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Although there are differences in the size and designs of sodium cooled fast reactors,
there is a significant commonality of approach to decommissioning. The sodium
coolant and enriched fast reactor fuel.presents a common set of issues and problems
which are being solved with similar technology. In this paper the approach status and
plans for decommissioning the Experimental Breeder Reactor-11 (EBR-11)and BN-350
are presented. Three important technical aspects of decommissioning are emphasized:

1) Strategy—Safe storage with surveillance and dismantlement in 10s of
years

2) “ Fuel Disposition— Dry safe secure storage with options for ultimate
disposition

3) Sodium Coolant Disposition —Decontamination (removal of radioactive
cesium) and chemical processing of the sodium to a form for safe storage

1. Decommissioning Strategy

1.1 EBR-11 STRATEGY
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The US decided to shutdown the EBR-11plant in 1994. The reactor plant had operated
conducting fiel experiments up to the time of the shutdown decision and little
decommissioning planning had taken place. So, the first item of business for DOE and
Argonne was to develop a decommissioning strategy and plans for implementing it.
The traditional strategic choices were: 1) decommissioning with immediate
dismantlement; 2) decornrnissioning, safe storage and deferred dismantlement; and 3)
entombment. The decommissioning strategy used by the Fermi fast reactor was taken
as a model. This strategy fit EBR-11well because it allowed radioactive source levels to
decay and deferred costs of dismantlement. The strategy also fit with use of the
ANL-W site which continues to do research for the Department of Energy. The EBR-11
facilities will be used to support this work. This strategy contrasts with that of many
other US commercial nuclear facility practices where funds are available for
dismantlement but there is uncertainty about future funding, and where there is an
alternate use for the reactor site. These factors plus regulatory drivers make immediate
dismantlement the path of least resistance.

So the strategy for EBR-11 was to: 1) defuel the reactor and ready the fuel for storage; 2)
decontaminate, drain and process the sodium coolant in a process facility on the
Argonne site that had been built for processing the Fermi reactor sodium, and 3) close
the reactor for industrially and radiologically safe storage.
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1.2 BN-350 STRATEGY

The government of Kazakhstan decided to decommission the BN-350 reactor in early
1999. The decision decree outlined a strategy of safe storage of the reactor for 50 years
before dismantlement. A plan for decommissioning had not been developed at the time
of the decision. In July 1999 Kazakhstan issued a second document outlining the
decommissioning strategy, “The Plan of Primary Measures.” It covered development
of a shutdown project and delineated priority actions of defueling the reactor, draining
the reactor sodium and dealing with liquid radioactive waste.
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BN-350 are simiiar--remove the fuel and sodium, place them in safe storage, and close
the reactor systems for extended safe storage. This is consistent with the plans and
practices for other sodium-cooled reactors worldwide. Planning to implement this
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strategy is being carried out by Kazakhstan with cooperation of experts from the US,
Europe, Russia, and the IAEA.

2. Fuel Disposition

Removing fuel from the reactor and placing it in safe secure storage was a priority for
both EBR-11 and BN-350. This was a priority because defueling eliminated possibility
of criticality and reduced potential for nuclear accidents. In EBR-11this allowed safety
requirements applicable only for a fueled reactor to be relaxed. The fuel design is
similar for both EBR-11 and BN-350. Fuel, in a metal rod for EBR-It, and ceramic
pellets for BN-350, is enclosed in sealed stainless steel cladding tubes. SeveraI of these
pins are arranged in a fuel assembly. A collection of assemblies makeup the reactor
core and breeder blanket. Outside the core, the fuel assembly is the fundamental item
which is handled, protected and accounted for. Both reactors developed and tested new
fuel types, intentionally operating the fuel to high powers and long lifetimes which
sometimes resulted in fuel failures. Failures allow fission products to be released,
making the sodium radioactive and presenting a hazard when handling the fuel outside
the reactor.

