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The Integral Fast Reactor (IFR) is an innovative liquid-metal-cooled

reactor concept that is being developed by Argonne National Laboratory. It takes

advantage of the properties of metallic fuel and liquid-metal cooling to offer

significant improvements in reactor safety, operation, fuel cycle economics,

environmental protection, and safeguards.! Over the next few years, the IFR fuel

cycle will be demonstrated at Argonne-West in Idaho. Spent fuel from the

Experimental Breeder Reactor II (EBR-II) wilJ be processed in its associated Fuel

Cycle Facility (FCF) using a pyrochemical method that employs molten salts and

liquid metals in an electrorefining operation.

As part of the preparation for the fuel cycle demonstration, a computer

code, PYRO, was developed at Argonne to model the electrorefining operation

using thermodynamic and empirical data. This code has been used extensively to

evaluate various operating strategies for the fuel cycle demonstration. The

modeled results from the first operating campaign are presented. This campaign
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is capable of processing more than enough material to refuel completely the EBR-

II core.

INTRODUCTION

The purpose of the IFR fuel cycle is to separate the actinides, including the

transuranics (TRU), in irradiated metallic fuel from the bulk of the fission and

activation products and use the recovered actinides to produce new fuel. At

Argonne-West, the spent fuel from EBR-II will be processed in FCF as part of

the IFR fuel cycle demonstration.

This fuel cycle is based on a pyrochemical process employing molten salts

and liquid metals in an electrorefining operation. The molten salt medium in the

electrorefiner is a mixture of LiCl-KCl eutectic and actinide chlorides. Below

the salt phase is a pool of molten cadmium which can serve as an anode, cathode,

or just a collector for nonreactive metals. The FCF electrorefiner has a diameter

of 101 cm. During refining operations, its salt depth will be approximately 31

cm and its cadmium depth 15 cm.

The system will electrochemically separate uranium and the TRU elements

from the fission products.2,3 Uranium that is free of TRU elements wi!l be

collected on steel mandrel cathodes (solid cathodes). Cathodes that consist of a

ceramic crucible filled with approximately 30 kg of liquid cadmium (liquid

cathodes) will be used to collect uranium and the TRU elements simultaneously.

A small fraction of the lanthanide fission products will also be collected in the

liquid cathodes, making the material unattractive for diversion without causing

fuel performance problems.

The spent fuel will be chopped into quarter inch segments and loaded into

the electrorefiner in steel baskets (anode baskets). It can be electrotransported
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out of the anode baskets and a equivalent amount of material deposited either in

rhe cadmium pool (anodic dissolution) or directly to either a solid or liquid

cathode (direct transport). Material deposited in the cadmium pool can later be

electrotransported to a solid or liquid cathode.

The cathode products from the electrorefining operations will be further

processed in a separate operation to distill any adhering salt or cadmium and

consolidate the remaining actinides. This operation will be performed in the

cathode processor. The recovered ingots will be used to produce new fuel for

EBR-II.

The electrorefining operations have been demonstrated on laboratory and

engineering scales in the Chemical Technology Division at Argonne in Illinois.4

In initial demonstrations, only simulated fission products and relatively small

amounts of plutonium were used.

As part of the preparation for the IFR fuel cycle demonstration, the

computer code PYRO was developed to predict the results from the

electrorefining operations with fission products and TRU.5 It is based on

established thermodynamic data and empirical data obtained during the initial

development work. Startup, irradiated fuel, and waste operations for a possible

first electrorefining series have been modeled with the code.

STARTUP OPERATIONS

The electrorefining operations are scheduled to begin within the next year.

The startup operations include loading the electrorefiner with salt and cadmium,

testing the equipment and operating procedures, and charging actinide chlorides

(UCI3 and PuCI}) to the salt phase in the appropriate ratios.



Global '93 Paper Page 4

The electrorefiner will be loaded with approximately 385 kg of eutectic

salt and 966 kg of cadmium, and the system will be heated to the operating

temperature, 50CTC. Salt treatment operations will then be performed to lower

the moisture and oxygen contents in the system in order to decrease any material

losses once actinides are loaded. Actinides will react with moisture or oxygen to

form oxides which are not directly recoverable.

