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요   약   문

   본 보고서는 미국, 일본, 한국에서 제시한 파이로 시설 개념에 대해 요약 및 

분석하였다. 또한, 기준 파이로 시설을 정하기 위한 결정 원칙들이 확립되었고, 

이러한 원칙들에 의거한 세 가지 안이 제시되었다. 첫 번째 안은 금속 핵연료 제

작 공정을 제외한 GEN-IV PR/PP를 바탕으로 한 모델이다. 세계 모든 파이로 

시설 개념을 포함하는 일반적인 모델이 되기 위해 금속 핵연료 제작 공정, 일본

의 UO2 환원공정, 한국의 연속 전해 정련 공정을 추가하는 방법도 가능할 것이

다. 두 번째 안은 기본적인 공정을 가진 비교적 단순한 시설로써 이는 INL과 

ANL의 모델을 바탕으로 했다. 세 번째 안은 KAERI의 ESPF로 결정되었고, 공

정입력 핵 물질 계량 가능 탱크 및 연속 전해 정련을 제외하고는 두 번째 안과 

거의 유사하며 2016년에 건설이 완공될 예정이다.

  제 3차 MSSP 실무 그룹 회의가 KAERI, IAEA 및 KINAC이 참여한 가운데 

2009년 9월 22일부터 24일까지 IAEA 본부에서 개최되었다. 본 회의에서 기준 

파이로 시설의 세 가지 안에 대한 상호 비교 검토를 통하여 세 번째 안이 최적

인 것으로 의견이 모아졌으며, 이를 기준 파이로 시설로 확정하였다. 
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Summary

   In this report, pyroprocessing facility concepts suggested by US, Japan, and 
Republic of Korea have been summarized and analyzed, and the determination 
principles were established to determine a reference pyroprocessing facility 
concept. Three proposals for a reference pyroprocessing facility concept were 
suggested based on these principles. The 1st proposal is based on the GEN-IV 
PR/PP model except the metal fuel fabrication process. It may be possible to 
later add the metal fuel fabrication process, UO2 recovery process of Japan, 
and continuous electrorefining process invented in Republic of Korea to be the 
generic model including all pyroprocessing facility concepts in the world. The 
2nd proposal is based on INL and ANL model which is simple for the most 
part and has basic essential processes. The 3rd proposal is determined to be 
the ESPF of KAERI, which is almost identical with that of the 2nd proposal 
except in regards to utilization of an input accountability tank and continuous 
electrorefining process and the 3rd proposal is planned to be realized in 7 
years. After the review of the IAEA and discussions at 3rd Working Group 
Meeting held in IAEA headquarters, the 3rd proposal has been determined as 
the final version of a reference pyroprocessing facility concept.
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Chapter 1. Introduction

Considering the current activities related to the development of 
pyroprocessing technology and the existing plans to construct pyroprocessing 
facilities, the IAEA should enhance its technical knowledge related to 
pyroprocessing and prepare for the development of a safeguards approach for 
pyroprocessing facilities. Regarding this issue, the IAEA made a 3 year 
contract with the Republic of Korea to carry forward the Member State 
Support Program (MSSP) for the ‘Support for Development of a Safeguards 
Approach for a Pyroprocessing Plant’ in July 2008.

In this MSSP, the main task of the 1st year covers collection and analysis 
of all the relevant information (characteristics and flowsheet of the processes, 
and nuclear material) on pyroprocessing facilities, and determination of a 
reference pyroprocessing facility concept. The design of a safeguards system 
and the assessment of the safeguardability of the reference pyroprocessing 
facility concept will be performed in the 2nd and 3rd years. The major task 
stages, with timing, are listed on Table 1 and the action plan schedule is 
shown in Fig. 1.

Fig. 1. MSSP Plan and Schedule.



- 2 -

Year Work Scope

1st Year
(2008. 8 
-2009. 7)

 (1) Information collection and basic analysis
   (1.1) Collection of information (design and characteristics) on 
        pyroprocessing facilities
   (1.2) Analysis of the characteristics of the physical and chemical 
         processes
   (1.3) Analysis of nuclear material characteristics
   (1.4) Analysis of nuclear material flowsheet
   (1.5) Determination of a reference pyroprocessing facility concept
   (1.6) Determination of safeguards relevant design information

2 n d & 3 r d 
Years
(2009. 8 
-2011. 7)

(2) Nuclear material accountancy and DIQ for the reference 
       pyroprocessing facility
   (2.1) Analysis of possible MBAs and KMPs
   (2.2) Identification of possible operator measurement systems
   (2.3) Verification methods of operator declaration and role of 
         SSAC
   (2.4) Simulation of operation and MUF Determination
   (2.5) Development of a model design information questionnaire 
         for the reference facility

(3) Assessment of safeguardability of the reference pyroprocessing 
      facility
   (3.1) Analysis of the proliferation resistance and proposals for design 

features supporting safeguards implementation
   (3.2) Assessment of available safeguards measures and technologies
   (3.3) Identification of elements and structure which support the 
        development of the safeguards approach

Table 1. IAEA Proposed Work Outline

 

As the major task for the 1st year is the determination of a reference 
pyroprocessing facility concept, this report focuses on this objective. 

 In Chapter 2, information on various pyroprocessing facilities developed in 
different countries is described, which means the tasks from (1.1) to (1.4) in 
Table 1, and three candidates are suggested for a reference pyroprocessing 
facility concept in Chapter 3, which is the task of (1.5) in Table 1.
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Chapter 2. Analysis of Six Pyroprocessing Facility Concepts

 

 1. INL Fuel Conditioning Facility (FCF)

The Fuel Conditioning Facility (FCF) developed by Idaho National 
Laboratory (INL) has been applied for spent metal fuel from EBR-II since the 
1960s and it is the only operating facility in engineering scale pyroprocessing 
in the world. It used a simple melt refining method at the beginning, and 
started to apply pyroprocess using molten salt from the 1980s. INL studied a 
process to treat PWR spent fuel into metal form, but it established only a 
simulated process concept. Table 2 shows the historical description of INL 
pyroprocess studies based on the FCF. The electrorefining process of each 
country’s pyroprocess originated from the FCF [1-3].