Safe secure disposition of the fuel is therefore a challenging issue to be dealt with both
at EBR-11 and BN-350. The normal disposition of fuel by reprocessing had been
interrupted for both BN-350 and EBR-11so storage for an extended interval was
necessary. Experience with fuel storage in water pools in the US was not good. Small
impurities in the.water lead to rapid, massive failure of the stainless steel cladding
which had been “sensitized” at high temperatures in the reactor. So the technical and
financial issues drove both EBR-11 and BN-350 to seek a low-cost safe secure dry
storage of the fuel.

2.1 DRY STORAGE OF SPENT FUEL

The dry storage in use at Argonne is a “silo” type storage in which canisters of
radioactive waste with a sealed inert atmosphere are stored in below grade, catholically
protected fuels. A summary description of the fuel storage canister is given below with
emphasis on design and safety features.

The Argonne storage site has been in use for over 30 years, originally licensed by the
US Atomic Energy Commission and recently approved by the State Environmental
Protection Agency. It has supported the EBR-JI and fiel cycle development program
which required the safe and secure storage of a wide variety of fuel types, and scrap
from fuel destructive exams and fuel processing demonstrations. The figure below (big
red in the RSWF) shows the facility with the c~ks, forklift and handling equipment

~used to store and retrieve fuel.
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The Argonne silo technology was selected for use in Kazakhstan by a joint”US-
Kazakhstan team. The selection was based on defined criteria including safety,
security, safeguards, and politicalflicensing risk and cost. The simple design, simple
operation and the ability to monitor the silos lead to its choice by Kazakhstan and the
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US. A recent reassessment based on further detail knowledge is confirming the
technical and cost advantage of silo storage.

The detail designs and safety analysis necessary to implement the option has been done
by joint US-Kazakhstan teams. The teams first established a set of general design
criteria to assure the fuel packages. Their transportation and storage complied with
Kazakhstan licensing requirements and were consistent with IAEA and US-NRC
guidelines. A conceptual design for the fuel package, storage and associated packaging
and storage equipment was developed. The designs were analyzed and documented in a
Preliminary Safety Analysis Report (PSAR) prepared by the joint team. The PSAR was
independently reviewed and approved by all US and Kazakhstan parties including the
Kazakhstan Regulatory Agency. This process including formal approvals was
important because it has provided the basis for subsequent detail designs and
implementation.

A sketch of a BN-350 canister for normal fuel is shown below:
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As shown, the canister will hold six assemblies. The assemblies area mixture of
enriched drivers and depleted uranium breeder assemblies. The design of the canister
(its stainless material geometry) and the mixture of blankets and drivers are chosen to
assure:

1) Sub-criticality—The canister, alone or in a basket of canisters, flooded,
dry, or in any conceivable slate is sub-critical with margin.

2) Thermal Safety-The canister will reject heat sufficient to maintain fuel
below any temperature that could cause degradation of the package or
creep rupture of the fuel cladding which prevents release of radioactivity.

3) Redundant Barriers-There are two safety grade barriers preventing
fission product release for all expected operations. For bounding, design
base accidents at least one boundary must be shown by analysis and test
to remain intact. For normal fuel these barriers are the canister and fuel
cladding. Extensive characterizing of the fuel cladding mechanical
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properties and quality assurance of the canister and drop tests assures
integrity of these redundant boundaries. Each assembly with failed or
fragile fuel cladding is separately packaged in a safety grade stabilization
canister which is in turn packaged in a 4-pack canister for storage.

4) Limited Radioactivity in a Package—The amount of fuel – the source
term – of each canister is limited so if a hypothetical accident breached
all barriers, the dose at the site boundary would be acceptably low.

5) Secure Package—The canister was sized and the mixture of drivers and
blankets was selected for each to minimize its “attractiveness to a thief”.
The canisters have a very high radiation field and are heavy. They
therefore require special handling.

