until the establishment of waste facilities
and acceptance criteria, pyroprocessing waste form development is open ended. Likewise, until the
establishment of pyroprocessing waste characteristics, the requirements for waste facilities and
acceptance criteria are open ended. There must be mutual compatibility between the waste generators,
waste shippers, and waste repositories with regards to mutually acceptable waste acceptance criteria.

Of all the waste generated by pyroprocessing, ER salts have received the most attention. The reason is
that ER salts accumulate Group 1, Group 2, lanthanides, and transuranic metals as electrorefining
progresses. Obviously, the ER salt requires a management strategy to deal with its ever-changing
composition and ever-increasing volume. The useful life of salt can be limited by its increasing liquidus
temperature, its increasing thermal load with respect to decay heat, and its increasing volume. When it is
necessary to dispose of salt, several strategies have been considered. Nearly all are discussed in the open
literature.

4.7 Corrosion

The SFT Program is performed in the INL FCF hot cell that is divided into air- and argon-atmosphere
compartments. Similarly, the JFCS Program was performed in the INL HFEF hot cell that, likewise, is
divided into air- and argon-atmosphere compartments. In the argon-atmosphere compartments, the
oxygen and moisture levels are maintained by a purification system to levels nominally below
approximately 50 ppm each. Generally, fuel assemblies were disassembled in the air cells, and the fuel
elements were transferred into the argon cells for the chopping and decladding operations. During the
pyroprocessing operations, no significant equipment corrosion has resulted from the oxygen and moisture
levels in the argon-atmospheres. However, metallic fuels and bond sodium are highly reactive materials
when exposed to oxygen and moisture. When exposed to the argon-atmosphere, corrosion of these
materials ensues at rates governed by the metal compositions and surface areas. Uranium and plutonium
alloys can experience surface oxidation. Whereas the bond sodium will eventually completely oxidize and
become a powder, albeit slowly.

Pyrophoricity is generally thought of as the spontaneous ignition of a material when exposed to air,
although this is an oversimplification of the condition. Pyrophoricity is not a problem in the argon-
atmosphere hot cell compartments. For example, the highly dendritic high-surface-area electrorefined
uranium may be pyrophoric in air under the right conditions, but not in the hot cell argon-atmospheres.
However, pyrophoricity is not an unusual condition as it applies to many finely divided high-surface-area
metals such as aluminum and magnesium. The pyrophoric tendencies of a material are governed by a
combination of the rate of oxidation and the rate of dissipation of the resulting heat. Ignition can occur
when the former is high, and the latter is low.
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For the SFT Program, the materials of construction of the ER cell include plain carbon steels, Cr/Mo
alloy steels, and stainless steels. The chemical condition of ER salts is reducing with respect to the
chlorine and oxygen chemical potentials, largely due to the presence of uranium metal which buffers
these potentials to low levels. Corrosion of the materials of construction has been negligible, especially
considering that the ERs used for the SFT Program have been in operation since 1996, which is about 27
years at this time.

For the JFCS Program, the materials of construction of the ER and OR cell were stainless steel. An
important exception is the oxygen-evolving anode in the OR cell. The anode in the OR cell had a rather
complex engineering design. The platinum-group metals served as the anodes, ceramic shrouds contained
and directed the flow of oxygen gas evolved at the anodes, and nickel alloys served as the structural
housing of the anode assemblies. The chemical condition of OR salts is much more complex than that of
the ER salts. Again, the chlorine and oxygen chemical potentials are low at the cathode due to the
presence of lithium and uranium metals. However, the oxygen chemical potential is high at the anode due
to the presence of oxygen gas. The primary mechanism for corrosion in the OR cell is high temperature
oxidation resulting from the oxygen gas evolved at the anode.

Many of the process crucibles used for the high-temperature operations of distillation and casting are
graphite crucibles with castable ceramic liners such as zirconia, yttria, and alumina, depending on the
application as previously discussed. These coatings degrade over time and the crucibles must be either
relined or disposed of. The high-temperature furnaces have various components, liners, and heatshields
made of stainless steel, molybdenum, and tantalum that are subject to corrosion over time.

4.8 Reference Electrodes

Reference electrodes (RE) are used in OR and ER cells as datum from which to measure the
potentials of other electrodes in the cell. A RE can distinguish between stainless steel, uranium, and
lithium in the OR cell, and between stainless steel, cadmium, zirconium, and uranium in the ER cell. This
information is used for process control.

Suitable REs are the Ni/NiO in the OR cell, and the Ag/AgCl in the ER cell. The Ni/NiO RE is
comprised of a magnesia tube with a porous frit on the bottom. Inside is a nickel wire packed in a bed of
NiO powder. When the RE is submerged, the molten salt permeates the frit and the NiO powder. A
pseudo-equilibrium is established between the nickel wire and Ni?* cations in the salt. However, because
of the porous frit, this RE is not stable over time from mixing of the reference salt and the bulk salt
through the frit. The Ag/AgCl RE is comprised of a mullite closed-bottom-tube. Inside is a silver wire
packed in a bed of LiCI-KCI eutectic salt with a nominal concentration of AgCI. Alternatively, the salt
can be AgCI. An equilibrium is established between the silver wire and Ag* cations in the salt. The
reference salt and the bulk salt communicate through the mullite tube. Because the mullite tube is a closed
tube, there is no mixing between the reference salt and the bulk salt. This type of RE has shown to be
stable in ER salt during years of service.

4.9 Process Equipment Scaleup

There are important caveats, but aqueous reprocessing is largely thought of as a “continuous
operation,” while pyroprocessing is largely thought of as a “batch operation.” This is because it is difficult
to envision how high-temperature operations such as oxide reduction, electrorefining, distillation, and
casting can be performed with actinide materials in a continuous manner, although efforts have been
made. However, even batch operations, if orchestrated properly, can at least mimic continuous operations.
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When inherent engineering constraints limit the size of a particular unit operation, and there are such
constraints, the solution to increase the throughput rate is often to simply duplicate the unit operation. For
example, if the size of the anode basket for electrorefining is constrained by criticality limits, then have
more anode baskets. If the size of the salt mass in an ER vessel is constrained by criticality limits, then
have more ERs. Based on the nature of reprocessing spent fuels, it may often be the case that the size of a
unit operation is constrained by criticality limits, or the ability to maintain the requirements of MC&A.

4.10 Planar Electrode and Scraped Cathode Designs

Planar electrode designs incorporate rows of alternating anode and cathode electrodes in a rectangular
geometry. The purpose is an attempt to provide design options that 1) efficiently utilize the available
space and minimize the salt volume, 2) accommodate automated remote system hot cell operations, and
3) accommodate equipment modularity and redundancy for scaleup. The baskets holding solid materials
tend to be thin and rectangular.

Scraped cathodes are for ER applications. As the uranium dendrites form on the cathode rods, a
scraping mechanism is actuated that disengages (scrapes) the dendrites from the cathode rods. The
dendrites fall through the salt by gravity into a product collector (receiver crucible) underneath the
cathode rods. Some designs allow the scraping mechanism to also serve as a compactor for the purpose of
increasing the amount of electrorefined uranium contained in the product collector upon removal.
Electrorefined uranium is recovered by removing and emptying the product collector. A conceptual ER
cell with planar anode baskets (four assemblies) and scraped cathodes (five assemblies) is shown in
Figure 11. The surface of the salt (not shown) would be below the tops of the cathode rods and anode
baskets. The product collectors (not shown) would be underneath the cathode rods.

In OR applications, the oxide fuel is loaded into similar rectangular baskets as shown in Figure 11.
However, the scraped cathode rods are replaced with a series of semi-inert or consumable anodes.

The SFT Program does not use planar electrode designs or scraped cathodes. Here, chopped EBR-II
fuel elements are loaded into a cruciform anode basket with four compartments, and electrorefined
uranium is collected on a plain-carbon-steel cathode mandrel. In this arrangement, electrorefined uranium
is recovered by removing the cathode mandrel from the ER vessel and scraping the uranium from the
cathode mandrel externally to the ER vessel. Cladding hulls are recovered by removing the anode basket
from the ER vessel, opening the doors of the four individual compartments, and removing the hulls.
Photographs of an anode basket being emptied of hulls, bare cathode mandrel, and cathode mandrel with
electrorefined uranium are shown in Figure 12. The SFT Program is in the process of testing a scraped
cathode design for uranium electrorefining. Trials with depleted uranium are expected to begin in 2024.

The JFCS Program does use planar electrode designs and scraped cathodes. Here, oxide fuel elements
are declad, the oxide material is sized and loaded into rectangular baskets that serve as the cathodes
during oxide reduction, and the same baskets serve as the anodes during uranium electrorefining. In the
OR, the anodes evolve O(g) and are spaced between a series of cathode baskets. In the ER, the cathodes
collect electrorefined uranium deposits and are spaced between a series of anode baskets. The
electrorefined uranium is scraped into a product collector with compaction. As described earlier, the batch
sizes used for the JFCS Program are in the order of a few kilograms.
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Figure 12. From left to right, photographs of an anode basket, bare cathode mandrel, and cathode mandrel
with electrorefined uranium deposit.

Determination of whether planar electrodes and scraped cathodes are an appropriate design choice is

entirely application specific. The type of fuel to be processed and the fuel cycle goals must be considered.
The intent is to develop equipment designs that are more amenable to automated operations.
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4.11 Manual versus Automated Process Operations

The pyroprocessing equipment associated with the SFT and JFCS Programs are operated manually.
Some of the unit operations have mechanized components that are controlled by system software, but
these are limited to simple tasks that are overseen by staff. Most of the work is performed by staff using
mechanical telemanipulators. It is generally accepted that this degree of manual operation and human
involvement in the process would not be practical for a commercial scale pyroprocessing facility.
Consequently, efforts to scale-up the equipment designs are synonymous with efforts to automate the
equipment designs.

4.12 Process Equipment Holdup

Process equipment holdup includes the accumulation of unaccounted materials in process equipment.
Identifying and tracking holdup is a MC&A issue with consequences for process operations and criticality
safety. Examples of holdup include oxide sludge in the OR and ER vessels, uranium metal and transition
metal fission products in the ER vessel, salt in the distillation furnace heat shields and vacuum system,
fuel residue in the decladding and chopping operations, and casting dross in the casting furnace crucibles.
Cross contamination is the contamination of a batch by materials from previous batches. Cross
contamination often occurs as the result of holdup. Cross contamination may not be detrimental to
operations, but it makes MC&A more challenging.

Strategies to manage holdup and cross contamination include equipment disassembly, cleaning, and
inspection. Individual equipment components can be weighed to determine if they have gained or lost
weight. Oxide sludge in the OR and ER vessels can be chlorinated into salt. And uranium metal in the ER
vessel can be chlorinated into the salt or recovered by electrorefining from the vessel to the cathode
mandrel. Holdup is addressed in much greater detail in Section 6.

4.13 Material At Risk

“Material at Risk™ is a term used at INL to describe material within the hot cells that would adversely
contribute to an accident scenario involving either the loss of the inert atmosphere within the hot cells or
the loss of containment of the hot cells. Materials of concern include pyrophoric material, combustible
material, and radiological material. The consequences of an accident involving radiological material are
mitigated by imposed limits on the quantity of exposed pyrophoric material allowed in the hot cells and
by imposed limits on the quantity of radioactive materials in the hot cells.

Conservatively, the pyrophoricity of all process materials and process streams must be considered
under normal operating conditions and off-normal operating conditions as unique situations may arise.
Table 25 provides a summary of materials contributing to “material at risk”.

Table 25. Summary of the Materials Contributing to “Material at Risk.”

Name Description
Breached SFR Metal Fuel Sodium-bonded metal fuel that has breached cladding exposing
the sodium and the fuel to the atmosphere.
Air Oxidized SFR Metal Fuel Sodium-bonded metal fuel that has been oxidized by exposure to
air or oxygen in the hot cell.
Water Oxidized SFR Metal Fuel Sodium-bonded metal fuel that has been oxidized by exposure to

water or moisture in the hot cell.

ER Uranium Dendrite (Salt Coated) | Electrorefined uranium recovered as a cathode deposit. The
uranium exhibits the dendritic morphology associated with a
very high surface area. As recovered, the material is
approximately 10 wt% salt, which may provide some protection
against pyrophoricity.
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Name

Description

ER Uranium Dendrite (Salt Free)

Same as above but the salt has been removed by distillation
rendering the material more susceptible to pyrophoricity.

ER Anode Residue (Salt Coated)

Includes the cladding hulls, transition metal fission products,
and unoxidized fuel residue. As recovered, the material is
approximately 27 wt% salt, which may provide some protection
against pyrophoricity.

ER Anode Residue (Salt Free)

Same as above but the salt has been removed by distillation
rendering the material more susceptible to pyrophoricity.

Uranium Ingots

The SFT Program generates HALEU ingots between
approximately 3 and 50 kg. Although these ingots have a low
surface area compared to the dendritic form of uranium, they
could potentially contribute as combustible material in the event
of a fire.

Uranium Casting Dross

Uranium casting dross is produced in both the zirconia- and
yttria-lined process crucibles used in the distillation and casting
furnaces. These drosses can contain finely divided uranium
metal making them potentially reactive to oxygen, moisture, and
water.

Metal Waste Ingots

The SFT Program generates metal waste ingots that are
approximately 50 kg. Because these ingots have radiological
content, they could potentially contribute to a radiological
release.