Depleted uranium metal will then be added to the system and oxidized with

CdCh to charge the salt phase with UCI3. Actinide chlorides are needed to

facilitate the electrotransport operations. Stability testing will be performed to

ensure that the actinide concentration in the system remains constant and is not

adversely affected by system contaminants. It involves comparing results from

salt samples taken over several days. After the stability of the system is

established, operations will be performed with depleted uranium to test the

equipment and operating procedures.

The system will next be charged with cold plutonium metal for further

testing before irradiated fuel is added to the system. At the end of the start-up

operations, the actinide concentration in the salt will be approximately 2 mole

percent, and the PUCI3 to UCI3 ratio in the salt will be above 3 to 1, the minimum

recommended ratio for routine operations.3

IRRADIATED FUEL OPERATIONS

Operations with irradiated fuel can commence after the startup operations.

These will demonstrate the electrorefining of irradiated fuel and the production

of actinide products in the presence of fission products. Since large-scale

plutonium operating experience is limited, the irradiated fuel operations will

emphasize product recovery with liquid cathodes. They will also investigate the
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differences in processing fuel with different alloy compositions, different bumup

levels, and different ages from reactor discharge.

The reference IFR core fuel is a ternary mixture of uranium, plutonium,

and zirconium,6 but only a limited amount of irradiated ternary fuel from

EBR-II is available for reprocessing. Most of the irradiated fuel available from

EBR-II is Mark-Ill and Mark-II binary fuel containing enriched uranium and

zirconium. The fuel cycle demonstration will produce ternary fuel to replace the

binary core fuel in EBR-II. The irradiated binary fuel could be processed alone

through the refining operations. The recovered uranium products could then be

combined with cold plutonium in the casting operations to produce ternary fuel,

but very little experience in recovering TRU products in the electrorefiner would

be gained. To get this experience, binary irradiated fuel will instead be processed

through the electrorefiner with cold plutonium.

This type of loading will be used to simulate ternary fuel so that the

recovery of TRU-uranium products in the presence of large quantities of fission

products can be adequately demonstrated. The fission products will be loaded

into the system in the irradiated binary fuel. For the purpose of the

demonstration, the fission product yields for binary and ternary fuels are not

significantly different. The TRU elements will be loaded into the electrorefiner

in both the irradiated fuel and plutonium metal. The concentration of neptunium

is comparable in binary and ternary irradiated fuel, so its concentration in the

electrorefiner will be similar. The americium concentration in the system will be

at a reasonable level because a portion of the plutonium feedstock has a high

americium content relative to typical IFR fuel. Table I gives a comparison of

• EBR-II fuel, the simulated ternary fuel, and the fuel expected from a commercial

IFR plant.
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Although processing the simulated irradiated ternary fuel cannot address

all issues associated with ternary fuel processing, the cathode products should be

typical of irradiated ternary fuel electrorefining. During refining operations, the

batch of irradiated fuel will be mixed in the bulk salt solution. The recovered

products will come directly from the bulk salt solution and not the fuel batch.

Their compositions will be more dependent on the salt makeup than the fuel batch

composition.

Some irradiated ternary fuel will be processed as soon as feasible during

the first refining series to address the additional ternary processing issues, such as

electrochemical efficiencies. The available ternary fuel may be processed as a

batch with just ternary fuel or it may be processed as a segregated portion of a

batch containing binary irradiated fuel and other feedstocks. The latter option

will provide ternary operating experience with different system conditions.

The simulated ternary fuel will be processed through the electrorefiner in

two operations that will be repeated a number of times. The first operation will

be the direct transport of heavy metal, during which uranium solid cathode

products will be recovered. A liquid cathode operation to recover TRUs and

uranium will be performed after the completion of the direct transport operation,

including complete dissolution of the heavy metal and removal of the anode

baskets and solid cathode products.

This operating sequence will maximize the TRU recovery experience

which is crucial for the fuel cycle demonstration. The amount of heavy metal

processed per batch will be approximately 18 kg (13 kg of irradiated binary fuel

and 5 kg of cold plutonium). Table II gives the expected average composition of

the solid and liquid cathode products from the described operating sequence.

Each batch of fuel will provide enough plutonium to produce more than five

ternary subassemblies.
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TABLE II

Cathode Products from the Typical Operating Cycle

Product
Type

Solid
Cathode

Liquid
Cathode

Uranium
(kg)

11.8

1.3

Plutonium
(kg)

-

4.9

Assuming that no accountability or safety issues arise, fuel can be

reprocessed in the FCF electrorefiner until either the heat limit for the vessel is

closely approached or the fission product concentrations in the recovered actinide

products are too high for fuel production. These two factors are operational

limits for the first refining series. The duration of the series will also be

controlled by factors related to the demonstration goals, such as completing

aspects of the waste operations by a specified time. This initial strategy

evaluation was concerned primarily with the operational limits imposed on the

refining operations.