The status of fuel disposition in Kazakhstan is as follows. The joint US-Kazakhstan
team has completed designs of fuel canisters and fuel stabilization and packaging
equipment. The canisters were fabricated to meet international quality standards. Most
of the fuel has been successfully placed in the sealed canister, dried, back-filled with
inert argon and sealed. The IAEA participated in this operation measuring the fissile
content of each assembly for safeguards purposes.

The silo storage site, including high reliability corrosion protection, security features,
and safeguards features has been designed to the preliminary stages. Transportation of
the fuel to storage has been assessed and found to be very expensive. This has
necessitated a reassessment of the storage location and options. The assessment has
confirmed, with final design detail, the technical and cost advantages of the silo storage
systems. A key point is the cost advantage of 2 to 10 times less expense than other
storage or dual purpose storage and transportation systems. The cost advantage derives
from two fundamental design features:

1) The silo storage uses the earth for shielding and heat sink making it “dirt
cheap” storage.

2) Safe-storage features are separate from very expensive safe-
transportation features. The exacting design features necessary for a
transportation cask to remain intact for the high impact forces, flooding,
and fire of a required hypothetical transportation accident adds a lot of
costs. These costs need only be applied to a small number of transport
casks-not to the larger number of storage canisters.
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As mentioned earlier, we have estimated the cost of silo storage to be 2 to 10 times less
than other options. This range depends on the application. For wide spread deployment
where one-time costs such as those for design, licensing, and manufacturing setup are
spread over a large number of units, the advantage is greater. The advantage is also
greater where there is a facility infrastructure for handling a canister, and the local
manufacturing capability supports’building and handling canisters.

3. Sodium Coolant Disposition

Dealing with the sodium coolant is a major part of decommissioning a sodium-cooled
fast reactor. In many ways it is the most technically challenging issue because of the
combined hazards from the chemical activity and the radioactivity of the sodium. In a
general sense, therefore, it is important to: 1) Reduce the radioactivity in the sodium in
order to reduce exposure to people during decommissioning; 2) Drain and react the
sodium to eliminate its chemical potential for accidents; and 3) Close the reactor
sodium systems for storage in a way that they are safe from chemical radiological
accidents. The discussion of coolant disposition highlights two important technical
areas: I)Sodium coolant decontamination— the removal of radioactive cesium, and 2)
Sodium coolant processing to a form suitable for disposal.



3.1 COOLANT PURll?ICATION

During operation the sodium coolant becomes highly radioactive by two principle
methods: 1) neutron activation of the sodium coolant and its impurities, and 2) release
of radioactive fission products from the fuel.

The figure below shows radioactivity levels of the nuclear isotopes dissolved in the
EBR-11 reactor sodium system.
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The curves are based on measurements made shortly after the reactor was shutdown in
late 1994. They also show data points from more recent measurements made in 1998.
The Na22radioactivity is from activation of the sodium coolant during 30 years of
operation and the six year half-life decay of the nuclide. There is no practical way to
reduce Na22half-life so decommissioning activities (sodium drain, processing, and
system closure) were scheduled to allow decay and equipment was designed to deal
with the projected Na22activity levels. There were no significant design problems
caused by Na22. The levels of SblX and Sn113are interesting but not significant for
decommissioning. They are from activation of impurities from the seal troughs of the
rotating plugs used for fuel transfer to the reactor tank.

Cesium-137 and Tritium are radioactive fission products from the fuel. Cesium,
because of its gamma radiation and because of its 30-year half-life, is the most
troublesome radioactivity for decommissioning. In the EBR-11, the cesium levels are
low because of the near continuous operation of a cooled cesium t~ap during EBR-11
operation. Even though large amounts of cesium (about 1000 curies) had been released



during testing of fuel with breached cladding, the trap kept levels of cesium low. With
these levels of cesium and total gamma activity, no special shielding is required for the
draining and processing of reactor sodium.