Process Samples

The SFT Program collects process samples of the chopped EBR-
Il driver fuel and uranium pin samples from the casting
operations. Because these samples have radiological content,
they could potentially contribute to a radiological release.

OR and ER Salts

OR and ER salts are not pyrophoric or combustible, but they do
have radiological content. Upon solidification, particulate could
become airborne and contribute to a radiological release.

OR and ER Salt Sludge

This includes solid materials lost to the OR and ER salts that
report as a sludge on the bottom of the vessels. The sludge can
be recovered mechanically. Like casting dross, the sludges can
contain finely divided uranium metal making them potentially
reactive to oxygen, moisture, and water.

OR Reduced Metal (Salt Coated)

Oxide fuel is reduced to metal in the OR cathode basket. Like
electrorefined uranium that has the dendritic morphology, the
reduced metal in the OR cathode basket will also have a high
surface area. As recovered, the material is approximately 10
wt% salt, which may provide some protection against
pyrophoricity.

OR Reduced Metal (Salt Free)

Same as above but the salt has been removed by distillation
rendering the material more susceptible to pyrophoricity.

Graphite Process Crucibles

Graphite crucibles are used in the distillation and casting
operations. Because these crucibles have radiological content,
they could potentially contribute to a radiological release.

39




“Material at risk” applies to materials that are exposed to the hot cell atmosphere. Once the materials
are contained within an approved “closed metal confinement (CMC)” container within the hot cell, then
the materials are no longer considered “material at risk”. These containers must provide a “confinement
boundary” that provides a high likelihood of protecting the contained materials from air. CMC containers
are engineered for specific materials and storage locations.

4.14 Hydrogen Release

Many of the metals in spent nuclear fuel are highly reactive with moisture and water. The release of
H2(g) will occur under some conditions when a metal is oxidized by water.

xMe + yH,0 = Me, 0, + yH,(g)

Such reactions can occur rapidly and produce a great amount of thermal energy, as in the case of
sodium metal reacting with water. Or the reactions can occur slowly, as in the case of breached SFR fuel
reacting with moisture in the argon atmosphere within the hot cell. Materials such as casting drosses, OR
salts, ER salts, and process crucibles can also contain finely divided metals that can react with water as
shown above.

4.15 Decay Heat Load

Decay heat is the thermal energy emitted by spent fuel as the fission products decay to other isotopes
until a stable isotope is reached. Decay heat is a function of fuel composition, neutronics history in the
core, and age since removed from the core. The decay heat load of a mass of material is measured in
watts. During pyroprocessing, much of the decay heat load is transferred to the OR salt in the forms of
Group 1 and Group 2 fission products, to the ER salt in the form of Group 1, Group 2, and lanthanide
fission products, and to the ER anode sludge in the form of transition metal fission products. Decay heat
load is certainly higher in new spent fuel compared to old spent fuel. The cooling curves for EBR-I1I
driver fuels are shown in Figure 13. These data were modeled using ORIGEN code?! and include many
different fuel types and burn-up histories. After about 5 years the decay heat load has decreased by
approximately two orders of magnitude, and the rate of cooling has significantly slowed.

For example, a typical EBR-11 Mk-I11 (U-10Zr) fuel assembly with 61 fuel elements, had a decay heat
load of approximately 1,500 W when initially removed from the reactor, and approximately 500 W after
about 100 days of cooling. The electrorefiner anode baskets designed for the IFR Program could
accommaodate chopped fuel from three assemblies, bringing the decay heat load to 1,500 W per batch if
this 100-days-old spent fuel were being processed. Although decay heat poses no issues with the salt
chemistry inside the OR and ER cells, there is a practical limit that will require the fuel to cool for years
before being processed.

Most of what makes spent fuel radioactive is concentrated into the OR and ER salts. These locations
become sources of extremely high radiation levels which has consequences on the electronic equipment
supporting these operations.
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Figure 13. EBR-II driver fuel cooling curve.

4.16 Criticality Limits

Agueous reprocessing and pyroprocessing are different with regards to criticality engineering. In an
aqueous system, the actinides are dissolved in either water or organic solvents. Both hydrogen and carbon
are strong neutron moderators. Consequently, there are strict limits with regards to solution
concentrations and the geometric configurations of piping and tankage. By comparison, in pyroprocessing
actinides are dissolved in molten chloride salts. Chlorine is not a neutron moderator. Therefore, compared
to aqueous reprocessing, pyroprocessing is much less encumbered by limitations of solution
concentrations and geometric configurations. For example, ER salts containing 10 wt% HEU and 10 wt%
TRU as metal chlorides dissolved in LiCI-KCI eutectic, in a cylindrical vessel 1-m in diameter and 0.5-m
deep, is possible. In addition, in the FCF and HFEF hot cells, great care is taken to minimize the amount
of neutron moderators in the hot cells. This difference in criticality engineering between aqueous
reprocessing and pyroprocessing is the main reason for the claim that a pyroprocessing facility will have a
smaller facility footprint than an aqueous reprocessing facility.

4.17 Service Life of OR and ER Salts

As fission products accumulate in the OR and ER salts, there comes a limit where the salts must be
managed by some combination of chemical processing and waste disposal. There are competing factors
that will cause this limit. These include liquidus temperature, decay heat load, excess volume, and
administrative limitations based on safety considerations. The safety considerations are based on
assessments of catastrophic events such as earthquakes and loss of the hot cell environment and radiation
containment. Typically, to add conservatism to the safety basis, the OR and ER salts are considered as
point sources of high concentrations of actinides and fission products.
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4.18 Loss of Power Event

Interruptions to facility-wide utility power can be mitigated by backup power systems such as
batteries and diesel generators. Pyroprocessing flowsheets utilize several different high temperature unit
operations such as OR and ER cells containing molten salt, distillation furnaces, and casting furnaces.
Loss of power to the process equipment can lead to possible equipment damage. Equipment designs must
tolerate loss of power at any point in the process cycle and tolerate the recovery of operations once power
is restored.

The OR and ER cells are meant to be constantly maintained at their operating temperatures keeping
the salts molten. Conceptually, one cell can have a salt inventory on the order of 1 MT or more. An
extended loss of power will eventually lead to the salt freezing inside its containment vessel. Liquid salt is
less dense than solidified salt. Therefore, freezing results in volume contraction, and melting results in
volume expansion. Both volume contraction and expansion can result in mechanical stresses on the
containment vessel and any equipment inside the containment vessel. Therefore, damage to the
containment vessel can occur during freezing, but damage is potentially more likely to occur during
reheating as the expanding salt presses against the vessel walls. In some design concepts, the primary
containment vessel is surrounded by a secondary containment vessel, and the space between the two
vessels is monitored for salt intrusion that would indicate the failure of the primary containment vessel.

Saltin an OR or ER cell is a complex chemical system. Phase separation will occur as the salt cools
between the liquidus (the onset of solidification) and solidus (the completion of solidification)
temperatures. A consequence of such phase separation is that fission products and actinides become
concentrated in a smaller volume of molten salt as solidification progresses. This can have consequences
on factors such as the decay heat load limits with respect to fission product concentrations, and the
criticality limits with respect to actinide concentrations.

Distillation and casting furnaces will contain molten salt and molten metal at different times within
the process cycles. These molten materials will be contained in process crucibles or, in the case of
distillation furnaces, condensing on heat shields as the vapors are migrating from the hot zone to the cold
zone. Loss of power during a process cycle can potentially damage the equipment and crucibles by the
same mechanical stresses described above for the OR and ER vessels. However, following a loss of
power event the subsequent recovery is more complex for a distillation furnace with salt than it is for a
casting furnace with no salt. The distillation furnace has the added complexity of remelting the salt
throughout the system between the hot zone and the cold zone.

In general terms, loss of power to high-temperature process equipment can result in cooling rates
greater than those encountered during normal operations. Or interruptions to the processes that are more
difficult to recover from than simply reenergizing the equipment, such as remelting solidified salts and
metals. All of these off-normal conditions may lead to mechanical stresses that can damage equipment.
However, this does not necessarily pose a safety risk.

4.19 Exposure of Salts to Oxygen and Moisture

LiCl is a highly hygroscopic salt, meaning that it is a powerful desiccant capable of absorbing
moisture from the atmosphere. In a study performed at INL, a 40-g sample of LiCl collected 63 g of water
from an air atmosphere at 32°C and 40% relative humidity, effectively turning the LiCl into a pool of salt
water. KCI and NaCl are not nearly as hygroscopic as LiCl. Some aqueous brines can be returned to metal
chlorides by simple drying in air under elevated temperatures. However, many of the more reactive metal
chlorides will form oxychlorides during simple drying. These more reactive metal chlorides require the
presence of a chlorine chemical potential in the form of Clx(g) or HCI(g) to prevent the formation of
oxychlorides and return the salts to chlorides.
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Lanthanide and actinide chlorides are highly reactive with oxygen and moisture. The exposure of
high-temperature salts containing lanthanide and actinide chlorides to ambient air will result in the
oxidation of these metals, and in certain cases, the vapor transport of materials to cooler locations where
they recondense as solids. This facet of molten salt chemistry has not been well studied.

OR and ER salts exposed to air cannot be recovered by simple drying processes. Exposure to air will
oxidize many of the metal constituents in these salts, and the salts can only be fully recovered by
processes of repurification and chlorination.

Pyroprocessing facilities are generally envisioned as a hot cell facility containing the pyroprocessing
equipment. The atmosphere within the hot cell is maintained as dry argon with low concentrations of
oxygen and moisture. Within the hot cell there is strict control of materials that moderate neutrons. In an
event where the hot cell loses its argon atmosphere and ambient air enters the hot cell, the absorption of
water by hygroscopic salts will act as a mechanism to introduce moderator into the hot cell environment.
The consequences of this should be considered from the standpoint of criticality safety.

There are similar safety considerations for pyroprocessing salts that are stored in steel containers.
Exposure to air will cause the salt to deliguesce into a pool of salt water. This will accelerate the corrosion
of the steel container and introduce moderator into the storage area.

INL performed an exposure test of a typical ER salt. A salt mixture of LiCI-KCI eutectic and
approximately 4 wt% UCI; was prepared and melted at 500°C in a purified argon atmosphere with
oxygen and moisture levels below a few ppm. A photograph of the resulting sample is shown in Figure 14
(left). Solidified LiCI-KClI eutectic salt would be white and the dark color, almost black, is characteristic
of LiCI-KClI eutectic salt with some UCls. This sample was then reheated to 500°C in an unpurified air
atmosphere for 24 hr and allowed to cool for 24 hr. A photograph of the resulting sample is shown in
Figure 14 (right). The yellow color indicates that some of the UCI; was oxidized.

Figure 14. Photographs of LiCI-KCI-UClIs salt before (left) and after (right) exposure to air at 500°C.

INL performed an exposure test of LiCI-KClI eutectic salt. A 40-g puck of salt was exposed to air in
an atmospheric oven at 32°C and 40% relative humidity for 1,150 hr. Afterwards, there was a mass gain
of approximately 19 g due to the absorption of water from the air. Nearly all the mass gain occurred in the
first 350 hr, with little additional gain until the test was ended at 1,150 hr. Photographs of the resulting
sample are shown in Figure 15. Figure 15 (left) is the salt at the beginning of the test, and Figure 15
(right) is the salt at the end of the test. At the end of the test, the puck is surrounded by a pool of salt
water.
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Figure 15. Photographs of LiCI-KCI salt before (left) and after (right) exposure to air at 32°C.

4.20 Casting Crucible Failure

In the SFT Program, graphite crucibles are used in distillation and casting furnaces as previously
described. Three different castable liners are used. Zirconia is used when the contents are uranium and
salt. Yttria is used when the content is salt-free uranium. And alumina is used when the contents are
cladding hulls and salt. Crucible failure generally means that the ceramic lining materials failed in some
way to expose the graphite. When this occurs, the crucible is disposed of. Generally, crucibles last from
between 15 to 20 batches before failure on average. However, variance is large; crucibles have been
known to fail during the first batch, and crucibles have been known to last over 30 batches.

Failure of the crucible lining materials does not necessarily lead to leakage. However, leakage has
occurred in instances when crucibles have cracked, leading to the spillage of molten metal and salt into
the process equipment. None of the high-temperature process equipment used for the SFT and JFCS
Programs employs active liquid cooling. Therefore, a steam explosion, or its equivalent with other fluids,
is not possible. The leakage can damage process equipment, but this does not necessarily pose a safety
risk.

There is a well-known damage mechanism involving molten metals. A molten metal must be
contained in materials that are compatible with the molten metal. When this containment is lost, the
molten metal can contact materials that are incompatible with the molten metal. In some cases, molten
metal can dissolve other metals by the process of alloying at temperatures below the melting temperatures
of the other metals. For example, in many instances the melting temperature of a binary alloy is lower
than the melting temperature of either pure metal. These factors must be considered when assessing the
consequences of the loss of containment of a batch of molten metal. Pyroprocessing salts do not exhibit
this type of alloying behavior with metals, Pyroprocessing salts will solidify without dissolving metals.