PYRO was used to examine the influence of the two operational limits.

Determining the concentration of the lanthanide fission products in the recovered

TRU products that is detrimental to fuel performance will be part of the overall

IFR demonstration, but concentrations below 0.25 weight percent in fuel

fabricated from refined products will be acceptable. Based on the modeled
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results with PYRO, approximately 1365 kg of irradiated heavy metal, or over

329 subassemblies, can be processed before the Ianthanide concentrations in the

recovered products are high enough to cause this limit to be exceeded.

The FCF electrorefiner will be passively cooled and only capable of

dissipating 6 kW of energy from fission and activation products. Assuming that

the fission products in the electrorefiner have an average cooling time of two

years, approximately 518 kg of irradiated heavy metal, or 125 subassemblies, can

be processed before the 6 kW limit is exceeded, so heat content is the limiting

factor. Before this limit is reached, processing of the fuel will be terminated, and

electrorefiner waste operations will begin.

The operating strategy based on limiting the heat content of the

electrorefiner was modeled. Using the described simulated ternary fuel loading,

enough material will be processed to produce more than 190 subassemblies, far

more than enough to refuel EBR-II. The actual refining series in FCF will be

terminated before reaching this limit in order to demonstrate aspects of the waste

operations.

During the irradiated fuel operations a number of items related to the

refining equipment and the demonstration goals will be evaluated. Operations

with irradiated fuel will be demonstrated by processing large quantities of

irradiated binary fuel. Numerous batches of irradiated fuel will be processed so

the effect of increased fission product concentrations in the electrorefiner can be

evaluated.

Plutonium feedstocks will also be used to simulate some of these conditions.

As noted, simulated ternary fuel will be used to demonstrate the continual

large-scale recovery of TRU material. Actual ternary fuel will be reprocessed as

well, but a great amount of operating experience will be obtained by processing

the simulated ternary fuel. The effect of the gradual buildup of fission products
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on both solid and liquid cathodes will be established by processing the plutonium

feedstocks with irradiated fuel throughout the refining series.

During this series, the concentrations of fission and activation products will

gradually increase in the system as more irradiated fuel and plutonium feedstocks

are processed. Due to time constraints and the fact that the FCF electrorefiner

has a 6 kW heat limit, their concentrations may not reach the maximum values

that can be expected in a commercial electrorefiner. Spikes of simulated fission

products, primarily the lanthanides, can be used to demonstrate processing with

high fission product loadings.

During the irradiated fuel operations, the versatility of the refining

operations will also be demonstrated by processing fuel with varying

compositions, burnups, and cooling times. The recovered products from these

operations will be used to produce new fuel for EBR-II to demonstrate the degree

of independence of the refining process from the actual feed material. The

recovered products will be more dependent on the bulk salt and cadmium

conditions than the feed material. There are a number of irradiated

subassemblies with varying characteristics that are currently available.

The effect of irradiated fuel cooling times will be examined by processing

binary fuel with varying cooling periods and plutonium feedstocks with varying

americium concentrations. In ternary fuel, the americium concentrations will

increase with increased cooling times due to the decay of 24ipu. The plutonium

feedstocks available have americium concentrations as high as 2.1 weight percent.

The maximum americium concentration in the fuel is dependent on the 24ipu

content, which decays to 24iAm, and on the americium initially present in the

spent fuel. Assuming equilibrium conditions, the plutonium in commercial IFR

spent fuel at time of discharge from the reactor is expected to contain 2.1 weight

percent 24ipu and 0.9 weight percent americium. Assuming an infinite cooling
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period, the maximum americium concentration possible in this plutonium is 3.0

weight percent. The plutonium feedstock with 2.] weight percent americium will

simulate irradiated plutonium in IFR driver fuel that has been discharged from

the reactor for 16 years.

The effect of plutonium and uranium isotopics will also be examined. The

irradiated subassemblies have uranium enrichments from approximately 60 to 78

weight percent 235U. The plutonium feedstocks vary from 79 to 94 weight

percent 239Pu. Processing these feedstocks with varying fissile contents will

demonstrate that the refining process will be capable of handling a wide range of

isotopics, which will simulate processing irradiated fuel with varying burnups.