Cesium activity is important for ultimate dismantlement of the reactor. If
dismantlement takes place in 30 to 60 years, only one to two cesium half-lives will have
occurred. Consequently, any cesium left in the residual sodium and cesium plated on
reactor surfaces after drain will contribute significantly to the radioactive source term,
worker exposure, and risk from accidents during dismantlement. Therefore, the strategy
in EBR-11was to remove as much cesium as possible prior to draining the reactor
sodium.

During operation of the cesium trap in EBR-11the equilibrium concentrations of cesium
in the sodium coolant, on reactor steel surfaces, and the equilibrium concentrations of
cesium between the sodium coolant and the carbon in the cesium trap was studied. The
equilibrium concentrations were characterized as a function of the temperature of the
reactor, the sodium and cold trap temperatures. The cesium trap is made of special

reticulated, vitrious carbon that has high surface area for contact with the sodium.
Sodium is flowed through the trap after being cooled. The trap-system design allowed
operating it while reactor system temperatures were high. This caused minimum
cesium plating on reactor structures, and a maximum cesium in solution. At the same
time, the cesium trap was operated at a cool temperature to maximize the amount of
cesium plating on the carbon.

US and Kazakhstan scientists and engineers have developed concepts for applying the
EBR-11 design and experience to BN-350. A layout of the system is shown below:
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3.2 SODIUM PROCESSING

At the time of EBR-11shutdown, a sodium process facility had been built at ANL for
converting the FERMI sodium to sodium hydroxide. The facility was designed based
on lessons learned from processing sodium and Na-K coolant from facilities in the US
and in Europe. The through-put of the facility is % gallons per minute of sodium which
was sufficient to process the EBR-11reactor sodium in about 200 days (at 50’%0capacity
factor). The facility was refurbished, and placed in operation and is now processing the
sodium coolant from EBR-11and Fermi to solid sodium hydroxide—a form acceptable
for waste storage. This process facility is operated in Idaho and a similar facility is
planned for operation at the BN-350.

3.2. I Basic Process Description

The basic process in the Sodium Process Facility converts bulk @a) and/or sodium-
potassium alloy (NaK) from EBR-11to a solid sodium (or potassium) hydroxide end
product suitable for disposal in a radioactive waste landfill.

The key component of the process is the reaction vessel. In the reaction vessel, liquid
sodium or NaK (henceforth described as just sodium) is injected through specially
designed nozzles along with nitrogen (to atomize the sodium) into a boiling solution of
sodium hydroxide and water. Water at the same time is also being continuously
injected into the reaction vessel. The sodium is reacted to create additional sodium
hydroxide by the following reactions:

2 Na +2H20 —> 2NaOH + Hz + heat (1)

and/or



2K + 2H20 —> 2KOH + Hz + heat (2)

The rate of sodium injection is a set constant. The rate of water addition is controlled so
as to maintain a constant concentration of sodium hydroxide. This is accomplished by
controlling the water addition rate based on the measured temperature of the boiling
solution of sodium hydroxide. If the temperature increases above a set point (-375 “F),
indicating an increase in concentration, the water addition rate is increased to bring it
back to the set point. The concentration of sodium hydroxide was chosen so that when
the solution is poured into drums and allowed to cool, it forms a solid waste product
under all foreseeable temperature conditions.

The nitrogen, steam, and hydrogen from the reaction vessel pass though a condenser
and are appropriately scrubbed of moisture and passed through high efficiency filters to
remove any particulate radioactivity before being released to the environment through a
stack.

The main processing systems for SPF are shown in the schematic diagram on the next
page and are discussed in flow path order from the upper left to the lower right as
follows:

1) Sodium Receiving – Sodium is typically received in the SPF from EBR-
11from a heated transfer line directly to the 5000-gallon storage tank.
There is also a capability to receive sodium from storage barrels.