1. Melt Refining Deployed in the 1960s
2. Present generation of technology for recycling or treating spent fuel started in the 

1980s
3. Until 1994, focus was on demonstration of closed fuel cycle with a fast reactor
     • Recycle of fast reactor fuel 
     • Limited work on production of fast reactor feed material from LWRs
4. In 1994, activities were redirected to treatment for disposal
  With the formation of the Advanced Fuel Cycle Initiative (AFCI) in 2002 and the 

Global Nuclear Energy Partnership (GNEP) in 2006, recycle focus was renewed 
and stressed.

Table 2.  Historical Description of INL Pyroprocess Studies Based on the FCF

  1.1 Design and Characteristics of the Facility
 As shown in Fig. 2, the FCF consists of two shielded cells. The FCF is 

designed to treat core subassembly with up to 500,000 Ci of radioactivity, 
and the process cell is designed to shield 1,000,000 R/h of gamma rays. The 
main area in the FCF consists of the air cell, the connection tunnel from the 
reactor building to the air cell, the argon cell with a supplement cell for 
equipment, the operation area including offices, a central control room and 
additional experimental labs, the service area below the operation area, and 
the chimney connecting the ventilation system and holdup tank for gases.
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Even though the FCF is an existing facility with significant operational 
experience with spent metal fuel, it was developed only for the treatment of 
spent metal fuel. And the developed concept to deal with LWR spent fuel 
does not have any operational experience.

Fig. 2. Layout of INL Fuel Cycle Facility – Main Floor.

  
  1.2. Analysis of the Characteristics of the Physical and Chemical  Processes

Among the EBR-II spent fuel, driver fuel is processed in the Mk-IV 
electrorefiner and blanket fuel is processed in the Mk-V electrorefiner, as 
shown in the process flowsheet in Fig.3. According to the AFCI (Advanced 
Fuel Cycle Initiative) program, a new process flowsheet for the process of 
both PWR spent fuel and spent metal fuel has been developed, as shown in 
Fig. 4.
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Fig. 3. Mk-IV and –V Electrorefiner. 

Fig. 4. Process flowsheet.
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 2. ANL Advanced Recycle Treatment Facility (ARTF)   
  

Argonne National Laboratory (ANL) developed a conceptual design of the 
Advanced Pyroprocess Recycle Facility (APRF) to demonstrate a pyroprocess 
early in 2000 [4], and updated it into the Advanced Recycle Treatment 
Facility (ARTF) [5]. The ARTF is a pyroprocess facility for spent fuel and it 
was assumed that the facility would operate 200 days per year with the 
throughput of 100tHM per year. With these conditions, the ARTF 
demonstrated the feasibility of the overall process and provided data to 
support the design of a commercial facility, which is expected to process up 
to 2,000 ton per year. ANL has been developing unit operations to deal with 
spent fuel in pyroprocess, and has almost finished general process flowsheets 
and viability demonstrations.

  2.1. Design and Characteristics of the Facility
The layout of the main operational floor of the hot cell of the facility is 

shown in Fig. 5. The hot cell is divided into an air cell and a process cell. 
The air cell is used for receiving the spent fuel assemblies and for chopping, 
shredding, and loading the prepared spent fuel into process baskets. The 
process cell, which has an inert argon-gas atmosphere, is used for the major 
processing steps. The size of batchs and process time were matched with 
throughput of the facility. For example, one direct electrolytic reduction unit is 
matched with two electrorefiners in considering processing time required to 
complete the two operations. Because the electrorefiner is operated at a lower 
current density than the direct electrolytic reduction unit, it requires two days 
to process a batch of product, whereas the direct electrolytic reduction unit 
can process the same batch in one day. The upper floor contains a hot repair 
area that will be used for equipment maintenance and for staging feedstock 
material through pneumatic transfer operations into processing equipment. The 
lower floor will be used for routing electrical connections, process piping, and 
transfer tunnels that are used for moving fuel assemblies, product, waste 
materials, and large equipment items between the hot cells. A 3D model for 
ARTF air and argon cells is shown in Fig. 6. 
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 Fig. 5. Plane Figure of Advanced Recycle Treatment Facility 
       – Main Floor.

Fig. 6.  3D Model for ARTF Air and Argon Cells. 
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  2.2. Analysis of the Characteristics of the Physical and Chemical Processes
Fig. 7 shows a detailed flowsheet of the process, which consists of the 

following 17 principal operations;

① Fuel assembly chopping, shredding, and loading into baskets.
② Treatment of the off-gases from Operation ① to release oxygen and 

sequester fission gases (i.e., krypton and xenon).
③ Long term storage of the fission gases.
④ Direct electrolytic reduction of the fuel oxides to metal. 
⑤ Recovery and recycle of carry-over electrolyte salt from the Operation  

④ product.
⑥ Electrorefining of the metal product from Operation ④ to recover 

uranium.
⑦ Production of the oxidant (uranium trichloride) required from the 

electro-refiner operation.
⑧ Processing of the uranium product from any electrolyte that has 

adhered to the uranium and consolidate the uranium dendrites into an 
ingot.

⑨ Handling and routing of the uranium product from Operation ⑧.
⑩ Production of metal waste form to stabilize the noble metal fission 

products and cladding from the spent fuels, and to recover residual 
actinides. 

⑪ Handling and routing of the metal waste form product generated during 
Operation ⑩ for ultimate repository disposal.

⑫ Electrolytic recovery of transuranic elements and residual uranium 
metal from process chloride salts produced during electrorefining. This 
operation will recover about 98% of the transuranics and all of the 
residual uranium.

⑬ Recovery of the remaining transuranics using an electrolysis drawdown 
operation.

⑭ Production of ceramic waste form to immobilize any chloride salts that 
contain fission products and residual actinides.

⑮ Handling and routing the ceramic waste product generated during 
Operation ⑭ for ultimate repository disposal.
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⑯ Processing of the uranium and transuranic products from Operation ⑫ 

to separate the uranium and transuranics from any electrolyte salt that 
has adhered to them.

⑰ Handling and routing of the uranium and transuranic product from 
Operation ⑯.