4.21 Furnace Overtemperature

As described earlier, pyroprocessing flowsheets utilize several high-temperature furnace operations.
The heat is provided by either electrical resistance heating elements, or by induction coupled to a receptor
material such as a graphite crucible. Table 26 provides a summary of the capabilities of different furnace
technologies.
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Table 26. Summary of Furnace Limitations

Heating Heating Element Approximate Maximum
Mechanism Heating Element Material Atmosphere Temperature, °C
Resistance Nickel-Chromium Alloy Air, Inert, Vacuum 1,200
Silicon Carbide Air, Inert 1,550
Silicon Carbide Vacuum 1,000
Molybdenum Disilicide Air 1,750
Graphite Inert, Vacuum >2,000
Induction Copper or Graphite Receptor | Air, Inert, Vacuum >2,000

The furnaces are expected to be engineered with safety systems that prevent overtemperature
conditions. These are called overtemperature controllers. The rigor of these overtemperature safety
systems must be proportional to the consequences of an overtemperature condition. The furnace
applications include the OR cells, ER cells, distillation furnaces, and casting furnaces. Table 27 provides
a summary of the furnace capabilities historically used for these operations in the SFT and JFCS
Programs. However, there are many options available to design engineers.

Table 27. Summary of Furnace Types Used in Pyroprocessing

Unit Operation Typical Operating Temperature, °C Typical Heating Element Type
OR Cell 650 Nickel-Chromium Alloy
ER Cell 500 Nickel-Chromium Alloy
Distillation Up to 1,200 Silicon Carbide
Distillation Up to 1,550 Copper or Graphite Receptor
Metal Casting Up to 1,200 Silicon Carbide
Metal Casting Up to 1,650 Copper or Graphite Receptor

Construction materials such as ferrous steel alloys lose their mechanical properties at elevated
temperatures. Standard ferrous steel alloys begin to significantly lose mechanical properties around
500°C. Specialty ferrous steel alloys can push this limit to about 800°C. The OR and ER vessels operate
at about 650°C and 500°C, respectively. These are ferrous steel alloy vessels surrounded by resistance
heaters and thermal insulation. These operating conditions are already against the mechanical limits of
ferrous alloys. Nevertheless, these alloys have melting temperatures above approximately 1,400°C.

Distillation and casting furnaces that use silicon carbide heating elements are similar to the OR and
ER vessels, in that the furnace vessels are surrounded by heaters and insulation. Distillation and casting
furnaces that use induction heating are different in that the heat is resonated from the graphite receptor
crucible. The steel components of this type of furnace are not directly exposed to the high temperatures.

4.22 Loss of Process Signals

The OR and ER electrochemical cells are powered by external DC power supplies. Control of the OR
and ER operations requires monitoring a series of amperage and voltage signals relative to the power
supplies, anodes, cathodes, and REs. The power supplies provide current to the anode-to-cathode circuits,
and the current is regulated based on the voltages that develop between the anode-to-RE and the cathode-
to-RE signals. Loss of these process signals may result in the following.

e Loss of OR cathode-to-RE signal: excess lithium metal generation.
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o Loss of OR anode-to-RE signal: oxidation of the anode materials or the generation of Clx(g) if a
graphite anode is in service.

o Loss of ER cathode-to-RE signal: deposition of the more electropositive metals with uranium.

o Loss of the ER anode-to-RE signal: oxidation of the steel anode basket (in the case of direct transport
or anodic dissolution) or the steel vessel (in the case of deposition) or the cathode (in the case of
cathodic stripping).

Robust process signals are provided by proper engineering design, but there should always be a way
of verifying that the process signals are correct. This can be done by redundancy such as having two RES
present for comparison.

4.23 Radiation Damage and Dry Argon

As discussed earlier, the OR and ER salts will become sources of very high radiation as fission
products accumulate in these salts. Materials in these high radiation areas are susceptible to radiation
damage. Electrical insulating materials and electronic components are particularly susceptible to radiation
damage and embrittlement. Hot cell operations often design equipment such that the electronic
components are, as much as possible, outside the hot cell.

The breakdown voltage of dry argon is significantly less than that of air: 6 versus 36 kV cm?,
respectively. And the heat capacity of argon is significantly less than that of air: 0.52 versus 1.01 kJ kg
K1, respectively. These differences can result in electronics failures by electrical arcing and overheating.
And some materials require an oxygen atmosphere to work properly. For example, due to the low oxygen
level in the hot cells, standard graphite brushes in electrical motors have failed prematurely in dry argon
service. To improve the service lives of these motors, the standard graphite materials are replaced with
silver-doped graphite.

4.24 Excessing Equipment from Hot Cells

Any pyroprocessing flowsheet will have waste streams that are more-or-less anticipated as part of the
process. However, the mechanical systems associated with the operation of the hot cells, and the
operation of the process equipment inside the hot cells, are very complex. Equipment malfunction, failure,
modification, and obsolescence are inherent aspects of normal operations. The environment inside a hot
cell hosting pyroprocessing will be highly contaminated. The FCF and HFEF hot cells at INL are each
equipped with a water wash station (WWS), a suited entry repair area (SERA), and a hot repair area
(HRA). The purpose of the WWS is to lower the surface contamination of articles leaving the shielded hot
cell. The purpose of the SERA is to provide an area where a worker, wearing the proper protective
equipment, can work hands-on with articles decontaminated and removed from the shielded hot cell. The
articles in question are subject to radiological surveys before a worker enters the SERA.

Equipment excessed from the hot cells comes in all shapes and sizes. Size reduction of the excess
equipment is achieved by disassembly and cutting. The scrap is loaded into containers inside that hot cell,
which are then loaded into drums or boxes for transportation outside the hot cell. Again, radiological
surveys are performed before the drums or boxes leave the facility.

At INL, the FCF and HFEF each have two hot cells, one with an air environment, and one with an
argon environment. Workers do not enter these hot cells. The radiation levels inside the hot cells are
much too high to allow worker entry. Historically, when FCF transitioned from its mission as a post
irradiation examination (PIE) facility, to a facility supporting the IFR Program, the FCF hot cells were
decontaminated and refurbished. This work progressed from the late 1980’s to the early 1990’s.
Following the decontamination efforts, workers did make entries into the FCF air cell and argon cell.
However, the FCF hot cell decontamination efforts included removing and disposing of all process
equipment from the hot cells. The decontamination efforts required significant resources.
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4.25 Emissions from Hot Cells

At INL, the atmospheres within the FCF and HFEF hot cells are maintained at slightly negative
pressures relative to the ambient atmosphere. In the event of a leak, this design feature draws the ambient
atmosphere into the hot cell and prevents the hot cell atmosphere from leaking out. The argon
atmospheres are circulated through an internal conditioning system that includes high efficiency
particulate air (HEPA) filters, a palladium-based oxygen absorber, a diatomaceous-earth-based moisture
absorber, and temperature control. When the air and argon hot cell atmospheres are vented to the ambient
atmosphere, the discharge gases pass through HEPA filters and an array of detection and monitoring
equipment to verify that the emissions are withing the environmental discharge requirements. These
atmospheric control systems were not designed specifically to support pyroprocessing operations, they
were features of the hot cells before the pyroprocessing activities.

4.26 Fuel Fabrication

The U.S. commercial nuclear reactor fleet is comprised of about 60 PWRs and 30 BWRs. Fuels for
these reactors are fabricated from LEU that has been obtained from natural uranium. The uranium is
mined, milled, purified to yellowcake, calcined to UO,, converted to UFs, enriched, and converted back to
UO: as a feedstock to fuel fabrication. There are two important characteristics of fuels fabricated by this
route: radiation shielding is not required to handle these materials, and there is no TRU present.

Aqueous reprocessing can recover uranium that essentially has these same characteristics. This is
because of the high separation factors discussed earlier. However, this is not the case with
pyroprocessing. Uranium recovered by pyroprocessing contains residual fission products and transuranics
and, therefore, may require shielding. Therefore, if electrorefined uranium from pyroprocessing is to be
used for fuel fabrication, these facilities will need ways of managing the associated radiation and residual
transuranics.

4.27 Molten Salt Reactors

This topic is outside the purview of this report, but a few words are warranted. In the 1950s and
1960s, a significant amount of research was performed at the Oak Ridge National Laboratory (ORNL) on
molten salt reactors utilizing the 22Th/3U fuel cycle. In this fuel cycle, 22Th is the fertile isotope that is
transmutated to 2*3Pa, which decays to 2U. It is analogous to the 28U/?°Pu fuel cycle. The transmutation
reactions are shown below.

232Th + n - 233Th (21.8 min) - 233Pa + _%6 (27.0d) - 233U + _IB
2380 + n - 239U (23.4min) - 23INp + 26 (2.4 d) > 23Pu+ B

The 22Th/?3U fuel cycle requires management of the 23Pa (27 d), particularly if the reactor is a
breeder reactor. Because of the relatively long half-life of 2*Pa, its presence adversely affects the
breeding ratio by adsorbing neutrons. The early reactor concepts had two molten salt streams flowing
through the reactor core: a blanket salt containing 232Th, and a fuel salt containing 2%U. Later reactor
concepts combined blanket and fuel into a single molten salt stream flowing through the reactor core. In
each case, the 2**Pa was managed by chemical process of the molten salt to remove and isolate the 2**Pa,
allow it to decay to 233U outside the reactor, recover the 23U, and return the 23U to the fuel salt. To
accomplish this, the chemical processing flowsheets conceptualized were complicated with numerous
high-temperature unit operations. Fredrickson, Cao, et al. (2018)? provides a summary of this early work
at ORNL.
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There is renewed interest and development in molten salt reactor technologies. One way to divide the
technologies is into two groups, 1) those that use molten salt as a coolant only, and 2) those that use
molten salt as a fuel and coolant. Important properties of these molten salts include the following:

o Radiochemical behavior in the reactor core.

e Chemical compatibility with the materials of construction.

e Thermophysical property compatibility with the engineered systems.
e Salt management from headend to backend.

The strongest overlap between pyroprocessing and molten salt reactor technologies arguably has to do
with the latter bullet, salt management from headend to backend. Common issues include salt synthesis,
fission product management, and salt waste disposal.

4.28 Resources Required for Pyroprocessing Research

Pyroprocessing research generally involves the handling of hygroscopic salts and reactive metals that
are potentially pyrophoric. Therefore, experiments are often performed in inert argon-atmosphere
gloveboxes where the oxygen and moisture are maintained at low levels. High-temperature furnaces are
used for handling molten salts and metals, and for distillation operations. Potentiostats and DC power
supplies are used for electrochemical measurements and electrochemical cell operations, and a suite of
capabilities is required for materials characterization such as analytical chemistry, microscopy, and
thermo-physical measurements.

Much useful research can be performed with non-radiological materials, making this subject a
popular research area for academic institutions. Working with uranium requires more work control and
greater resources but is still within the realm of work that can be performed at academic institutions.
Working with transuranics requires significant resources and a highly trained staff. Therefore, work with
transuranics is generally not possible at academic institutions and is relegated to National Laboratories.
Working with irradiated spent nuclear fuels requires facilities with highly specialized infrastructures and
staff that are only available within the DOE complex.
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5. SUMMARY OF RECENT R&D PUBLISHED
IN THE OPEN LITERATURE

Recent research activities in the U.S., ROK, and Japan have mostly focused on ways to improve upon
the three flowsheets described for the IFR, SFT, and JFCS Programs. Other countries are pursuing
pyroprocessing research in support of their nuclear energy ambitions, most notably are increased numbers
of publications from China and India. This literature summary focused on the more recent publications of
particular interest to pyroprocessing and generally those published within the last 10 years.

5.1 Review Papers

Recent review papers are summarized in Table 28. These cover a variety of topics and are written by
authors familiar with pyroprocessing technologies.

Table 28. Summary of Recent Review Papers

Author Year Primary Subject
Mirza 3 2023 | Reprocessing of oxide fuels.
Fredrickson* 2022 | IFR Program history and SFT Program status.
Riley ® 2022 | Phosphate conversion of OR and ER salts.
Carlson © 2021 | Treatment and immobilization of OR and ER salts.
Fredrickson ’ 2021 | Summary of fuel types and reprocessing technologies.
Galashev @ 2021 | Actinide and fission product recovery technologies.
Moyer ° 2021 | Nuclear fuel cycle research directions.
Williams 1° 2021 | Electrochemical concentration measurement techniques.
DelCul 1! 2021 | Fuel reprocessing technologies.
Riley 2 2020 | Treatment and immobilization of OR and ER salts.
Willett 13 2020 | Fission gas measurements.
Baron 2019 | Technology readiness level assessment of separations technologies.
Fredrickson ° 2019 | Electrochemical experimental techniques.
Park 1° 2019 | Waste treatment developments in ROK.
Riley ¥ 2018 | Treatment and immobilization of ER salts.
Zhou *® 2018 | Modeling of electrochemical operations.
Frank *° 2015 | Waste treatment and waste form fabrication.
Soelberg % 2013 | lodine and krypton control.
Inoue % 2011 | Technology developments in Japan.

5.2 Salt Management

Salt management is a key issue for pyroprocessing. The goals are mostly related to improving the
retention of actinides in the fuel cycle or improving the condition of salt wastes by minimizing the
actinide content, minimizing the volume, or increasing the durability. Research in these areas have
pursued many avenues including:

e Recovery of transuranics from ER salts to keep them in the fuel cycle.
e Recovery of actinides from ER salts prior to treatment of salt for disposal.

e Recovery of lanthanide fission products from ER salts to minimize salt waste.
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e Recovery of Group 1 and 2 fission products from OR and ER salts to minimize salt waste.
o Limiting the amount of bond-sodium reporting to the ER salt to minimize salt waste.

e UCI; oxidant synthesis for ER operations.

e Processing of salt into waste forms suitable for interim storage or geologic repositories.

e Processing of fission products into waste forms suitable for geologic repositories.

e Processing of bond-sodium into waste forms suitable for geologic repositories.