2) Sodium Processing – Sodium is transferred to the two 730-gallon ‘Day
Tanks’ from the sodium storage tank by pressurization. The Day Tanks
are so named since they were designed to hold a day’s worth of sodium
for the reaction process. From the day tanks, the sodium is transferred to
the reaction vessel where it is reacted to form sodium hydroxide (known
as caustic) as discussed above. The hot caustic coming from the reaction
vessel is cooled to 200”F in a caustic cooling system.

3) Waste Processing – The ‘cooled’ caustic is then loaded into steel drums,
containing poly liners, where the caustic is allowed to solidify. The
drums are thoroughly inspected and undergo a sampling quality
assurance program to assure they meet waste disposal requirements.

‘They are then loaded onto pallets (4 to a pallet) and stored until they can
be transported. For final disposal, the drum pallets are loaded onto a
truck and transported to the radioactive waste landfill (Radioactive
Waste Management Complex (RWMC) at the Idaho National
Environmental and Engineering Laboratory (INEEL)).
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3.2.2 Main System Descriptions

3.2.2.1 SPF Transfer Line - The SPF transfer line is a heated, insulated pipeline that will be used
to transfer liquid Na from EBR-11to a 5,000 gallon sodium storage tank. The SPF transfer line
will move liquid Na at approximately 300 ‘F under pressures of 10 to 60 psig. Under these
conditions, the expected flowrate is approximately 15 gpm. Two conduits are also run along the
same route as the transfer line. One conduit is used exclusively for power supply (transfer line
heating) and the other exclusively for signal cables (associated with transfer line monitoring and
operation).

3.2.2.2 Sodium Transfer System - The sodium transfer system is used to transfer sodium from the
5,000 gallon sodium storage tank to the 730 gallon sodium day tanks. Nitrogen pressure
provides the driving force for the transfer. The transfer rate is approximate~y 30 gpm.

3.2.2.3 Sodium Reaction System - The sodium reaction system is used to transfer Na/NaK from
the 730 gallon sodium day tanks to the reaction vessel, convert it to caustic in the reaction vessel,
and transfer the resultant caustic to the drum loading station. The 730 gallon sodium day tank is
pressurized with nitrogen gas to supply sodium and inject it into the reaction vessel. In the
reaction vessel, the Na/NaK reacts with water to produce sodium hydroxide/potassium hydroxide
and hydrogen (H2) in accordance with the following exothermic reactions.

2 Na +2H20 —> 2NaOH + H2 + heat (3)

and/or

2K + 2H20 —> 2KOH + H2 + heat (4)

Nitrogen is introduced into the injection nozzles to atomize the Na/NaK upon injection into the
reaction vessel to ensure that Na/NaK will react completely beneath the surface of the caustic
solution. The nitrogen leaves the reaction vessel via the off-gas system along with the reaction-
produced hydrogen and some water vapor.

3.2.2.4 Caustic Transfer System - The caustic transfer system begins at the reaction vessel
caustic recirculation pump and piping where a portion of the caustic being recirculated is
diverted to the drum-loading station. The caustic recirculation pump is a seal-less, magnetic-
drive centrifugal pump with a rated flow of 8 to 10 gpm.

3.2.2.5 Ofl-Gas System - The off-gas system is comprised of the following components plus
interconnecting piping: reaction-vessel baffles, demister, condenser, moisture separator, and
scrubber mist eliminator, prefilters, and HEPA filters. Its purpose is to contain the gases and
water vapor resulting from the conversion of Na/NaK to hydroxides in the reaction vessel. It
condenses and recovers water vapor for reuse and removes radioactive aerosol prior to the
release of filtered gases to the atmosphere. Principle constituents in the off-gas stream, as it exits
in the reaction vessel, are water vapor (steam), hydrogen, and nitrogen. Hydrogen is a reaction
product. Nitrogen is used to atomize the Na/NaK in the reaction-vessel injection nozzles and to
purge the reaction vessel to maintain low oxygen concentrations. The off-gas system processes



this stream and dlt~rntdely releases hydrogen and n;trogen to atmosphere and returns the
condensed water vapor to the reaction process.