  
  2.3. Analysis of Nuclear Material Characteristics

The reference fuel chosen for recycling in the facility is a Westinghouse 
PWR oxide fuel in a 17 X 17 array. Some of the detailed fuel characteristics 
are listed in Table 3.

Characteristic Values

Overall assembly length, m 4.059

Cross section, cm x cm 21.4 x 21.4

Fuel rod length, m 3.851

Active fuel height, m 3.658

Fuel rod outer diameter, cm 0.950

Fuel rod array 17 x 17

Fuel rods per assembly 264

Assembly total weight, kg 657.9

Uranium oxide (UO2) per assembly, kg 523.4

Zircaloy per assembly, kg 108.4

Hardware per assembly, kg 26.1

Total metal per assembly, kg 134.5

Nominal volume per assembly, m3 0.186

 Table 3.  PWR Fuel  Characteristics

 

 

  2.4. Analysis of Nuclear Material Flowsheet
The flowsheet of the nuclear material in the ARTF is shown in Fig. 7 as 

well as the process flowsheet. It is similar with that of a general pyroprocess. 
In Fig. 7, each different colored-line refers to a different kind of nuclear 
material.



- 10 -

Fig. 7.  Flowsheet Showing the Principal Operations of the ARTF

 3. GE-Hitachi Spent Fuel Recycle Facility (SFRF)

The Spent Fuel Recycle Facility (SFRF) is designed to provide all the 
fuel cycle services required to support the operation of one 1,866 MWe 
Advanced Liquid Metal Reactor (ALMR) power plant. A main process system 
for the SFRF is based on a pyrochemical process that has been under 
development at Argonne National Laboratory (ANL) for recycling metal fuel 
used in the ALMR. As shown in Fig.8, TRU (Plutonium and minor actinides) 
is separated from the Light Water Reactor (LWR) spent fuel and fabricated 
into new ALMR fuel assemblies and the ALMR spent fuel is also recycled in 
the SFRF. The design of the SFRF was developed by General Electric - 
Hitachi Company (GE-H) and Burns and Roe Company under contract with 
the U.S DOE[6,7] in the 1990’s.
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 Fig. 8. Nuclear Fuel Cycle Related to the SFRF.

  3.1. Design and Characteristics of the Facility
In the SFRF, TRU (Plutonium and minor actinides) is separated from the 

LWR spent fuel and fabricated into new ALMR fuel assemblies and the 
ALMR spent fuel is also recycled. The SFRF also provides the processing of 
waste streams, the packaging of wastes, and the interim storage of waste prior 
to shipment to a waste repository or other disposal area. Fig. 9 and Fig. 10 
show the layout of each floor of the SFRF.

The LWR spent fuel assemblies and the ALMR spent fuel assemblies are 
disassembled and chopped into small pieces in the Fuel Disassembly Cell on 
the 2nd floor. The Process Cell on the 1st floor includes the reduction 
vessels, electrorefiners for LWR spent fuel, electrorefiners for ALMR spent 
fuel, common cathode processors and slug casting furnaces for making fuel 
slugs. Detailed layout of the Process Cell is shown in Fig. 11. The fuel 
fabrication cell is used to fabricate all ALMR fuel assemblies. In the waste 
processing cell, there are two separate systems of salt recovery and waste 
processing for LWR and ALMR spent fuel.
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 Fig. 9. Layout of 1st floor of the SFRF.  

Fig. 10. Layout of 2nd floor of the SFRF. 
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Fig. 11. Layout of Process Cell of the SFRF. 

 

The SFRF is designed to be operated in three phases. During the startup 
phase (2 years), initial cores will be fabricated using the fissile materials from 
LWR spent fuel. Fuel reloads (partial cores) will be fabricated also from 
LWR spent fuel during the transition phase (3 years). During equilibrium 
operation (55 years), ALMR fuel will be fabricated from a blend of fissile 
material from the LWR spent fuel and the recycled ALMR fuel. The fuel 
throughputs for each phase are listed in Table 4 and the number of items 
needed for it is shown in Table 5.

Phase
Input Output

MTHM/y Type MTHM/y Type

Startup 915 LWR SF 44 ALMR New Fuel

Transition 317 LWR SF 15 ALMR New Fuel

Equilibrium
48 LWR SF 16 ALMR New Fuel

15 ALMR SF - -

 Table 4. Process Throughputs for Each Phase of the SFRF Operation



- 14 -

Equipment
Number of Components

Startup Transition Equilibrium

Reduction Vessel 5 3 3

Electrorefiner (LWR) 7 4 3

Electrorefiner (LMR) 0 0 3

Cathode Processor 3 3 3

Slug Casting Furnace 2 2 2

Table 5. Pyroprocess Equipments in the SFRF 

 

  3.2. Analysis of the Characteristics of the Physical and Chemical Processes
The SFRF utilizes an electrometallurgical process (pyroprocess), by which 

the LWR spent oxide fuel and the ALMR spent fuel are converted into fresh 
ALMR metal fuel. The main features and functions of the process system in 
the SFRF are shown in Fig. 12.

The spent fuel from LWRs and ALMRs is disassembled and chopped in 
the fuel disassembly process. There are two separate flows for LWR and 
ALMR spent fuel before the cathode process. For processing the LWR spent 
fuel, the chopped pieces are placed in a reduction vessel to reduce the oxide 
fuel to metallic salts containing plutonium, minor actinides, uranium and 
non-gaseous fission products. The oxygen and fission products are removed by 
recycling the salt through a cleanup system. The reduced metal fuel is 
separated into the uranium and the transuranic material (TRU which contains 
plutonium and minor actinides) in a high temperature salt bath within the 
LWR electrorefiner. For processing the ALMR spent fuel, the LMR 
electrorefiner is operated in a similar manner to the LWR electrorefiners, 
using a different salt bath. The non-gaseous fission products are removed by 
recycling the salt through a separate cleanup system.