Additionally, irradiated fuel with varying burnups will be available for

processing to demonstrate that the refining process will be independent of

burnup. Bulk refining of spent fuel with burnups as high as 18 atom percent will

be performed in FCF to demonstrate that burnup will not affect items such as

anodic dissolution rates.

WASTE OPERATIONS

Based on operational limits, fuel can be processed in the FCF electrorefiner

until the heat limit for the vessel is closely approached. Before reaching this

limit, the fuel processing will be terminated, and electrorefiner fission product

separation operations will begin.

The goal of the these operations will be the removal of a significant

fraction of the fission products to reduce the heat content of the electrorefiner so

processing can resume. The lanthanide fission products will be responsible for

the majority of the energy generation in the electrorefiner and therefore will be

the ones that need to be removed.
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Because of economic and waste disposal issues, minimizing the loss of TRU

material is a major goal of the IFR program. This feature is therefore essential

to the fission product separations demonstration. To minimize loss, TRU

elements will be removed from the electrorefiner before removing the

lanthanides. TRU removal will occur during the actinide drawdown operations,

which will be followed by the lanthanide stripping operations.

At the end of the first refining series, these operations will be performed in

the electrorefiner. A commercial fuel cycle facility might use separate equipment

to accomplish these tasks with greater efficiency and less processing time,7 bat

the modeled results demonstrate that they can be adequately accomplished using

the electrorefiner. The starting point for modeling these operations was an

electrorefiner with a heat content of 6 kW. The fission products were assumed to

have been cooled an average of two years.

The first step in the actinide drawdown operations will be removing any of

the actinide metals from the cadmium phase. This step will be accomplished

initially by electrotransport from the cadmium pool to solid cathodes. Once the

actinide concentration in the cadmium pool becomes small, this operation will

become increasingly slow and will be replaced by chemical oxidation of the

remaining actinides in the cadmium to their chlorides by the addition of CdCl2 to

the system. At this point, the active metals and actinides will be present only in

the salt phase, and the noble metals only in the cadmium phase. The modeled

contents of the electrorefiner at this point are given in Table III.
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TABLE III

Electrorefiner Contents After the First Refining Series

Element(s)

Uranium

Plutonium

Lanthanides

Noble Metals

Zirconium

Cadmium

Total

Salt Phase
(kg)

8.568

28.048

12.366

0.000

0.000

0.000

495.732

Cadmium
Phase
(kg)

0.000

0.000

0.000

4.984

75.487

1038.101

1118.573

The actinides will be removed from the salt phase using an anode that

contains a Li-Cd alloy and will be recovered in liquid-cadmium cathodes. For

this operation, the anode baskets will be loaded with the Li-Cd alloy, which will

remain solid at 500°C. This operation will employ electrochemical and chemical

reactions and can be described as occurring in the following steps: (1) the

lithium in the alloy will ch« .nically reduce any actinide chlorides that contact it to

metals, (2) most of the reduced actinide metals will adhere to the anode baskets or

alloy, (3) the actinide metal at the anode will be electrochemically oxidized to the

+3 state, and (4) simultaneously with the electrochemical oxidation, aciinide
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chlorides will be electrochemically reduced to metals at the liquid-cadmium

cathode. The electrochemical removal of actinides to cathodes facilitates

complete and rapid reaction at the anode. The actinide drawdown operations will

continue until the amount of TRU material left in the electrorefiner is

expendable. Based on the modeled results, eleven cathodes will be needed to

reach this point. Their expected compositions are given in Table IV.

The liquid-cadmium cathode products from the actinide drawdown

operations will primarily be used to restore the actinide chloride concentration in

the electrorefiner for the second refining series. As part of the fuel performance

experiments, some of the material from the products with higher lanthanide

concentrations will be used to make experimental subassemblies to determine the

maximum lanthanide concentration that can be tolerated in the reactor.

Because the liquid-cadmium cathodes products that will be recovered

during the actinide drawdown phase will be recycled back to the electrorefiner

for the next campaign, the quantity of lanthanides in these products will affect the

duration of the next campaign. Therefore, an attempt will be made to minimize

the amount of lanthanides in the products.

The actinide drawdown operations are followed by the waste fission

product removal operations. The goal of these operations is the removal of the

lanthanide fission products and the remaining actinides from the electrorefiner.