Research on reactive liquid metal electrodes for the recovery of fission products and actinides are
summarized in Table 29. In principle, the mechanisms driving separations rely on the alloying behaviors
between the solute cations and the liquid metal electrodes. For example, when a cation is reduced to a
metal on an electrode that is otherwise inert to the reducing metal (e.g., uranium onto a tungsten
electrode), then reduction occurs at a particular cathode potential relative to the RE selected. For
illustrative purposes, call this the “normal cathode potential.” When alloy systems are selected that are
not inert to the reducing metal, then reduction occurs at a cathode potential less negative than the normal
cathode potential. This process is called “under potential deposition.” Cations that would not deposit
together onto an inert cathode, will deposit together onto a reactive cathode due to underpotential
deposition. This mechanism is exploited to remove Group 1, Group 2, and lanthanide fission products
from the ER salt. The reduced metals are collected in the liquid metal alloy, which can either be the waste
product or can be subject to further processing such as distillation, depending on the application.

In each of these process scenarios, there must be a corresponding anode reaction. Often this is the
evolution of Clx(g) on a graphite electrode. And Clx(g), like any other process stream, requires a
disposition path. Unfortunately, Clx(g) is difficult to manage because it is highly reactive and,
consequently, its generation increases the chlorine chemical potential of the salt thereby making the salt
more corrosive to its containment vessel. Chlorine management is not a trivial problem. Representative
anode and cathode reactions are shown below.

X
xCl™ = EClz(g) + xe”
Me*t + xe~ = Me®
Where,
Cl™ is the halide that is oxidized to a gas.

Me is the cation that is reduced to a metal.
Table 29. Summary of Research on Reactive Metal Electrodes.

Author Year Solvent Salt Solute Salt Liquid Metal
Ding % 2023 LiCI-KCI NdCls Ga-Al
Yang 2 2023 LiCI-KCI UCls Al
LaCls Ga
CeCls Ga-Al
PFC|3
NdCl;
Zhang * 2023 LiCI-KCI SmCls Bi
Im % 2022 LiCI-KCI NdCls Bi
Sn
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Author Year Solvent Salt Solute Salt Liquid Metal
Novoselova 2 2022 LiCI-KCI-CsCl DyCls Ga
Cd
Jang % 2022 LiCI-KClI CsCl Zn
SFC|2 Bi
Cd
Pb
Volkovich 2 2021 LiCI-KCI UCls3 Ga
ZrCly Zn
Ga-Zn
Ga-Sn
Ga-In
Liu % 2021 LiCI-KCI LaCls Al
UCl; Ga
In
Zn
Cd
Hg
Sn
Pb
Bi
Liu % 2021 LiCI-KCI UCls Ga
LaCI3
CeCls
PrCI3
NdCls
SMCls
Smolenski 3! 2021 LiCI-KCI UCl; Ga
DyCls Ga-Al
Yang *? 2021 LiCI-KCI LaCls; Al
Ga
Ga-Al
Lichtenstein 3 2020 LiCI-KCI SrCl, Bi
BaCl,
Nigl 34 2020 LiCI-KCI BaCl, Sh
SrCl, Bi
Sn
Pb
Bi-Sh
Novoselova * 2020 LiCI-KCI DyCls; Ga
Han 3¢ 2020 LiCI-KCI YCI3 Zn
Cu
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Author Year Solvent Salt Solute Salt Liquid Metal

Fredrickson ¥ 2020 LiCI-KClI UCl; Cd
PUC|3

Woods % 2020 LiCI-KCI CsClI Bi
SFC|2
BaC|2

Yang ¥ 2020 LiCI-KCI UCl; Ga-Al
CeCls

Yin 4 2020 LiCI-KCI LaCl; Bi
CeCls
PFC|3
NdCl3

Fredrickson % 2018 LiCI-KCI UCl; Cd
PUC|3

Novoselova #? 2019 LiCI-KClI UCl3 Ga-In
LaC|3

Lichtenstein 43 2018 LiCI-KCI BaCl, Bi
SrCl, Bi

Fredrickson %4 2018 LiCI-KCI UCl; Cd
PUC|3

Novoselova #° 2018 LiCI-KCI UCl; Ga-In
NdCl3

Yin 46 2018 LiCI-KCI UCl; Bi

Yin 4 2018 LiCI-KCI PrCls Bi

Liu 48 2017 LiCI-KCI CeCl3 Ga
NdCls

Luo *® 2016 LiCI-KCI NdCls Zn

Liu 5° 2014 LiCI-KCI SmCl, Zn

Research on reactive metal drawdown is summarized in Table 30. In these processes, a reductant is
introduced to the salt to reduce metal cations that are less reactive than the reductant itself. The chemical
reaction is as follows:

Me +¥Me’Clx = MeCl,, +%Me’

Where,
Me is the reductant that is oxidized to a cation.

Me' is the cation that is reduced to a metal.

For example, lithium is a powerful reductant because LiCl is a stable metal chloride. Lithium will
reduce all lanthanide and actinide chlorides. Recovery of the reduced metals requires separation by salt
distillation and metal consolidation.
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Table 30. Summary of Research on Reactive Metal Drawdown.

Author

Year

Solvent Salt

Solute Salt

Reductant

Wang !

2022

LiCI-KClI

LaCI3

SmCls

Li

Yoon %2

2020

LiCI-KCI

UCls

La

MgCl,

Ce

DyCls;

CeCls

LaCI3

NdCl3

Bagri %

2018

LiCI-KCI

UCls

MgCl,

LaCI3

NdCl3

CeCl3

Gd

Bagri >

2017

LiCI-KCI

UCl3

Gd

Perumal %

2015

LiCI-KCI

UCl3

CeCls

Li-Cd

Simpson %6

2012

LiCI-KCI

CsClI

LaCI3

CeC|3

NdCls

Li

Research on drawdown based on conversion and precipitation is summarized in Table 31. In these
processes, a precipitant is added to chemically convert the fission product chlorides to a waste form that is
chlorine-free and more durable than the chlorine-containing salt waste forms. Consequently, these
processes are often called dechlorination or dehalogenization processes. Recovery of the precipitate
requires salt distillation. However, the chlorine needs to be accounted for and in these processes the
chlorine is often released as Clx(g) or HCI(g). As discussed earlier, chlorine management is not a trivial
problem. Furthermore, the recovered precipitate requires further processing to place it into a durable
waste form suitable for a geologic repository.

Table 31. Summary of Research on Precipitation-Based Drawdown for Salt Wastes.

Author Year Solvent Salt Solute Salt Reagent Precipitate
Han ° 2023 | LiCI-KCI CsCl NasPO4 LaPO,

SrCl, K2COs SmPO4
BaCl, NdPO,
LaCI3 DyPO4
SmCI3 Cs3P0Oq4
NdC|3 SrCOs

DyCls; BaCOs
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Author Year Solvent Salt Solute Salt Reagent Precipitate
Bailey 58 2022 | LiCI-KCI LaCls La,03 Na,O
Na.COs Fe O3
Fe,O3 P20s
NHsH-PO4 La,03
Dong *° 2022 | LiCI-KCI NaCl H2C204 Li2C204
Csl K>C,04
SrCl;, Na,C,04
CeCls CezC204
NdC|3 SI’C204
Nd2[C204]3
Harrison 2022 | LiCI-KCI YCl; LisPO4 YPO4
LaCls K3PO, LaPO4
CeCI3 CePOq
PrCls PrPO4
NdCls; NdPO,
SmCls SmPO4
SrCl, SrCOs3
BaC|2 BaCOs
Qu &t 2022 | LiCI-KCI NdCls; K2S Nd2Ss
CeCI3 Na,SexH,0O Ce,S;
SmC|3 Sm,S3
GdCls GdaSs
Han ©2 2021 | LiCI-KCI CsClI NasPO, LaPO4
STC|2 KzCOs SmPO,
BaCl, Li.COs NdPO,
LaCI3 DyPO4
SmC|3 Cs3POq
NdC|3 SrCO;
DyC|3 BaCOs;
Uozumi & 2021 | LiCI-KCI CeCls Li,O Ce,03/Ce0;
SmC|3 LizCOs Sm203/SmOCI
EuCls Eu20s
GdCls; Gd,03/GdOCI
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Author Year Solvent Salt Solute Salt Reagent Precipitate
Gardner 64 2021 LiCI-KCI NaCl H(SiOz)z,e(AK)z) Li(SiOz)z,e(A|Oz)
CsCl K(SiOz)z.s(A|Oz)
NdCls Na(Si0,)26(Al0)
CeCls Cs(Si02)26(Al0)
SI‘C|2 Nd[(SiOz)z.s(A|Oz)]3
YCl3 Ce[(Si02)26(Al0,)]3
Kl Sr[(Si02)26(AlO2)]2
Y[(SiO2)26(AI0)]s
Yang % 2021 | LiCI-KCI CsCl SnCls*5H,0 Cs2SnCls
Gardner 2020 | LiCI-KCI NaCl H(Si02)26(Al0) | K20
CsClI Fe20s Li2O
NdC|3 Na,O
CeCI3 Cs,0
SrCl, Nd.Os
YCls Ce20s
Manson & 2020 NaCl-KCl CeCls ZrO; Ca.9Zro9Ceo2Ti07
TiO,
CaO
Riley © 2020 LiCI-KCI NaCl NH4H2PO4 Me20+P,0s
CsCl Fe,O3 MeO+P,0s5
Csl Me;O3¢P,05
Kl
SrCI2
YC|2
LaCI3
CeC|3
NdCls
Wasnik 6 2019 | LiCI-KCI NaCl H(SiO2)26(Al0,) | Li(SiO2)26(Al0,)
CsCl K(SiOz)z_s(AlOz)
NdC|3 Na(SiOQ)z,e(Al()z)
CeCls; Cs(Si0,)26(Al0,)
SrCI2 Nd[(SiOQ)z_s(A|02)]3
YC|3 CG[(SiOz)z_s(AlOz)]3
SI[(Si0,)26(Al05)],
Y[(SiO2)26(AI0)]5
Eun 70 2017 LiCI-KClI SrCl; Li,COs SrCOs
LiCl BaC|2 K>CO3 BaCOs;
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Author Year Solvent Salt Solute Salt Reagent Precipitate
Riley 2017 LiCI-KCI SrCl, TeO, TeO,, PhO,
LiCI-Li,O CsCl PbO;
NaCl
NdCl;
YCls

Research on salt purification by crystallization are summarized in Table 32. This technique is
commonly called zone refining and it is applied in many industries to purify such materials as silicon,
gallium, germanium, aluminum, and a variety of chemicals. The separations rely on the partitioning of
impurities ahead of the solidification front from the solid phase into the liquid phase. The phenomena are
governed by thermodynamic phase diagram behavior, but these interpretations are limited to two or three
component systems. Empirical experimentation is required to understand the behavior of multicomponent
systems because of the chemical complexity. For pyroprocessing applications, its niche is for the fission
products that form stable chlorides and are not amenable to recovery by reactive metal electrodes, reactive

metal drawdown, and precipitation drawdown techniques. Much of the research has focused on the
Group 1 and Group 2 fission products.

Table 32. Summary of Research on Salt Purification by Crystallization.

Author Year Solvent Salt Solute Salt
Choi ™ 2020 LiCl CsCl
SI‘C|2
BaC|2
NdCls
EUC|3
Choi " 2018 LiCl CsCl
SrCl,
BaCl,
Shim ™ 2017 LiCI-KCI CsCl
SrClz
Shim 2016 LiCl CsCl
SrClz
Williams 7 2015 LiCI-KCI CsCl
SrCl,
Versey ”’ 2014 LiCl CsClI
Choi ™ 2013 LiCl CsCl
SrClz
BaCl,
Williams ™ 2013 LiCI-KCI CsCl
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5.3 Oxide Reduction

Research on oxide reduction is summarized in Table 33. The basic chemistry of oxide reduction was
described earlier.

Table 33. Summary of Research on Oxide Reduction

Author Year Salt Oxide Notes
Chamberlain & 2022 LiCl uo; Materials Corrosion
Horvath 8! 2022 LiCl NiO Equipment Study
Kim 8 2022 LiCl uo; Modeling Study
Shishkin & 2022 LiCl La,0s

Nd203

C602
Yao 8 2022 LiCl uo,

LiCI-KCI
LiCI-LiF
Yoo & 2021 LiCl uo; Modeling Study
Kim 8 2021 LiCl NiO Chemical Reduction
Burak & 2020 LiCl UO,
Burak & 2020 LiCl UuoO;
Herrmann &° 2019 LiCl Uo; Pt Anode
Ir Anode

Choi % 2017 LiCl UuoO,
Kim % 2017 LiCl Uuo; C Anode
Park % 2013 LiCl Uo,
Herrmann % 2012 LiCl Spent MOX Fuel | Pt Anode

UoO;

PuO,
Phongikaroon % 2011 LiCl Uo, Modeling Study
Herrmann % 2010 LiCl Spent LWR Fuel Pt Anode

Uo;

PuO,
Herrmann % 2006 LiCl Spent LWR Fuel Pt Anode

UoO;

PuO,
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5.4 Chemical Decladding

Research on the chemical decladding of zirconium clad LWR fuels is summarized in Table 34. The
basic separations process is to expose the fuel to a reactant that chlorinates the zirconium to ZrCl., which
has a high vapor pressure. Recycling the zirconium would involve the Kroll Process, in which the ZrCly, is
reduced to zirconium metal by reaction with magnesium.