  The TRU on one cathode of an electrorefiner is processed in a high 
temperature cathode processor to purify the material and produce ingots. The 
uranium on the other cathode is also separately purified in a cathode 
processor to minimize the contaminants for shipment off site for reuse in the 
fabrication of new fuel for the LWRs. A metal fuel alloy is created by 
combining the TRU and uranium ingots in a crucible in a slug-casting furnace 
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to produce metal fuel slugs. These slugs are transferred to an assembly cell to 
be fabricated into new ALMR fuel assemblies.

 Fig. 12.  Main features and functions of the process in the SFRF.

 4. CRIEPI Spent MOX Fuel Recycling Facility

Central Research Institute of Electric Power Industry (CRIEPI) has 
conducted research and development of the metal-fuel-cycle technologies since 
the early 1980s. In addition, for reprocessing of spent light-water-reactor 
(LWR) oxide fuel, especially uranium-plutonium mixed oxide (MOX) fuel that 
could not be reprocessed at the commercial reprocessing plant in 
Rokkasho-mura, Japan, CRIEPI proposed a new economical pyroprocessing 
concept that adopts a partial uranium-oxide-recovery electrolysis and a direct 
electrochemical reduction (electroreduction) as well as electrorefining. The 
expected amount of MOX fuel which will be burnt in 16 to 18 Japanese 
LWRs planned to start in 2010,is 130 ton-heavy metal per year. CRIEPI 
presented about the facility design for the three different throughputs (32, 48 
and 192 ton/year) in GLOBAL 2005[8], and for the throughput of 38 ton/year 
at international conferences in 2008[9,10].

  4.1. Design and Characteristics of the Facility
The layout of the most recently designed 38 tons/year facility is shown in 

Fig. 13 and the main building size is 53 m-long, 104 m-wide and 37 m-high. 
The facility consists of the basement with waste treatment equipment and 
furnace, 1st floor for the main operation, 2nd floor for maintenance and 3rd 
floor for gas treatment.
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Arrangement of the main equipment and auxiliary equipment in main 
argon and air cells has been carried out; the layouts of main building were 
then designed based on engineering judgment. It is assumed that these 
facilities would operate 200 days per year, with the non-operational days 
being used for maintenance.

 Fig. 13. Plane Figure of the First Floor of the Conceptual 38-ton/year 
Pyroprocessing Facility for Spent LWR-MOX Fuel.

  4.2. Analysis of the Characteristics of the Physical and Chemical Processes
The process for the pyroprocessing facilities of spent LWR MOX fuel 

includes five principal operations. These operations are (a) Fuel-assembly 
disassembling, fuel-element chopping and decladding, (b) partial 
uranium-oxide-recovery electrolysis, (c) direct electroreduction, (d) 
electrorefining and (e) distillation of cadmium from the cathode product of the 
electrorefining (cathode processing). Schematic diagrams of three 
electrochemical technologies are shown in Fig. 14.

The partial uranium-oxide-recovery electrolysis has been conducted under 
dry air atmosphere, and about 70% uranium oxide could be recovered from 
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spent fuel before the electroreduction and electrorefining operations. According 
to the CRIEPI, that is a distinct aspect from other facilities and it reduces the 
costs for construction and operation.

 Fig. 14. Schematic Representations of the Electrochemical Reprocessing for 
Spent LWR-MOX Fuel.

   4.2.1. Partial Uranium-Oxide-Recovery Electrolysis
Most uranium oxide could be selectively recovered from spent LWR oxide 

fuel on an anode by the following electrolytic reactions in a molten salt bath 
such as LiCl-KCl eutectic salt bath at ca. 773 K. In this operation some 
fission products such as ruthenium, rhodium and palladium may accompany 
the recovered uranium oxide depending on the anodic dissolution ratio of 
uranium oxide. Salt-soluble fission products such as alkali metal and alkaline 
earth elements form chlorides and are dissolved in the salt bath. Transuranic 
oxides, rare earth oxides, and other noblemetals are left with some uranium 
oxide on the anode, which are sent to the electroreduction operation. The 
recovered uranium oxide is distilled into the final product of uranium oxide.

   4.2.2. Direct Electroreduction
The residual oxides from the partial uranium-oxide recovery electrolysis 

are converted to their metal state on a cathode by the electrolytic reactions in 
a molten salt bath such as a LiCl bath at ca. 873 K and a CaCl2 bath at ca. 
1073 K under a pure argon atmosphere. In this operation oxygen is ionized 
and dissolved into the salt bath, electro-transported to the carbon anode, and 
de-ionized to carbon oxide gases on the anode. 
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Uranium oxide, transuranic oxides, rare earth oxides, and nobler metals are 
converted into metallic states and left on the cathode, which are sent to the 
electrorefining operation.

   4.2.3. Electrorefining
Electrorefining technology has been developed for pyroprocessing of spent 

metal fuel under the US Department of Energy’s Integral Fast Reactor (IFR) 
program at Argonne National Laboratory. Under pure argon atmosphere, 
uranium, transuranic elements and rare earth elements are dissolved on an 
anode into a molten LiCl-KCl salt bath at 723 K. Uranium and transuranic 
elements are electro-transported to a liquid cadmium cathode, and 
electrodeposited with some part of rare earth elements and form cadmium 
alloy on the cathode. An ingot of uranium and transuranic elements, which is 
raw material for metal fuel for metal-fueled FBRs, is then obtained by 
distillation of cadmium from the alloy under a pure argon atmosphere.

   4.2.4. Process Flowsheet and Numbers of Main Equipments
The process includes 11 principal operations. These operations are;
1) Fuel-assembly disassembling, fuel-element chopping using a disassembly 

machine and an element chopper.
2) Decladding using voloxidizers and loading of the decladded fuel into 

anode baskets.
3) Partial uranium-oxide-recovery electrolysis of the decladded fuel using 

UO2 electrolyzers.
4) Using a UO2 processor, distillation of the recovered UO2 to separate 

the UO2 from any electrolyte that has adhered to the UO2. The 
distilled UO2 will be put in storage.

5) Using zeolite columns, occluding chloride salt that contains alkali-metal 
and alkaline-earth fission products into zeolite.

6) Production of ceramic waste form (conversion of salt-occluded zeolite 
into glass-bonded sodalite) using a ceramic waste furnace. The waste 
form will be put in an underground repository for ultimate disposal.