The lanthanides will be removed to lower the heat content of the electrorefiner.

Some of the salt will be processed further into a waste form after the lanthanide

removal operations, so the removal of essentially all of the TRU material from it

will be desirable. These items will be removed using LiCd anodes and

liquid-cadmium cathodes like the actinide drawdown operations. The expected

compositions of the six cathodes needed for these operations are given in Table

V.
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Additional waste operations that have not been modeled with PYRO will

also be performed at the end of the first refining series.8.9 Zirconium that was

not recovered with the actinide products will be removed electrochemically. The

insolubles, including the noble metal fission products and oxides formed from

reactions with impurities, will be removed by filtration. A portion of the

electrorefiner salt will be treated with zeolites to limit the buildup of active metal

fission products and to occlude excess salt. The resulting zeolite material will be

stabilized by processing it to either sodalite or a glass-bonded zeolite monolith.

The stripped lanthanide fission products, insolubles, and element cladding

hardware will be dispersed in either copper-aluminum or steel. These waste

forms will be subjected to characterization tests to evaluate their licensability.

SUMMARY

As part of the preparation for the IFR fuel cycle demonstration in FCF,

electrorefining operations for the first refining series have been modeled using

the computer code PYRO. This series has been designed to address the issues

associated with refining irradiated fuel. The heat content of the electrorefiner

has been determined to be the operating factor that will govern the duration of

the refining series. Based on this operational limit, more than enough ternary

fuel to recharge the EBR-II core can be produced using refined products from

this first series.

When the first refining series is terminated, the salt and cadmium in the

electrorefiner will be processed to remove the actinides and then the lanthanide

fission products. Based on the modeled results, more than 75% of the lanthanides

can be separated from the actinides during the waste operations. Approximately
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99.9% of the TRU elements processed through the eiectrorefiner can be recovere

d.
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TABLE I

Simulated Ternary Fuel Compared with 1FR Fuel per 10 kg Aciinide Charge

Element

uranium

plutonium

americium

neptunium

lanthanum

ncodymium

cerium

sodium

barium

cesium

strontium

zirconium

niobium

oilier noble metals

EBR-II Binary
Driver

(grams)

9959

37.5

0.00012

3.9

29.6

93.4

62.4

270

31.4

86.0

26.4

1291

0.11

213

Simulated
Ternary
(grams)

7760

2210

46 - 0.44

3.9

23.0

72.5

48.4

210

24.4

66.7

20.5

1002

0.085

165

Average IFR
Fuel

(grams)

8967

1021

5.5

5.5

18.1

54.0

33.9

151

21.7

59.8

7.6

1212

0.007

156

IFR Driver
(grams)

7760

2211

16.3

12.0

40.8

120

76.3

174

49.5

136

16.4

1337

O.(X)5

356

IFR Internal
Blanket
(grams)

9448

548

0.12

3.3

10.4

32.5

19.7

141

12.1

33.6

4.9

1169

0.014

87.9

IFR Radial
Blanket
(grams)

9694

305

0.028

1.3

3.0

9.6

5.8

138

3.4

9.7

1.5

1129

0.004

25.5



TABLE IV

Cathode Products from the Actinide Drawdown Operations

Waste Operation
Number

1 - (2 LCCs)

2 - (2 LCCs)

3 - (2 LCCs)

4 - (2 LCCs)

5 - (2 LCCs)

6 - (1 LCC)

Total Removed

Remaining in the
lilectroreliner

Plutonium
(kg)

6.112

5.522

5.412

5.178

4.594

0.931

27.749

0.299

Uranium
(kg)

1.342

1.832

1.797

1.734

1.556

0.321

8.582

0.055

Lanthanides
(kg)

0.033

0.045

0.068

0.128

0.596

1.691

2.561

9.7*13

Product Total
(kg)

7.493

7.405

7.283

7.044

6.751

2.944

38.920



TABLE V

Cathode Products from the Lanthanide Removal Operations

Waste Operation
Number

7 - (2 LCCs)

8 - (2 LCCs)

9 - (2 LCCs)

Total removed

Remaining in
Elcctrorcfiner

Plutonium

(kg)

0.230

0.060

0.009

0.299

0.000

Uranium

(kg)

0.047

0.007

0.001

0.055

0.000

Lanthanides

(kg)

3.057

3.179

3.215

9.451

0.000

Product Total

(kg)

3.334

3.246

3.225

9.805

-