Table 34. Summary of Research on Chemical Decladding of Zirconium-Clad Fuels

Author Year Reactant Product
Vestal ¥ 2023 SCl, ZrCly
Conrad % 2023 S:Cl, ZrCly

SOCI;
Bruffey *° 2021 S.Cl, ZrCly
SOCl,
Nevarez 2021 Cl, ZrCly
Collins 1% 2017 Cl, ZrCly
Collins 102 2016 Cly ZrCly
Collins 1% 2012 Cl, ZrCly

5.5 Uranium Electrorefining

Research on uranium electrorefining is summarized in Table 35. The works of Gardner and Harward
loosely fit into this category because they address interim storage of ER salts.

Table 35. Summary of Research on Uranium Electrorefining

Author Year Subject
Zhao 104 2023 Modeling of uranium dendrite morphologies.
Hege 1% 2023 Uranium electrochemistry review paper.
Gardner 1% 2022 Stabilization of ER salts for interim storage.
Harward 1% 2022 Stabilization of ER salts for interim storage.
Swain 108 2022 Effect of moisture in LiCI-KCl salts.
Swain 1% 2022 Effect of moisture in LiCI-KCl salts.
Xiong 1° 2022 Fundamental modeling of salt chemistry.
Zhao 2022 Modeling of uranium electrorefining.
Swain 2021 Effect of moisture in LiCI-KCl salts.
Westphal 2020 Bond-sodium management to reduce ER salt waste.
Lee 14 2017 Effect of cathode materials on uranium electrorefining.
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5.6 Chlorination Chemistries

Research on the chlorination of metal and oxide fuels is summarized in Table 36. Chlorination is used
for several applications including production of UCls oxidant for ER operations, and chlorinating oxide
fuels or oxide sludge into ER salts.

Table 36. Summary of Research on Chlorination of Actinides

Author Year Salt Reactant Oxidant
Chamberlain 1*° 2022 LiCI-KCI Uo, ZrCly
Herrmann 11 2022 LiCI-KClI Spent MOX Fuel Electrochemical

Spent LWR Fuel UCl;
Herrmann 2022 LiCI-KCI U NH.CI
NaCl UH3
Meng 118 2022 LiCI-KCI UO, CCl,
PuO; COCl,
Cl,
ZI’C|4
AICl3
Perhach %9 2022 NaCl-CaCl, U HCI
Samanta 1% 2022 LiCI-KCI uo, AlCl;
Yoon 2 2022 U NH.CI
Yoon 1?2 2022 LiCI-KCI U3Os NH,4CI
CeO,
NdO,
SrO;
Zhong'?® 2021 NaCl-AlCl; U AlCl;
Kitawaki?* 2013 UsOg CCly

5.7 Reprocessing Facility Investigations

Research related to reprocessing facilities are summarized in Table 37. These include cost estimates,
equipment design, and flowsheet developments.

Table 37. Summary of Research on Reprocessing Facility Considerations

Author Year Subject
Kim!#» 2023 Cost analysis.
Kim?% 2022 Cost analysis.
Kim*? 2020 Hardware disassembly.
Chang*® 2019 Conceptual design of a pyroprocessing facility.
Simpson# 2018 Conceptual flowsheet for reduced ER salt waste.
Chang!* 2018 Conceptual design of a pyroprocessing facility.
Moon*3! 2015 Facility safety controls.
Williamson!®2 2011 Conceptual designs of a pyroprocessing flowsheet.
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6. PYROPROCESSING FACILITY SAFEGUARDS

This chapter discusses the issues, challenges, and opportunities associated with nuclear material
measurement and fissile materials inventory management in pyroprocessing facilities. Due to the extreme
processing environments involving inert atmospheres, high temperature materials, concentrated
radioactivity, and corrosivity of the molten salts used in pyroprocessing, traditional safeguards and
materials accounting techniques used in aqueous reprocessing facilities are not directly applicable.
Holdup, the estimate of unaccounted nuclear materials retention in unknown locations, is a significant
challenge in pyroprocessing, where large amounts of fissile materials are maintained as in-process
inventory. The operating characteristics of pyroprocessing facilities, such as their batch nature and
electrochemical processes, provide unique opportunities for inventory assessment. The development of
reliable low-latency inventory measurement and estimation techniques considering these unique
characteristics is essential to ensure the safe, secure, and uninterrupted operation of pyroprocessing
facilities.

The safeguards and MC&A at nuclear fuel handling facilities are designed to deter the diversion of
nuclear materials. While all commercial nuclear fuel reprocessing facilities currently use aqueous
reprocessing methods, molten salt electrochemical reprocessing, also known as pyroprocessing, can be an
alternative method for extracting fissile materials for recycling. This process is not amenable to producing
high-purity fissile isotope products, making it less attractive for illicit proliferation attempts, 133134135136.137

The currently envisioned pyroprocessing facility designs present challenges for adopting MC&A and
process monitoring techniques developed for aqueous reprocessing directly because of its batch process
nature, harsh hot-cell inert atmosphere environments, and significant in-process material
inventory,134136.137.138.139.140.141 |y regponse to this challenge, novel measurement and monitoring
techniques have been developed for pyroprocessing facilities. The latter part of this report reviews
existing and proposed measurement and monitoring techniques for pyroprocessing facilities, highlighting
their measurement latency, performance, and targets. The following sections outline the challenges in
MC&A and safeguards for pyroprocessing facilities and provides insights for future research and
development efforts.

6.1 Safeguards Challenges and Opportunities

The primary unit operations of the pyroprocessing facility are housed within a small footprint, highly
radioactive, and inert atmosphere hot cell environments. This design feature limits physical access to the
main facilities and simplifies physical security measures. In addition, remote manipulators and heavy
equipment are utilized to access unit cells and materials. However, this restricted facility access creates
challenges for safeguards and MC&A. A recent report, “The MPACT 2020 Milestone: Safeguards and
Security by Design of Future Nuclear Fuel Cycle Facilities,” offers an overview on this topic.142

The design process for a safeguards and security system regarding a new reprocessing facility
requires regulatory confirmation. The International Atomic Energy Agency (IAEA) safeguards
regulations can also be referenced for large throughput reprocessing facilities. The IAEA timeliness goal
is to detect the loss of 8 kg of fissile materials within 1 month, with 95% detection probability and 5%
false alarm probability.142

In the U.S., the Code of Federal Regulations (CFR) outlines physical protection of plants and
materials in 10 CFR Part 73, and MC&A of special nuclear material in 10 CFR Part 74. The Nuclear
Regulatory Commission (NRC) has a stringent goal, which is to detect 2 kg of fissile materials within 7
days, with 95% detection probability and 5% false alarm probability.

Safeguard design process and simulation-based validation efforts are outlined in reports.142143144 The
primary component of safeguard design includes facility MC&A, process monitoring, and containment
and surveillance.
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The cornerstone of facility safeguards is the evaluation of holdup, which represents the amount of
unaccounted material in the facility. This holdup is an inevitable byproduct of uncertainties (such as
random error from measurements) or unknown physical and chemical factors that arise during facility
operation. Holdup accounting serves as a means of assessing facility misuse or attempts to divert
materials, making it an essential safeguard tool. Essentially, evaluating facility holdup involves
attempting to perform a mass balance and determine associated uncertainties. Let us define if;;. (j) as

the mass of fissile materials in the j™ incoming batch to the processing facility. Then, the total input of
fissile materials is equal to the sum of all instances of fissile materials across all processed incoming
batches. That is,

n

Ifissile n) = Z ifissile 0))
j=1

Similarly, denote of;ss; () as the mass of fissile materials exiting from the processing facility
between processing j-11 and j*" incoming batches. Then, the total fissile material output is the summation

of 0f;ssite () UP to N™ incoming batch. That is,

n

Ofissile (n) = 2 Ofissile 0))

j=1
Then, we can set the following mass balance equation,
Irissite (M) = Ofissie(N) + Prissite(n) + Hyissize (M)
Where,

o Ifissie(n) represents the total inventory of fissile materials input at time step n. This term includes the
fuel feed stream to the processing facility.

*  Ofissite(n) represents the total inventory of fissile materials output at time step n. This term
encompasses the product and waste streams that exit the processing facility.

»  Prigsie(n) represents the in-process fissile materials inventory at time step n. This term takes into
account the fissile materials inventory present in the unit processes, such as electrorefiners,
distillation furnaces, and so on.

*  Hpigqi0(n) represents the inventory of fissile materials associated with the holdup at time step n. It
serves to explain any mass imbalances that may exist.

In turn, we have the equation explaining the holdup.
Hfissile (n) = Ifissile (n) — Ofissile (n) - Pfissile (n)

Usually, the holdup cannot be directly measured, and thus, it needs to be inferred from measurements
of the other terms. Facilities may incur holdups due to various reasons, with measurement uncertainty
being a primary cause that can result in positive or negative holdups. Typically, Ir;s. (n)and Ofisgiie (1)
increase with respect to n, while Pr;g;;. (1) is bounded. As a result, once the facility has processed a
sufficient amount of material, the holdup can be approximated using the following equation:

Hfissile(n) = Ifissile (Tl) - Ofissile(n)

This equation indicates that in-process fissile materials inventory becomes irrelevant for explaining
holdup.
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However, nuclear regulations have strict requirements for material loss, and maintaining a fissile
inventory of around 50 kg at any given time in scaled pyroprocessing facilities would not be uncommon.
Even with accurate input and output accountancy, not having a way to assess the fissile materials
inventory in the facility means that the holdup, Hp;ss1¢ (1), is likely to be around 50 kg, as it is the only
way to reconcile the input and output fissile materials inventories. This implies that around 50 kg of
fissile materials are likely to be unaccounted for most of the time, which would trigger frequent safeguard
events.

If the facility has a low-resolution measurement tool, such as one with a 20% standard deviation on
in-process fissile materials, the standard deviation of the holdup will be:

std (Hfissle (n)) = std (Ifissile (n) - Ofissile (n) - Pfissile (n)) = 10kg-

Two methods for avoiding frequent safeguard events are precision measurement tools for assessing
in-process fissile materials inventory or designing unit processes with minimum in-process fissile
materials inventory to tolerate high uncertainty in measurement. While the latter is beyond the scope of
this report, this report will focus on the issue of measurement quality. To provide an example of holdup
assessment and its associated uncertainty, consider the following:

Suppose the facility operates by maintaining in-process fissile materials at 50
kg, while the daily input and output both have 50 kg of fissile material, measured
in one batch per day, with a standard deviation of 1% (0.5 kg) for each
measurement. The yearly fissile throughput is estimated to be 18.25 MT. A 1,000
MW thermal reactor is known to consume 1 kg of fissile materials daily. With
optimistic throughput assumptions, a pyroprocessing facility operating efficiently
at the recommended scale could support 50 reactors of 1,000 MW capacity.
Then, two or three of these facilities could process the spent fuel generated by all
nuclear power plants in the US, totaling approximately 100,000 MW capacity.
With a yearly fissile throughput of 18.25 MT, the variance of the total fissile
materials input becomes:

n
var (Ifissile (n)) = Z var (ifissile (i)) = 0.25n

j=1
The standard deviation of the total fissile materials becomes:

n

std (Ifissile (n)) = Z var (ifissile(f)) =n*0.52 = 0.5vn

=1

Following one year of nominal operation, the standard deviation on the input
fissile materials stream becomes:

std (Iyissie (365) ) = 0.5v365 ~ 9.5525 kg

The simplest and most conservative approach to evaluating in-process fissile
materials involves relying solely on the most recent measurement. If we assume
that the in-process fissile materials are held at 50 kg with a relative standard
deviation of 2%, or 1 kg, then the variance of the in-process fissile material is

var (Pfissile (n)) = 1. As a result, the variance of the hold-up becomes:

var (Hfissile (n)) = var (Ifissile (Tl)) + var (Ofissile (Tl)) + var (Pfissile (Tl)) =0.5n+ 1.
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Then, the standard deviation of the hold-up becomes:
std (Hfissile (n)) =v0.5n+ 1 (kg).

Following 1 year of continuous operation, the standard deviation on the
holdup becomes:

std (Hyissine(365)) = VB35 ~ 13.55kg.

The degree of uncertainty accumulation on the hold-up inventory outlined
above is likely to result in frequent false alarms of safeguard events. One
potential solution to this issue involves implementing an accountancy strategy
that divides and measures the daily inventory, as opposed to relying on a single
measurement. For instance, if 1 kg of fissile material is measured, daily inventory
will result in 50 measurements taken each day with a similar level of relative
measurement uncertainty. This would lead to a standard deviation of 0.01 kg per
measurement. Then:

n . .
l . .
var (Ifissile(n)) = Z 50 * var (’”555‘—1()6(”) =50 % 0.0001n = 0.005n
j=1

std (Iyissie(n)) = V0.005n = 0.0707vn

Given the same level of uncertainty in the estimation of in-process fissile
material inventory, the implementation of a finely divided input and output
measurement accountancy strategy would lead to holdup uncertainty following
one year of nominal operation as outlined below:

std (Hyssize (365)) = 2+ 0.0707v365 + 1 ~ 3.7kg

Based on the calculations provided above, using non-destructive measurement tools with a finely
divided materials streams could lead to more precise inventory accounting and minimize holdup
uncertainty. However, one drawback is that this strategy would require more handling and sampling of
materials. In addition, there may be a lower limit on the amount of input feed that can be divided, as
measurement tools may require a certain quantity of materials to warrant accuracy. Each accountancy
term is discussed in more detail below.