7) Direct electroreduction of the residual fuel oxides from operation 3) 
into metals in electroreducers.

8) Electrorefining of the metals from operation 7) to recover uranium and 
transuranic elements on liquid cadmium cathodes in electrorefiners.
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9) Using a cathode processor, processing of the liquid cadmium-cathode 
products from operation 8) to separate uranium and transuranic 
elements from cadmium and any adhered electrolyte and consolidate 
them into an ingot.

10) Reductive extraction and recovery of transuranic and residual uranium 
metals from spent chloride salt bath by using lithium and potassium 
metals in a transuranic element (TRU) extractor. The recovered metals 
will be sent back to operation 8).

11) Purifying of the chloride salt from operation 10) using a rare-earth 
(RE) precipitator. The precipitated RE fission products will be sent to 
a solid waste treatment facility and consolidated into a solid waste.

 
 Operations 1) through 6) could be conducted under dry air atmosphere, 

whereas operations from 7) through 11) have to be done under a pure argon 
atmosphere. These operations will be carried out with the main equipment 
listed in Table 6, in which their numbers are listed for the 32-, 48-, 192- and 
38-ton/year facilities calculated based on material-balance calculation and 
engineering judgment.

Main Equipment

Throughput Capacity of the

Facility (ton per year)

32 48 192 38

Dis-assembler 1 1 1
Element Chopper 1 1 1
Decladding Machine 4 6 24
UO2 Electrolyzer 4 6 24
UO2 Processor 1 1 4
Zeolite Column 1 1 4
Ceramic Waste Furnace 1 1 1
Eletroreducer 1 2 8
Eletrorefiner 2 3 12 5
Cathode Processor 1 1 4
TRU Recovery Equipments

-TRU Extractor 

-Precipitator

1

1

1

1

4

4

 Table 6. Numbers of Main Equipments 
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  4.3. Analysis of Nuclear Material Characteristics
The expected amount of MOX fuel burnt in 16 to 18 Japanese LWRs, 

that is planned to start in 2010, is ca. 130 ton-heavy metal per year, however 
the throughput capacity of the reprocessing facility for the spent LWR MOX 
fuel has not determined yet. The reference spent MOX fuel chosen for 
reprocessing in these facilities is a pressurized-water-reactor (PWR) MOX fuel 
having the average burnup of 48 GWd/t and cooling time of five years. The 
composition of the spent fuel is shown in Table 7.

Detailed Specifications Values (wt.%)
U/Pu/MAs/FPs 88.1/7.2/0.7/4.0
234U/235U/236U/238U
238Pu/239Pu/240Pu/241Pu/242Pu
237Np/241Am/242mAm/243Am
242Cm/243Cm/244Cm/245Cm

0.0/0.1/0.0/99.8

3.8/44.2/29.6/13.1/9.3

2.6/62.0/0.8/23.8

0.0/0.2/9.3/1.3

Table 7. Calculated Composition of Spent PWR MOX Fuel 

  4.4. Analysis of Nuclear Material Flowsheet

 Fig. 15. Process Flow Diagram for the Conceptual 
Pyroreprocessing Facilities for Spent LWR-MOX Fuel 



- 21 -

The process flowsheet and mass balance for the 48-ton/year facility design 
are shown in Fig. 15 and the expected product purity in the pyroprocess is as 
shown in Fig. 16.

 Fig. 16. Expected Product Purity from Pyroprocessing 

 5. Example Sodium Fast Reactor (ESFR)

The Example Sodium Fast Reactor (ESFR) is a hypothetical Generation IV 
system that includes the nuclear power plant and fuel cycle facilities, and it is 
a research model for the PR&PP (Proliferation Resistance & Physical 
Protection). 

For the power plant layout and concept, one of the concepts submitted to 
the Generation IV Roadmap (AFR-300) is used and the dry recycling 
technology (pyroprocessing) of Idaho National Laboratory (INL) is selected as 
the fuel cycle facility for the system. Co-location of the fuel cycle facility 
and four reactor units is assumed for the ESFR nuclear energy system 
[11,12].

The system elements of the ESFR are as follows:
• LWR Spent Fuel Storage 
• Fuel Cycle Facility 
• ESFR Spent Fuel and New Fuel Storage Cell 



- 22 -

• Fuel Service Facility Building 
• Four identical sodium cooled fast reactors 
• Waste Storage 
• LWR spent fuel cask receiving and parking area 
• Excess Uranium storage 
• Uranium container parking area
  For the baseline case of the ESFR system, it is assumed that the 

reactors will be operating in a net actinide burning mode. Therefore, the 
reactors will not operate in a self-sufficient mode and will require an external 
source of actinides for makeup. The external source is provided in the form 
of LWR spent fuel assemblies. The LWR oxide fuel will be processed in the 
on-site fuel cycle facility, which will require adding a front-end step to reduce 
the oxide fuel to metal prior to processing in the electrorefiner.

  5.1. Design and Characteristics of the Facility
The fuel cycle facility contains two shielded hot cells and a shielded 

repair area located below the main cell. A safety-class exhaust system is 
provided. An emergency diesel system is located in an interconnected building. 
Operations involving intact fuel elements are carried out in the air-atmosphere 
cell. Those processes involving exposure of heavy metals or reactive metals 
are done in the argon-atmosphere cell.

The air cell is a concrete cell with thick shielding walls, and 
remote-controlled manipulators. Only encapsulated fuel materials are handled in 
this cell. The argon cell has thick, shielding, concrete walls and a welded 
steel liner. All operations are done remotely. It has an inert atmosphere with 
a closed-loop cooling and purification system. Unencapsulated fuel materials 
are handled only in this cell. Both hot cells have remote repair/recovery 
capability for all active components of the handling systems.

A shielded repair area is located below the main cell and it has wet and 
dry decontamination equipment, shielded and unshielded glovewall workstations 
and a crane. Contamination control and ventilation are furnished by the air 
cell exhaust system. The hot cells and repair area are connected by an 
air-atmosphere transfer-tunnel system. Since it has designed for remote 
operations, serious contaminations are allowed, yet no fuel or high-level waste 
materials are handled in the repair area.