3.2.2.6 Vent Systems - The vent systems collect gaseous effluents from all tanks in the sodium
process area including the sodium storage and day tanks, the caustic cooling tank and the water
holding tank.

3.2.2.7 Steam and Condensate System – Steam at 30 to 50 psig is used for clearing of the
injection nozzles in the reaction vessel in the sodium process area.

3.2.2.8 Nitrogen System - Nitrogen is used in the sodium process area to transfer Na from tank to
tank and in the annular region of the injection nozzles in the reaction vessel to atomize the
sodium entering the vessel.

3.2.2.9 Drum Fill and Handling System - The drum fill and handling system is used to package
the sodium hydroxide waste in poly-lined steel drums and prepare them for transfer to a
low-level radioactive disposal facility. This operation is accomplished by moving the drums
over a steel track, along which three stations are installed. A drum palletizing and storage area
completes the system.

3.3 REACTOR SYSTEM CLOSURE

Lastly, the manner in which systems containing sodium are closed is important to assure that
there are no remaining radiological, chemical, or industrial hazards left before the phmt is placed
in SAFESTOR. The process used at both EBR-11 and BN-350 involves determining an
appropriate end point for each system based on criteria derived from general criteria of the plant
status at the time of SAFEST.OR. For BN-350, these general criteria were established in the
decree mandating the shutdown of the plant and the initial ‘Plan of Primary Measures’ published
shortly thereafter.

The process is depicted in a diagram on the following page. From the basic high level criteria,
“.. place the plant in a nuclear, radiological, environmentally, and industrial safe condition . . ..“,
amplifying criteria are derived which better define what each of the general terms means. For
example, nuclear safe means the plant is defueled and the fuel is placed in long term storage.
Derived criteria are then developed based on the various disciplines (electrical, mechanical, . . .
for example, electrical equipment is isolated by opening a breaker, tagging it, and disabling the
control power), desired facility end states (for example, locked, no access), or other desired end
states like desiring adequate documentation or specifying decontamination limits.

Based on these criteria each facility and system’s current status is reviewed against the criteria to
determine the specific actions which need to be taken. These are then documented in appropriate
plans specific to the system or facility. For reactor systems, deactivation, isolation (and inerting),
or passivation of the residual sodium will be the main task.

At BN-350 the outcome of this process is being documented in a draft report entitled “Criteria,
Basic Directions, and Stages to Transfer the Reactor Plant BN-350 to Safe Storage”. In parallel,
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a decommissioning plan is being developed based on IAEA guidelines. This plan, which
Kazakhstan is developing with the assistance of the IAEA, the US, TACIS, and Russia, will be
peer reviewed by an IAEA group of independent experts. When their comments are
incorporated, the plan will serve as a good basis for garnering and coordinating international
support for the BN-350 project.



Logic for Developing Planning Basis at BN-350 for Placing the Facilitv
in SAFESTOR

4 Criteria/Requirements
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Possible Amplifying Criteria

● Meet IAEA/KAEA requirements
● Long term configuration will be unoccupied and

locked buildings
● Spent and fresh nucleor fuel will be removed

from the site.
● All sodium turdNaK will be drained and

deactivated --- residuals on systems&
components will be deactivated or pmsivrded

● All other nuclear, radioactive, and hazardous
materials will be removed or stabilized.

● A safety analysis will demonstrate that the
effects of accidents and phmt releases will have
negligible impacts relying on no active systems

● Final deactivated configuration will require
minimal surveillance rmdmaintenance using
minimal active systems and personnel before the
firrrddecommissioning (D&D) occurs

● Actions taken during deactivation shall not
increrrsethe cost of likely options for final D&D

● Proper characterization rmddocumentation of
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and cost-effectively
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