6.2 Input Accountancy

Agueous processing involves dissolving both fuel and clad, and sampling from a well-mixed liquid
solution to establish input accountancy. On the other hand, pyroprocessing usually separates the majority
of fuel materials from the cladding, resulting in fuel-stripped cladding as an independent waste stream
with a fractional fuel phase partition. While this has been proposed as a way to minimize the waste
stream, it poses a challenge for accountancy due to incomplete fuel phase segregation from the cladding.

Recent advances in mechanical and chemical decladding processes for oxide fuels have resulted in
nearly complete recovery of fuel materials from the fuel pins,145146:147.148,149,10,151,152,153,154.155 Aqdditionally,
promising solutions have emerged for addressing the sampling issue in oxide fuel feeds, such as the use
of representative sampling methods like the riffler'>®5” and decrepitation with voloxidation followed by
powder sampling.®
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Compared to oxide fuel, establishing input accountancy for metal fuel in pyroprocessing facilities
poses an additional challenge. As present, there is currently no agreeable means of obtaining
representative samples from metal fuel feeds. Consequently, current accounting practices rely on reactor
physics calculations and confirmatory sample analysis, resulting in high uncertainty regarding input
inventory, which cannot be quantified accurately. While these methods may be adequate for pilot-scale
exercises, they are unsuitable for high-throughput facilities. Therefore, there is a need to focus on
developing new methods to establish accurate input accountancy for metal fuels. One proposal for
establishing input accountancy for metal fuel input feed is to credit the electrorefiner operation, which
dissolves most actinides, lanthanides, alkali, and alkali earth elements into the salt. A small fraction of
actinides may remain associated with the cladding and end up in the metal waste stream. However, since
this amount is small, typically less than 5% of the entire fissile inventory, conservative holdup assessment
using mass measurement data may absorb it without triggering safeguard events, as demonstrated below:

var (Ife7m (n)) = var (IR0 (n — 1)) + var (iffeqe” ‘" ()

.MW,low latency

The variance term var (zﬂss”e (n)) cam be obtained with mass measurement data and

moderately liberal assumptions about the partitioning of fissile materials inventory. Subsequently,
consolidation and sampling efforts can help determine the fissile quantity present in the waste stream,
thus completing the input accountancy, albeit with some delay. That is:

, ,high l
var (Ifissile (n)) = var (I]ﬁ}s?s”e (n— 1)) + var (l}\/l{gil;g qua lty(n))
Establishing input accountancy in pyroprocessing facilities poses unique challenges that require

tailored approaches to account for the inhomogeneous nature of the fuel and the absence of a complete
inventory dissolver for input accountancy.

Candidate measurement techniques may employ a combination of the approaches summarized in the
later part of this subsection. Low-latency techniques can provide an interim estimate of the fissile
inventory in the input stream, while high-latency and high-accuracy techniques can establish a low-
uncertainty input accountancy with a delay.

6.3 Output Accountancy

The primary output streams from a pyroprocessing facility typically include uranium metals, group
actinide metals, discharged salt, and cladding waste. Miscellaneous outputs include wasted casting
crucibles and dross. The standard method for establishing accountancy is based on the analysis of liquid
metal and salt samples. During consolidation operations, each batch provides an opportunity to obtain a
homogenized liquid sample. Analyzing this sample can enable output accountancy, albeit with a delay.
With a similar accountancy strategy combining low-latency and high-latency techniques surveyed in
Section 3, it may be possible to operate a high-throughput facility minimizing safeguards event triggers in
the following manner:

var (0}?5’:5?;'”(11)) = var (Ofl-ssile (n— 1)) + var (o;‘i’;;ill‘;tancy (n))

Subsequently, with high-latency and high-accuracy techniques, it is possible to update and minimize

the output fissile materials inventory variance, as shown below:

high quali
var (Ofissile (n)) =var (Ofissile (n— 1)) + var (Ofiﬁilgua " (n))
Candidate measurement techniques may employ a combination of the approaches summarized in the
later part of this subsection. Low-latency techniques can provide an interim estimate of the fissile

inventory in the output stream, while high-latency and high-accuracy techniques can establish a low-
uncertainty output accountancy with a delay.
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6.4 In-Process Material Accountancy

It is crucial to have in-situ measurement tools for in-process material accountancy that do not require
time-consuming sample retrieval and preparation. This is because the lack of measurement or high
latency can result in significant uncertainty and increase in the holdup, which may render the facility
inoperable. Various technologies, such as bubbler, voltammetry, and spectroscopy, have been developed
to aid in measuring in-process materials in molten salts.

An alternative approach to address the issue of safeguard improvement is to minimize the fissile
inventory within the facility. However, this may limit the cell size and reduce the overall throughput of
the facility. From a processing technology perspective, there is a need for research to aid in this area.

In order to achieve a reliable in-process fissile materials inventory assessment, a high-quality salt
sample is necessary. However, the presence of inhomogeneities, such as incomplete mixing or solid phase
precipitates, can pose a challenge for accurate sampling. Non-homogenized multiphase conditions may
introduce uncertainty to the sampling-based estimation approach. To address this challenge, the liquid can
be vigorously mixed prior to sampling and any undissolved phases can be filtered out before analysis.
This presents an engineering challenge that needs to be addressed.

Recently, a significant advancement in sampling is the development of a microfluidic sampler that
can generate uniform salt samples for analysis. This development addresses the challenge of obtaining
representative salt samples in real-time, which has been identified as a potential breakthrough for
electrochemical safeguards. Furthermore, automated sample collection could be beneficial for commercial
scale plants. The new tools include a sampling loop platform for sample extraction, on-line optical
analysis, and electrochemical tools for in-situ salt characterization. The sampling loop platform has
undergone preliminary testing, and the electrochemical tools have demonstrated stable and accurate
measurements over extended periods in engineering-scale process equipment.>

6.5 Accountancy Tools

Table 38 outlines various promising techniques that can be utilized individually or in combination for
establishing fissile materials accountancy in pyroprocessing facilities. The latter section of this report
reviews the relevant measurement technologies including all techniques listed below.

Table 38. List of prospective measurement technologies applicable to pyroprocessing facilities.

Technique Estimated Quantity Locations Uncertainty | Latency

Load cell Clad mass, Salt mass Facility Floor | Low Low
Bubbler Liquid density Molten salt Low Low
Bubbler Liquid level Molten salt Low Low
Static Electroanalyses Elemental concentration Molten salt High Low
Dynamic Elemental concentration | Molten salt Medium Low
Electroanalyses

Thermogram Elemental concentration | Molten metal | Medium Low
LIBS Elemental concentration Ubiquitous Medium Low
Gamma spectroscopy Gamma signature Ubiquitous Medium Low
Microcalorimetry Photon energy signatures | Ubiquitous Low High
Hybrid k-Edge Densitometry | Photon energy signatures | Molten salt Low High
Optical Spectroscopies Photon energy absorption | Molten salt Low High
(UV-Vis, Near-IR)

Raman Spectroscopy Photon energy shift Molten salt Low High
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Technique Estimated Quantity Locations Uncertainty Latency
Tracer Dilution Method Salt inventory Molten salt Low High
ICP-OES/ICP-MS Isotopic/elemental Analytical site | Low High
composition
Thermal lonization Mass Isotopic/elemental Analytical site | Low High
Spectrometry composition

In addition to measurement technologies, it is crucial to identify and manage factors that contribute to
holdup beyond measurement uncertainty. Understanding the sources and managing their impact is
essential for effective holdup management. Experience from processing operations can aid in developing
a strategy. For instance, some issues to consider are:

o Material loss due to handling, such as materials lost on the cell floor.

e Unexpected byproducts not reporting to output streams, such as oxidation products from reactions
with oxygen and moisture.

o Inability to recover materials completely from containers, such as unrecoverable products from
containers or salt hold-up in distillation furnace components.

o In-cell holdup resulting from imperfect cell operation, such as unaccounted metallic uranium phase in
the electrorefiner.

The identification of holdup location and phases can offer a solution to reduce and resolve holdup
inventory. Systematic techniques such as those described in “A new inventory tracking method for
Mark-V electrorefiner are available to identify materials lost to an unidentified phase, and these
techniques warrant further attention.*®® They have the potential to support regulatory compliance, material
accountancy, and safeguards.

6.6 Inventory Resetting

Pyroprocessing facilities adopt liquid metal cathode technologies for group actinide recovery in a
fractional manner, which is different from the once-through production process used in aqueous
reprocessing facilities. In pyroprocessing, fissile materials accumulate in the salt and are recovered in
fractional groups, resulting in a steady presence of significant quantities of fissile transuranics in the salt.
This steady-state characteristic makes completely cleaning out the system to reconcile fissile material
inventory wasteful. Furthermore, high temperature, high radioactivity, high corrosivity, and low
accessibility present challenges for inventory interrogation via transferring the salt for plant cleanout to
reset inventory.

Traditional materials accounting techniques used in aqueous reprocessing plants, such as uranium and
plutonium measurements of the input accounting minus those of the product and the waste streams, are
adequate as instantaneous in-process fissile materials are not significant with diluted solutions. High
throughput of aqueous reprocessing facilities comes from rapid flow and contactor design. This may not
be suitable for pyroprocessing facilities as in-process fissile materials are likely to be significantly higher
than those of aqueous reprocessing facilities. Instead, reliable in-process inventory estimation techniques
that consider the unique operating characteristics of the pyroprocessing process are necessary. The batch
processing nature of the pyroprocessing allows for interim inventory assessments, which is not possible in
continuous production processes that require operation halts for assessment. Furthermore, the
electrochemical nature of the pyroprocessing process, based on the ionic nature of the molten salt,
provides an opportunity to interrogate the melt’s inventory using electrochemical
means,159:161:162.163,164,165,166,167.168 Hence, electrochemical means can be a unique in-situ tool for building a
reliable safeguard system in pyroprocessing facilities.
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There are many promising developments in the field outlined in the following section, and
synergistically joining these efforts would be necessary to construct a reliable MC&A and safeguard
strategy. Developing reliable inventory estimation techniques that consider the unique characteristics of
pyroprocessing facilities is essential to ensure the safe and secure management of fissile materials.

6.7 Applicable Measurement Technologies Review

In pyroprocessing systems, various measurement methods have been proposed for deployment. These
methods can be classified based on their measurement target, the latency period, potential deployment
locations, and the estimated uncertainty. This report primarily categorizes the methods according to their
latency period. The importance of low latency techniques cannot be overstated, as they play a crucial role
in improving the timeliness of MC&A procedures, enabling facility safeguards, and allowing
uninterrupted facility operation. Meanwhile, high latency techniques also have a significant role to play,
as they can provide more accurate measurement results, a deeper understanding of the nature of
safeguards incidents, and can help assess the situation in a post-incident manner.

Following the methodology outlined in “Review of Candidate Techniques for Material Accountancy
Measurements in Electrochemical Separations Facilities,” the evaluation of candidate measurement
technologies considers four factors: 1) measurement latency, 2) information that can be obtained from the
measurement, 3) potential deployment locations, and 4) estimated measurement uncertainty.'®® Latency is
judged based on the entire process of making a single measurement, including sample retrieval and
preparation, and measurement execution. Measurements that are taken in situ and are nearly instantaneous
(taking minutes or less) are considered low latency, while those that take longer than a few hours due to
sampling requirements and subsequent preparations, onsite testing, and/or offsite analysis are considered
high latency. This latency evaluation is based on the available literature and authors’ own assessment,
which may change with future developments. The references and technologies provided may not be
exhaustive.

6.7.1 Low Latency Measurement Technologies

e Load Cell*®: Load cell measurements of mass are based on electrical signals that respond to
compressive forces. This is a basic but very precise mass measurement, but it only shows the overall
mass that is moving through the system. However, this information is valuable in determining the
complete mass inventory of the pyroprocessing system and detecting possible diversion attempts.
Measurement devices can be placed at various areas within the pyroprocessing facility. In principle,
the facility must ensure that these measurements are taken for any material movement in the facility.
The uncertainty associated with load cell measurements is typically low with proper calibrations. The
material mass information can provide important insights into facility operation when used in
conjunction with other measurement technologies. %

e Bubblert’t172173174.17: The evaluation of the molten salt level and density provides information on the
mass of salt in the vessel when the level has been calibrated against volume. Therefore, knowledge of
density and molten salt level enables the assessment of the overall mass of salt in the vessel, but not
its composition. Moreover, unexpected changes in the molten salt level can indicate the presence of
gross diversion or material addition in specific areas, while changes in density can indicate potential
alterations in composition with possible material substitutions. These measurements can serve as a
valuable safeguard tool. These measurements can be taken in-situ from the molten salts in processing
units of the pyroprocessing facility using bubbler systems.171172173.174175 Thjs approach leverages the
linear relationship between pressure and the depth and density of the liquid. Associated research has
shown that the use of a bubbler system can provide accurate measurements for both density and level
below 1%.
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Static Electroanalyses!6!:162163.164: Gtatic electroanalytical techniques measure the potential of one
electrode relative to a reference electrode with a very small amount of current flow and associated
reactions. Typically, two electrodes are employed using various electrolyte configurations, and
finding compatible material combinations is key to extracting the desired information from the
electrolyte. For pyroprocessing applications, these techniques are commonly used to determine the
concentration of specific species within molten salts. The sensitivity of this measurement is high, and
it is likely to vary as electrode conditions change over time. Therefore, even though high accuracy
and precision may be obtainable in a laboratory setting, as done for thermodynamics quantity
measurement experiments, the best use of this technique is qualitative in in-situ field applications.