  
  5.1. Analysis of the Characteristics of the Physical and Chemical Processes
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Although the recycle process of the AFR metal fuel is explained in detail 
in the 2006 report [11] and the reports have been presented since 2007 
[12,13] showing the recycle process of LWR spent fuel and AFR metal fuel 
don’t describe the detailed process, both fuel cycle facilities can be considered 
as the same thing. The process diagram described in references [12, 13] is 
shown in Fig. 17. As mentioned previously, this is the same as the Fuel 
Conditioning Facility of INL. The recycle processes of LWR spent fuel and 
AFR metal fuel are described in the reports presented since 2007 [12,13].

  Fig. 17. Diagram of the Fuel Cycle Facility Operations. 

   

  5.3. Analysis of Nuclear Material Property
As shown in Fig. 17, both LWR spent fuel and AFR spent fuel are 

processed in the ESFR facility and the TRU and U product is fed to the 
ESFR. In other words, both oxide and metal spent fuels are the nuclear 
materials handled in the nuclear fuel cycle facility of ESFR.

  5.4. Analysis of Nuclear Material Flow
Fig.18 shows the supply of LWR spent fuel in the ESFR facility for one 

year and the annual throughput of spent metal fuel discharged from the 
ESFR. Likewise, the new metal fuel fabricated and supplied by the nuclear 
fuel cycle facility is shown in Fig. 18.

Thirty-four assemblies are discharged per year. For ESFR the maximum 
capacity of the basket is assumed to be 34 fresh fuel and 6 additional 
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locations. Concerning PWR spent fuel feed for the fuel cycle facility, about 3 
shipments per year are assumed, and each one requires the transfer of 21 
spent fuel elements (standard transportation cask). Moreover, up to 3 months 
worth of storage for operational purposes is assumed. PWR casks arrive on 
the site and are stored temporarily in the LWR storage building next to the 
Fuel Cycle Facility and they are taken and processed in the Fuel Cycle 
Facility.

Fig. 18. Annual Material Flows in the Baseline ESFR site. 

As shown in Fig. 19, a detailed annual material flow diagram is 
presented; including the LWR and ESFR spent fuel going through the 
pyroprocess, the fabrication of new nuclear fuel and the waste generation. The 
annual supplies of LWR and ESFR spent fuels are about 26 MT/yr and about 
11 MT/yr, and they show the material balance between spent fuel and ESFR 
reactor.

 Fig. 19. Annual Material Flows in the Fuel Cycle Facility for the Baseline 
ESFR System.  
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 6. KAERI Engineering Scale Pyroprocess Facility (ESPF)

KAERI accomplished the development of ACPF (Advanced spent fuel 
Conditioning Process Facility) for lab-scale front end of pyroprocess in 2007, 
and after that, KAERI has been developed the PRIDE (PyRoprocess Integrated 
inactive Demonstration facility). The PRIDE is a Mock-up facility for 
developing the engineering scale facility known for ESPF (Engineering Scale 
Pyroprocess Facility). Fig. 20 shows the general process flow concept studied 
in KAERI[14-16]. 

Fig. 20. Basic Pyroprocessing Concept Studied in KAERI.  

 

 

  6.1. Design and Characteristics of the Facility
The process block diagram for pyroprocessing in the ESPF is shown in 

Fig. 21. Because the PRIDE is a test-bed facility for the ESPF, the PRIDE is 
almost same as the ESPF except using natural uranium instead of spent fuel 
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used in the ESPF. Therefore, the design information of the PRIDE is 
described in this section instead of the ESPF. The process begins with 
simulated rodcuts containing natural uranium as feed materials, and results in 
uranium metal ingots as final products.

 Fig. 21. Flowsheet in the ESPF. 

Through in-depth analysis of the existing facilities and passageways for 
transporting equipment and process apparatus, the three-floored facility has 
been chosen for effective operation and maintenance with separating a 
radiation control area from the common area. The PRIDE consists of an air 
atmosphere area on the first floor, and a large argon atmosphere cell on the 
second floor as shown in Fig. 22. The main pyroprocess equipment located in 
the argon cell, and the other processes and auxiliary systems are located on 
the first floor. Process equipments are marked on each floor layout and listed 
in the figure. The size of the argon cell is 40.3 m in length and 4.8 m in 
width. The layout of the PRIDE is optimized through analyzing the coverage 
of the manipulators for remote operation and the visual line of sight through 
windows. The large transfer lock with air tightness feature is installed to 
transfer the large equipment between the argon atmosphere cell on the second 
floor and the air atmosphere area on the first floor.
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No. Process Equipment No. Process Equipment
1 Melting furnace 3 Waste form fabrication equ
2 UCl3  fabricator 4 Voloxidizer

 

No. Process Equipment No. Process Equipment
1 Electrolytic reducer 7 Cd distillator
2 Cathode consolidation 8 Residual actinide recovery vessel
3 Electro refiner 9 Melt crystallizer
4 Cathode processor 10 Oxidative precipitator
5 Chopper & screw conveyor 11 Salt distillator 
6 Electro winner

 Fig. 22. Pyroprocessing Apparatus in the PRIDE (1st and 2nd floor) 
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  6.2. Analysis of Pyroprocess
   6.2.1. Electrolytic Reduction Process
    6.2.1.1. Current Status

As shown in Fig. 23, KAERI is currently developing an electrolytic 
reduction process, front end of the pyroprocess, to demonstrate the laboratory 
scale operation of the electrolytic reduction process which will eventually use 
a spent fuel at ACPF and at the same time it aims to produce the 
engineering data to be incorporated into the design of the equipment, 
instruments and facilities for the PRIDE and ESPF.

The inactive tests (~10 kgU/batch) of the electrolytic reduction process 
based on a ceramic cathode basket have been completed with more than 99% 
reduction yield. A high-speed electrolytic reducer (20 kgU/batch) equipped 
with a metal cathode basket will be tested in 2009. The hot tests in the 
ACPF, which will use US-origin spent fuel from power reactors in Korea, are 
planned but the detailed hot test plan requires a joint determination between 
the US and Korean Governments on the use of US-origin spent fuel. 

Fig. 23. Electrolytic Reduction Process. 

    6.2.1.2. Historical Description of Electrolytic Reduction Process Development
The oxide reduction process was widely studied as a front end of 

pyroprocessing [5-7] and the program in KAERI was launched in 1997. In the 
beginning, the Li-based reduction process of a spent fuel was developed 
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(1997-2000) [8-10]. The process, with a several kgU/batch capacity, was 
installed and evaluated during 2001-2003. After successfully completing the 
process with a 5 kgU/batch, KAERI developed a 20 kgU/batch process and 
obtained more than a 99 % reduction yield of uranium from the inactive test 
(See Fig.24).

 Fig. 24. Li Reduction System with a Magnesia Filter. 

While performing inactive tests for the Li-based reduction process, KAERI 
developed and demonstrated an innovative concept of electrolytic reduction 
process with a porous magnesia filter. Also during this period, the ACPF was 
designed for a hot demonstration of the electrolytic reduction process.

KAERI adopted a new electrochemical reduction process in March 2002 
for the purpose of integrating the existing two processes: a Li-based reduction 
process and a Li-based electrowinning process. The experimental results 
carried out by KAERI showed that the new process has much improved, 
compared to the conventional Li-reduction process, in terms of simplicity, 
safety and throughput.
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Fig. 25. Electrolytic Reducer with a Magnesia Cathode Basket. 

In 2005, KAERI installed an electrolytic reducer in the ACPF and 
performed seven inactive tests with fresh U3O8 and SIMFUEL. A LiCl-Li2O 
molten salt was used as an electrolyte and the electrochemical reactions were 
tested. As the test result showed no LiCl decomposition, it ensures the 
stability of the LiCl molten salt. Each run was performed with ~10 kg of 
fresh U3O8 or SIMFUEL. The extent of fuel reduction and the distribution of 
stable fission products between the salt and fuel phases were determined. A 
reactor model was developed to assess scale-up issues for a high throughput 
electrolytic reducer. During these inactive tests, more than a 99 % reduction 
yield and a higher than a 100 mA/cm2 anode current density, were obtained 
(See Fig. 25).

In 2007, two bench-scale (~50 gHM/batch) electrolytic reduction runs 
using a KAERI cathode basket were completed with spent LWR fuel in a hot 
cell at INL’s Materials and Fuels Complex securing data on the effects of 
fission products

In 2008, design and construction of a new electrolytic reduction system 
(20 kgU/batch) equipped with a metal cathode basket, which can be linked to 
an electrorefining process, were completed. The technology to suppress the 
vaporization of molten salts and enable a reuse of the molten salts was 
verified. Current density on the anode was increased from ~100 mA/cm2 (old 
electrolytic reducer) to ~500 mA/cm2 (new electrolytic reducer) enabling 
high-speed electrolytic reduction.
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   6.2.2. Electrorefining Process
    6.2.2.1. CERS (Continuous Electrorefining System)

The CERS (continuous electrorefining system), which has the purpose of 
separating pure uranium from the impure uranium mixture, is composed of 
electrorefiner, cathode processor, and a melting furnace. The UCl3-chlorinator 
and transportation are also needed to operate the CERS. In the electrorefiner, 
the uranium deposit is initiated in molten LiCl-KCl salt with about 9wt% 
UCl3, and then the uranium dendrites are deposited and separated from the 
electrode spontaneously, and finally collected at the bottom of the reactor. The 
collected uranium dendrites are conveyed to the cathode processor 
continuously. The cathode processor distills the salt from the conveyed metal, 
and purified metal is transferred to the melting furnace. The metal is melted 
and consequently reformed into ingots for storage or for future use. The 
CERS was designed to continuously operate with a capacity of 20 kg/batch, 
and its schematic process diagram is shown in Fig. 26. The expected 
dimension of the ER system, on the basis of 50 kgU/batchs in PRIDE, is 
shown in Table 8.

 

 Fig. 26. Schematic Description of the Continuous Electrorefining System.
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Unit process Sub-process Dimension (m) on basis of 50 kgU/batch

Electrorefiner Electrorefiner
L4.5 x W1.5 x H2.2 / H3.5(for cathode 

exchange)

Cathode distiller
Grinder Not-decided

Salt distiller L4.8 x W2.0 x H2.9

Melting furnace
Melting furnace L3.5 x W3.0 x H2.2
Sampling driller L1.5 x W1.5

UCl3 chlorinator
Chlorinator L1.5 x W1.5 x H2.2

Pelletizer L1..5 x W1.5 x H2.2

Total
L15.8 (+2.0 for working space) x W3.0 

(except utilities)

Table 8. The Expected Dimension of ER System on the Basis of 50 
   kgU/batches in PRIDE 

  

  

    6.2.2.2. Electrorefiner (ER) 
The role of an electrorefiner is to separate uranium from the impure 

uranium mixture that is the product material of the electroreduction system. 
The currently installed HT(high throughput) ER is designed to have a capacity 
of 20 kgU/batch, which has been simulated by ANSYS CFX. The detailed 
description of HTER is listed in Table 9, and the conceptual design and a 
photograph of HTER are shown in Fig. 27 and 28, respectively.

Fig. 28. Conceptual Design of Continuous High-throughput Electrorefiner.
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Fig. 27. Continuous-type Electrorefiner Equipped with Graphite Cathode 

The reduced uranium metal from the electroreduction system is fed into 
an anode basket, which is placed at the periphery of the reactor. They rotate 
in order to enhance the solution mass transfer. The cathodes, at which the 
uranium dendrites are deposited, are in the core part of the reactor. The 
stirrer that mixes the solution is at the center of the reaction. The saltis a 
LiCl-KCl eutectic solution. It also contains UCl3 in order to initiate deposition 
of the uranium on the solid cathode. The deposited uranium at the cathodes is 
separated spontaneously from the solid cathode at 500oC operation condition. 
It is continuously collected at the bottom of the reactor and conveyed to the 
salt distiller. The remaining materials in the system, after a depletion of the 
uranium from the feed material at the anode basket, are noble metals such as 
Fe and Mo.
       