Dynamic Electroanalyses!>®165:166.167.168: Dynamic electroanalytical techniques deal with time-
dependent phenomena at electrode/electrolyte interfaces. Depending on which process variables to
control, techniques are divided into controlled potential and controlled current methods. Controlled
potential techniques use potentiostats to regulate the potential in a specific manner, with the current
being monitored as the response to the potential. This type of technique is referred to as voltammetry.
Alternatively, galvanostats can be used to control the current, with the potential of the working
electrode being examined as the response to the current. The dynamic nature of this technique
requires careful control of operation parameters such as electrode surface area, signal sweep rate, and
response signal interpretation experience to extract information with better accuracy and precision.
The techniques can be used for quantitative assessment with moderate measurement uncertainties of
less than 10%.

Thermogram®’®7”: This technique is based on the cooling behavior of alloy systems and can be used
for in-situ monitoring of plutonium content in actinide alloys. The process involves heating the alloy,
primarily composed of uranium and plutonium, to a liquid state in an inert or reducing atmosphere,
and then cooling it to a solid state in the same environment. The temperature of the U-Pu alloy during
the cooling process is monitored to determine a solidification temperature signature, which is used to
calculate the amounts of uranium and plutonium present in the alloy. This method can be applied to
the consolidation of group actinide metals. Although no formal uncertainty analysis has been
performed, typical thermogram approaches have moderate uncertainty. Therefore, this can be
considered a low-latency tool for providing interim composition information prior to executing low-
uncertainty analysis.

Laser-Induced Breakdown Spectroscopy?78179180.181.182.183: | aser-induced breakdown spectroscopy
(LIBS) is a fast and non-destructive technique for elemental analysis. LIBS uses a pulsed laser to
vaporize small samples of subject materials, creating a transient plasma. With the relaxation of the
plasma, each element emits photons at characteristic frequencies, allowing for identification of the
sample’s composition. If isotope specific photon information is available, this technique can also be
used to determine the sample’s isotope composition. LIBS can be widely used throughout a facility
because it can be implemented remotely from the target and deal with various material forms, making
its installation more manageable and versatile. However, moderate to high uncertainties, with an
estimated deviation of up to 10%, are anticipated. Therefore, this can be considered a low-latency tool
for providing interim composition information prior to executing low-uncertainty analysis.

Gamma Spectroscopy#+185186: Gamma spectroscopy has a suitable role in assessing gamma-bearing
radioactive materials in a facility. It can identify specific isotopes with distinctive highly penetrating
gamma signatures, such as *3’Cs, 13‘Cs, and >*Eu. Passive gamma measurements can monitor the
location of gamma-emitting fission products in the facility, providing information on the
accumulation of gamma-emitting fission products and serving as an indicator for any diversion
scenarios. The accuracy of the techniques used to measure the quantity of gamma sources has a
moderate level of uncertainty, usually aimed to approach 1%, when employing spectroscopy or total
counting methods under optimized measurement conditions. Additionally, these signatures are related
to the burnup of the fuel, its cooling time, and enrichment, which can then be used to estimate the
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input inventory with the conjunction of depletion codes, at the expense of elevated uncertainty
reaching 10%. The best independent use of this technique in low-latency applications for
pyroprocessing facilities is qualitative radioactive material signature detection.

e Neutron Counterl87:188.189.190,191,192.193,194- Thae total neutron counting method is a tool for measuring
neutrons. This technique can be useful in tracking the presence of neutron-emitting actinides, such as
244Cm, and determining the location of associated transuranics in a pyroprocessing facility. However,
while it can accurately measure neutron-emitting actinides with an error rate of around 1%, it is not a
direct method for establishing the overall actinide inventory. To determine the inventory of other
actinides, additional assumptions are necessary which can result in much higher uncertainty and
potentially hinder the accuracy of the assessment. The best independent use of this technique in low-
latency applications for pyroprocessing facilities is qualitative transuranic material signature
detection.

e Alpha Spectrometry®:1%:197: \With alpha decay, plutonium and other minor actinide isotopes release
unique and distinguishable alpha particles. The unique energy release from these heavy isotopes
during alpha decay can be used for isotopic analysis determining relative isotopic distributions. While
alpha spectrometry can be accurate and provide direct measurement of alpha signatures of actinide
isotopes, with uncertainty values approaching 1% in controlled environments, further research is
needed to determine its applicability and sustainability in a highly radioactive pyroprocessing facility.
Recent advancement in silicon carbide (SiC) alpha detectors offer a direction for exploration.

Table 39 summarizes the low latency measurement technologies with measured quantity, possible
locations in pyroprocessing facilities, respective perceived uncertainties.

Table 39. Summary of low latency measurement technologies.

Technique Measured Quantity Locations Uncertainty Reference
Load cell Mass Facility Floor | Low 170
Bubbler Liquid density Molten salt Low 171,172,173,
174, 175
Bubbler Liquid level Molten salt Low 171, 172, 173,
174, 175
Static Elemental concentration | Molten salt High 161, 162, 163,
Electroanalyses 164
Dynamic Elemental concentration Molten salt Medium 159, 165, 166,
Electroanalyses 167, 168
Thermogram Elemental concentration Molten metal | Medium 176, 177
LIBS Elemental concentration Ubiquitous Medium 178, 179, 180,
181, 182
Gamma spectroscopy | Gamma signature Ubiquitous Medium 184, 185, 186
Neutron counter Neutron signature Ubiquitous High 187, 188, 189,
190, 191
Alpha spectrometry Alpha signature Ubiquitous N/A 195, 196, 197
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6.7.2  High Latency Measurement Technologies

Calorimetry®®: Calorimetry is a non-destructive method that utilizes a thermocouple-type device to
analyze heat-generating materials. As this technique requires neither homogenization nor special
sample preparation, it can be useful in assessing heterogeneous bulk materials in pyroprocessing
facilities. The method isolates subject heat-generating materials in a sealed chamber connected to a
heat sink and measures the change in electrical potential proportional to the temperature gradient.
Prior knowledge of heat-generating isotopes can be used to extract information from materials
containing them. However, there may be a delay of several hours as the system reaches thermal
equilibrium with materials, and uncertainty is typically high. Compositional resolution of heat-
generating isotopes relies on independent isotopic analysis with other analytical means or
compositional assumptions. Although the extracted information may be crude, the technique is
effective for non-destructively analyzing heterogeneous bulk materials with arbitrary geometry and
matrix that cannot be directly interrogated.

Microcalorimetry199200.201.202.203204- The microcalorimetry method can detect single-photon heating
with superconducting transition-edge sensors (TESS). This technique is known to resolve crowded
energy features and can be applied in pyroprocessing facilities when subject materials are
homogenized and the attenuation of emitted energy from the materials is minimal. Under a controlled
environment, uncertainty of actinide isotopes quantity estimation, such as 238Pu, 239Pu, 240Pu, and
241Am characterized with crowded energy signature, can be less than 1%. Accuracy comes with
latency cost as the small size and low count rate efficiency of TES-based microcalorimetry systems
can require longer measurement times for reliable statistics. In addition, constructing a large scale
microcalorimeter system is known to be constrained by real-time handling/processing capability of
data stream from large TES pixel arrays. To overcome this constraint, advancements in efficient real-
time processing of large-size data are desired to improve the feasibility of large-scale
microcalorimetry systems.

Hybrid k-Edge Densitometry?84:205.206:207.208209: X _ray fluorescence (XRF) estimates elemental ratios in
the subject materials by measuring emitted fluorescence X-rays from the subject materials when it is
excited by an X-ray source. K-edge densitometry (KED) infers the concentration of dominant species
in the subject materials using X-ray beam attenuation at the K-edge energy. As both techniques use
X-ray source, these techniques can be combined to create hybrid K-edge densitometry (HKED) for
guantifying species concentration of interest. Onsite instrumentation may provide moderate latency
measurements for XRF and KED, with an expected latency of several hours. Homogenized solid or
liquid subject materials can be analyzed for compositions with this hybrid X-ray technique. Studies
have reported a low uncertainty of less than 1%, making it a promising technology for future
development.

Optlcal (UV-ViS, Near-IR) SpectroscopieleO,211,212,213,214,215,216,217,218,219,220,221,222,223,224: UV-VIS and
Near-IR spectroscopies utilize photons from the ultraviolet and infrared regions of the spectrum to
identify specific species, respectively. The absorbed photon excites an electron to higher energy
molecular orbitals, giving rise to an excited state. It causes certain wave lengths of light beams to
become attenuated. A spectrophotometer can be used to determine the concentration of species in the
subject materials through optical transmission measurements, thus providing the elemental
concentrations of the subject materials, typically liquids in an optically transparent container. With a
clever sampler design for bulk liquid and careful calibration, it is envisioned to be performed in situ
for determining concentrations of species responding to these techniques. Studies have reported a low
uncertainty of less than 1% for species responding to the ultraviolet and infrared regions, making it a
promising area for future development.
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Raman Spectroscopy?11:224.225226.221,228229: Raman spectroscopy utilizes light of various wavelengths,
including ultraviolet, infrared, and visible light, to direct photons onto a substance and then measure
the energy shift of the scattered light. The energy shift is a result of vibrational shifts in the molecules
of the material and each molecule gives a different corresponding shift, allowing for elemental
identification. One noted advantage of Raman spectroscopy is the ability to measure from a distance
at the expense of elevated uncertainty, likely over 10%. It can also complement UV-Vis, Near-IR
spectroscopies for detecting species not responding to photons of the ultraviolet and infrared regions
and is readily applicable to solid subject materials. It is expected to perform similarly to other optical
spectroscopy techniques under controlled experimental conditions.

Tracer Dilution Method?%6:157:158:230231: The tracer dilution method is a method for determining the
mass of liquid in arbitrarily shaped containers. This is useful as the internal shape of electrolyte
containers in pyroprocessing systems changes over time with deposits and/or byproduct
accumulation, which makes it unreliable to estimate inventory based upon liquid level measurement.
This method involves the use of radioactive sources with a known activity or exogeneous element,
which can be dissolved into the bulk liquid. After complete mixing, a small sample of the liquid is
taken and its elemental mass and/or radioactivity of injected radioactive sources are measured, which
can lead into the bulk liquid mass estimate in the bulk liquid container. The trace dilution method is a
relatively simple and straightforward way to determine the mass of molten salt in pyroprocessing
systems with accuracy but latency at present.

Inductively Coupled Plasma Mass Spectrometry and Optical Emission Spectroscopy?322332%;
Inductively coupled plasma mass spectrometry (ICP-MS) and optical emission spectroscopy (ICP-
OES) are techniques that can be used for quantifying isotopic and elemental concentrations, typically
used in a combined manner to obtain the overall composition of the sample. To achieve this, a laser of
inductively coupled plasma ionizes the sample. ICP-MS measures an atom’s mass by mass
spectrometry (MS) while ICP-OES quantitation is based on measurement of excited atoms and ions at
the wavelength characteristics for the specific elements being measured. These are widely adopted
reference techniques that analytical laboratories use for estimating composition. However, these
techniques require laborious sample preparation, making it less attractive as a real-time measurement
method. Properly performed ICP-MS and ICP-OES measurements have among the highest precision
of available techniques, capable of quantifying individual isotopes and elements with typical
uncertainties of no greater than 2% and usually lower than 1%, but in-situ application is unlikely.

Thermal lonization Mass Spectrometry?35236.237238.239: The technique known as thermal ionization
mass spectrometry (TIMS) measures isotope ratios of elements that can be ionized thermally. A
chemically purified liquid sample is heated to evaporate the solvent. Further heating removes a single
electron and ionizes the atoms of the sample. Then, TIMS uses a magnetic sector mass analyzer to
separate the ions based on their mass to charge ratio. These separated ions are directed into collectors,
where they are converted into voltage. By comparing the voltages corresponding to each separated
ion beam, precise isotope ratios can be determined. By spiking tracer isotopes in a manner that is
similar to the tracer dilution technique, absolute concentrations of isotopes are estimated with TIMS.
This highly precise spectroscopy technique is often used as a reference tool for establishing MC&A in
pyroprocessing facilities at INL.

Active Neutron Interrogation and Neutron Coincidence Counting?40:241242:243.244,245.246.247.248.249. Actjye
neutron interrogation (ANI) is a technique bombarding a sample with neutrons to induce fission. The
induced fission neutrons are then analyzed using appropriate neutron-sensitive detectors combined
with timing information to identify their location. Explosives detection has been the primary
application for this technique but the possible application to pyroprocessing facility is also noted. ANI
is typically known to have high uncertainty and latency for estimating isotopic concentrations. The
best application for this technology is likely to be a qualitative detection tool rather than
guantification device.
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Table 40 summarizes the high latency measurement technologies with measured quantity, possible
locations in pyroprocessing facilities, respective perceived uncertainties.

Table 40. Summary of high (hour or more) latency measurement technologies.

Technique Measured Quantity | Likely Locations | Uncertainty | Reference
Calorimetry Heat Facility Floor High 198
Microcalorimetry Photon heat Ubiquitous Low 199, 200,

201, 202,
203
Hybrid k-Edge Photon energy Molten salt Low 184, 205,
Densitometry signatures 206, 207,
208, 209
Optical Spectroscopies Photon energy Molten salt Low 210, 211,
(UV-Vis, Near-IR) absorption 212, 213,
214, 215,
216, 217,
218, 219,
220, 221,
222, 223,
224
Raman Spectroscopy Photon energy shift | Molten salt Low 211, 224,
225, 226,
227, 228,
229
Tracer Dilution Method Salt inventory Molten salt Low 156, 157,
230
ICP-OES/ICP-MS Isotopic/elemental Analytical site Low 232, 233,
composition 234
TIMS Isotopic/elemental Analytical site Low 235, 236,
composition 237, 238,
239
ANI Fissile isotope Facility Floor High 240, 241,
concentration 242, 243,
244, 245,
246, 247,
248, 249

6.8 Summary and Recommendations

Pyroprocessing incorporates a family of technologies that can be applied to reprocessing a variety of
spent nuclear fuel types. Pyroprocessing has been most extensively studied for sodium-bonded metallic
HEU fuels used in EBR-II and the FFTF Reactor (the IFR and SFT Programs) and uranium oxide fuels
used in light water reactors (JFCS Program). Considerable research has been carried out in the US and
many other countries, notably the Republic of Korea, Japan, and Russia, where the technologies have
been demonstrated at both laboratory and pilot scales.
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Although pyroprocessing holds significant promise for future nuclear fuel recycling efforts,
particularly in applications involving metallic fuels, it is currently not used in commercial nuclear fuel
reprocessing facilities. In order to commercialize this technology, there are still significant challenges
associated with pyroprocessing to address, especially with regards to scaleup, automation, salt
management, waste management, and nuclear materials accountancy. Further research and development
are needed to address these challenges and fully realize the potential of these technologies. The
engineering design requirements of a pyroprocessing facility are based upon the needs of the fuel cycle
scenario the facility is meant to serve. Once a specific fuel cycle scenario is selected, pyroprocessing
research and development efforts become more focused.

Scaleup of process equipment such as the OR and ER cells, and the distillation and casting furnaces,
are influenced by criticality limitations and the requirements of nuclear materials accountancy. In turn, the
criticality limitations are influenced by the type of fuel to be processed which, for example, may include
HEU/Zr metallic fuels, DU/TRU/Zr metallic fuels, MOX oxide fuels, and LEU oxide fuels. As the unit
operations reach their maximum sizes, throughput is increased by running parallel unit operations.

Automation to some degree is a requirement of a commercial reprocessing facility. The SFT and
JFCS Programs do not include many aspects of automation with regards to the movement of materials
from one unit of operation to the next. These activities are largely performed manually by operators with
mechanical systems such as overhead cranes and telemanipulators inside the hot cells. A commercial
reprocessing facility will require integrated unit operations that can accommodate automated remote
systems operations.

Salt management is at the center of pyroprocessing development. Salt management is related to all
aspects of the process, including separations chemistries, actinide management, fission product
management, decay heat management, waste management, and nuclear materials accountancy. The more
complex salt management becomes, the greater the number of unit operations involved in the process, and
the greater the complexity of the process.

Waste management requirements are dictated by the acceptance criteria for both transportation and
disposition into geologic repositories. These acceptance criteria will address topics such as waste
composition, packaging, and chemical stability. Without known standards for transportation and
disposition, the requirements of pyroprocessing wastes cannot be determined accurately.

Nuclear materials accountancy requires strategy with respect to facility design, process measurement,
and statistical rigor. It is a design requirement of every unit operation and process stream. Nuclear
materials accountancy is important for safeguards and security, and for criticality safety. Facility
operations will be impacted by the requirement for periodic closeout and inventory analysis.

Pyroprocessing operations have several notable safety implications related to high temperature
operations. These include chemical reactivity with air and moisture, corrosion, loss of electrical power,
loss of control signals, and spilling of molten salt or molten metal. None of the aforementioned stand out
as inherently dangerous as all can be mitigated by administrative and engineering controls.

Chemical reactivity will need to be considered in situations where process salts and metals that are
meant to be maintained within a dry argon atmosphere are inadvertently exposed to oxygen and moisture
by a process upset. Many factors influence the consequences of such exposures. The more extreme events
can lead to rapid oxidation and the pyrophoricity of metals under the correct conditions, and reactions of
high temperature salts and metals can release Hz(g), HCI(g), and Clx(g).
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Corrosion of the materials of construction is related to high chemical potentials of chlorine and
oxygen in forms such as Clx(g) and O2(g), respectively. Based on experience at INL, corrosion within the
uranium electrorefiner has been mitigated by the presence of uranium metal and zirconium metal in the
ER cell, which has greatly suppressed the chlorine and oxygen chemical potentials in that environment.
Greater corrosion has been observed in oxide reduction operations in the OR cell where Ox(g) is liberated
at the anode. Salt management strategies that rely on the liberation of the chlorine as HCI(g) or Cl2(g) will
have to mitigate the corrosion effects of these processes.

Loss of electrical power must be anticipated because it will inevitably occur. Loss of power can lead
to rapid cooling of the high temperature process equipment and the solidification of process liquids such
as molten salts and metals. Equipment designs must both tolerate loss of power and provide a means of
recovery from loss of power.

Loss of control signals must also be anticipated because this too will inevitably occur. The process
equipment will be controlled based on feedback between process signals and computer control logic.
Process signals will voltage or amperage signals that are related to engineering units such as temperatures,
voltages, amperages, pressure, masses, etc. When these signals are lost or lose calibration (drift), then loss
of control or misinterpretation of the process can occur. Such events are mitigated by system
redundancies and control logic. Strategies for troubleshooting, verifying, and repairing the control
systems should be addressed during equipment design.

Spillage of molten salt or molten metal is one more event that should be anticipated. Based on
experience at INL, spillage of these materials has occurred when process crucibles have failed while in
service. The molten materials have spilled into distillation and casting furnaces. Damage to the process
equipment has been minimal but does require extensive disassembly and cleanout of the process
equipment.

There are marked differences between pyroprocessing and aqueous reprocessing technologies.
Pyroprocessing has lower separations factors, incorporates many batch processing operations, greatly
limits the exposure of nuclear materials to moderators in the hot cells, lacks accountancy tanks to track
nuclear materials inventories, and recovers actinide products as metals.

Separation factors for pyroprocessing technologies are significantly lower than for aqueous
technologies. While pyroprocessing can recovery purified uranium and TRU as U/TRU alloys,
pyroprocessing is not intended to recovery individual actinide metals as high purity products, something
that aqueous technologies are well suited for with respect to actinide oxides. This disparity between the
two routes has largely to do with the enhanced valence chemistry of the metal ions during aqueous
separations. More valence states are available in the aqueous chemistry route than the molten salt
chemistry route, allowing these properties to be exploited for enhanced separations.

Batch processing is an inherent feature of pyroprocessing. Materials are discretely advanced in
containers from one unit operation to the next. Research efforts have been made to design equipment that
better approximates a continuous flow process for the purpose of aiding mechanical automation. Aqueous
reprocessing is seen as much more of a continuous flow process once the fuels are dissolved into the acid
media.

Moderators are expressly removed from pyroprocessing operations. These moderators include
sources such as water for process equipment cooling and hydraulic fluids for process equipment
mechanical functions.

Nuclear materials inventories are fundamentally different between pyroprocessing and aqueous
technologies. The lack of moderators allows for much greater actinide concentrations in molten salts than
in aqueous solutions. Consequently, the in-process actinide inventory in a pyroprocessing facility can be
markedly greater than the in-process inventory in an aqueous facility, all other things being equal.
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Metal products are produced by pyroprocessing. Aqueous reprocessing recovers actinides as purified
oxides. This is the basis for suggesting that pyroprocessing may be better suited for a metallic fuel cycle
application, which agueous reprocessing may be better suited for an oxide fuel cycle application. The
fundamental reason is that actinide metals can be recovered from halide molten salts, while actinide
metals are too chemically reactive with water to be recovered as anything other than oxides from aqueous
solutions. An exception to this rule is the Salt Cycle Process, which is a molten salt process designed to
reprocess MOX fuels.

Review papers were categorized separately. These cover several different aspects of pyroprocessing
development from perspectives that are broader than those found in technical papers related to discretized
research topics. These review papers were selected because the authors are known to be familiar with
pyroprocessing technologies.

The recent journal publications related to salt management chemistries have been categorized into
topical areas of reactive metal electrodes, reactive metal drawdown, precipitation-based drawdown, and
salt purification by crystallization. These topics are important for waste management with regards to
rejecting fission products to the waste streams and retaining actinides in the fuel cycle.

Reactive metal electrodes exploit the thermodynamics of metal alloy system to selectively collect
metal cations from the ER salt. Actinide metal cations are typically targeted for the purpose of retaining
the actinides in the fuel cycle. After the actinides are removed and recovered from the ER salt, the salt can
be further processed in preparation for fission product disposal.

Reactive metal drawdown serves the same purpose as reactive metal electrodes but is functionally
different. The metal serving as the reductant must be more electropositive than the metal to be drawn
down from the salt. An example is the use of lithium metal as the reductant to drawdown uranium metal
from the salt. The metals that are drawn down can effectively precipitate from the salt or, in a more
controlled manner, be collected on a cathode.

Precipitation-based drawdown is focused on the removal of fission products from the OR and ER
salts by chemical conversion of the fission product chlorides to mineral forms such as oxides, phosphates,
carbonates, and sulfides.

Salt purification by crystallization is also focused on the removal of fission products from the OR and
ER salts. This technique exploits the portioning of impurities in the molten salt ahead of a solidification
front. Effectively, as solidification occurs, the solidified phase is cleaner than the molten phase, but only
up to a point. The technique provides a means of concentrating the fission products into a smaller volume
of waste salt.

The recent journal publications related to process chemistries of unit operations have been
categorized into topical areas of oxide reduction, chemical decladding, uranium electrorefining,
chlorination chemistry, and facility investigations.

Oxide reduction is the process of converting spent oxide fuels to metals in preparation for uranium
electrorefining. Oxide reduction technologies are significantly less mature than uranium electrorefining
technologies. Compared to uranium electrorefining, oxide reduction require more time due to the kinetic
limitations of mass transfer between the solid and liquid phases of the reduction process.

Chemical decladding is focused on the removal of zirconium alloy cladding from LWR oxide fuels.
The reaction of the cladding with chlorinating chemicals converts the zirconium metal to ZrCl.(g) which
is recovered separately. The oxide fuel is unaffected by the process. Consideration is given to converting
the ZrCl4 back to zirconium metal as a means of recycling the zirconium.
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Uranium electrorefining is where most of the chemical separations occur. All but the transition metal
fission products are partitioned to the salt while uranium is electrorefined from the anode to the cathode.
The electrorefined uranium accumulates on the cathode as a highly dendritic, high surface area, deposit.
This uranium is harvested and consolidated into an ingot as the salt is distilled and collected for return to
the ER cell. Much experience has been gained on uranium electrorefining through the SFT Program.

Chlorination chemistry is important for several aspects of pyroprocessing and MSR development. For
pyroprocessing, chlorination provides a means of replenishing the ER salt with UCls, which is consumed
as fission products and TRU accumulate in the ER salt. Chlorination also provides a means of
dispositioning oxidized materials that are not candidates for electrorefining such as corroded metallic
fuels and casting dross. For MSRs, chlorination provides a means of preparing fuel salts from uranium
oxide materials.

Facility investigations provide means of assessing the cost models and technology readiness levels of
the various aspects of pyroprocessing. Compared to aqueous reprocessing, pyroprocessing technologies
are at their infancy. The total amount of spent fuel processed by pyroprocessing is measured in terms of a
few metric tons resulting from the SFT Program. The JFCS Program processed a total of approximately
26 kg of oxide fuels.

Safeguards and accountancy technologies for pyroprocessing facilities are under development. Much
work is being performed in these areas under the JFCS Program. The safeguards challenges are strikingly
different between aqueous reprocessing and pyroprocessing. Research efforts have focused on input
accountancy, in-process inventory management, and minimizing fissile inventories.

Input accountancy for pyroprocessing is an area that deserves regulatory attention and innovation.
Input accountancy at an aqueous reprocessing facility is achieved by dissolving a batch of fuel in an
acidic solution and transferring the solution into an accountancy tank. The volume, density, and
composition of the fluid in the accountancy tank provide the mass of nuclear materials entering the
process. Pyroprocessing is not amenable to an accountancy tank. While there has been some progress in
oxide fuel accountancy with solid particle sampling, metallic fuel input accountancy is an area that needs
to be explored further.

In-process inventory management becomes increasingly important as the scale of pyroprocessing
processes increases. Pyroprocessing readily handles many forms of fissile materials including spend fuels,
molten salts, and molten metals. Current pyroprocessing concepts tend to maintain significant in-process
fissile inventories. This means that it is important to develop appropriate safeguards and accountancy
tools to ensure that the fissile inventories are maintained in an accurate and appropriate manner. Inventory
management is complicated by the batch-wise processing and material transfers associated with
pyroprocessing.

Minimizing fissile inventories while increasing throughput is likely to be a tradeoff in the design of a
commercial scale pyroprocessing facility. However, future process development, particularly
development aimed at scaling up pyroprocessing, will need to pay attention to this aspect to alleviate the
burdens associated with safeguards and inventory management.
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