Cathode (cm)
area(cm2) total area(cm2)

diameter length unit
immersion 

depth
2 20 24 17 113.04 2,713

Current density(mA/cm2) Max current (A)
Calculated throughput

(cell efficiency 70%), kgU/24h
150 407 20.24

  Table 9. The Design Values Calculated by ANSYS CFX   
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To achieve high throughput in the electrorefiner, a high surface area of 
cathode is requisite. If the cathode is assigned in multiple layers, then the 
distance between cathodes increases. However since the cathodes have the 
same polarity, an electrostatic field may interfere with the movement of 
particles. As a result of a computer simulation, the configuration of a double 
layer is better to enhance the surface area and widen the distance of the 
electrodes. Fig.29 shows photos of the experimental result of uranium 
dendrites at double cathode layers, with more deposits of uranium at the outer 
layer and no deposition at the back side of the outer layer.

                   

 Fig. 29. Photographs of Graphite Cathodes with Double-layer : 
              a)outer and inner layer, 
              b)front and back side of front layer. 

    6.2.2.3. Salt Distillator 
Uranium deposits from an electrorefiner contain about 30~40 wt% salts. In 

order to recover pure uranium and convert it into a metal ingot, the salts 
have to be removed from the uranium deposits. Above 99 wt% salt removal 
of uranium deposits has to be achieved for the following uranium metal ingot 
casting process. The characteristics of salt evaporation depend largely on the 
vapor pressures of the components and the temperature. A vacuum evaporation 
was applied to the salt removal system. The vacuum pressure and the hold 
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temperature are the key factors of the evaporation system. In order to 
understand the behaviors of the salt evaporation of uranium deposits, a batch 
type bench-scale salt distiller was employed. For continuous salt removal of 
the uranium deposits, a kiln type salt distiller was developed. 

A kiln type continuous salt distiller was designed and installed for a 
28.57 kg U deposit/day capacity as shown in Fig. 30. The salt evaporation of 
the uranium deposits was carried out with the continuous salt distiller. The 
distilled uranium deposits were produced. The recovery efficiency of the 
distilled uranium deposits and salts was very low. The salt distiller should be 
improved and the optimum operational conditions should be secured for 
raising the recovery efficiency of the distilled uranium deposits.

 Fig. 30. The Installed Kiln-type Continuous Salt Distiller.

    

    6.2.2.4. Casting Process
This process is to consolidate the refined uranium deposits into a solid, 

cylindrical, metallic form, which will be used as raw material for SFR fuel or 
will be stored for future use. This process is followed by the cathode process, 
where almost 99% of salts mixed with uranium deposits are removed. In the 
case of the cathode processor developed by Idaho National Laboratory, almost 
all the salt from the refined uranium deposit could be removed, and a 
uranium ingot could be produced in the same equipment (Fig. 31). INL's 
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cathode processor is a batch-type, and the process capacity is about 20 
kgU/day. The equipment shown in Fig. 31, consists of the vessel and its 
internals, a support structure, a dedicated loading mechanism, a vacuum 
system, instrumentation and control equipment, and miscellaneous ancillary 
equipment. Two identical units are in operation: the prototype equipment used 
for the development at ANL, and the production equipment installed in the 
FCF Argon Cell in INL. It was designed with general requirements covered 
for remote operations, maintenance, physical limits and environmental 
conditions.

 Fig. 31. Cathode Processor of INL. 

KAERI has been developing a high throughput pyroprocess technique for 
spent fuel treatment. In order to increase throughput of the process, we 
introduced a continuous concept into the pyroprocess so the cathode processor 
was divided into two parts, which consisted of a distiller and an ingot casting 
equipment. The ingot casting equipment consists of a vacuum chamber, a 
charger, a crucible and a mold. The distilled uranium dendrite is fed from the 
distiller to the charger and the uranium dendrite goes inside the crucible, 
which is made of graphite coated with zirconia. At first, the vacuum chamber 
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is evacuated to ~ 10-1torr and then, using the induction coil heater, the 
temperature of the crucible goes up to 1,300℃. The uranium dendrite will 
melt and the melt will fill the mold by tilting the crucible. The schematic 
diagram of the ingot casting equipment is shown in Fig. 32. The throughput 
will be 20 kgU/24h. The ingot casting equipment was designed and fabricated 
as shown in Fig. 33.

Fig. 32. Schematic Diagram of Ingot Casting Equipment.

 

 Fig. 33. Photograph of Installed Ingot Casting Equipment 
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    6.2.2.5. UCl3Chlorinator
The role of uranium chloride salt (UCl3) is to stabilize the initial cell 

voltage between electrodes in the electrorefining reactor. The development is a 
method of producing large quantities of uranium chloride (UC13) which is not 
corrosive to the containment vessel. In the case of the USA, 
ANL-E(ANL)produced the UCl3 needed for the Mark-V ER experiments 
scheduled for December 1997 at ANL-W(INL). The feasibility of using 
MnCl2 as an oxidant for the in situ synthesis of UCl3 has been explored, but 
the formation of a KMnCl3 phase in the KCl salt could prove problematic in 
the Mark-V therefore, UCl3 has been produced by using CdCl2 as the 
oxidant, in the presence of excess uranium, to ensure that all of the CdCl2 is 
consumed in the reaction. ANL-E has prepared and delivered the required 58 
kg of UCl3 to ANL-W on schedule. 

The process for producing a uranium chloride salt product includes two 
steps: reaction of gaseous chlorine with liquid cadmium to form the CdCl2 
occurs in the Cd layer, then UCl3 is produced by the reaction of U in 
LiCl-KCl eutectic salt and CdCl2. The apparatus for producing UCl3 consists 
of a chlorine gas generator, a chlorinator and an off-gas wet scrubber. The 
throughput of the UCl3 chlorinator is about 1.3kg UCl3/batch. The 
temperatures of the reactants are maintained at about 600oC. After the 
reaction is completed, the product salt is transferred from the vessel to the 
electrorefiner.

    6.2.2.6. LiCl-KCl-UCl3 Molten Salt Transportation and Pelletizer
The electrorefining experiment to recover uranium and TRU from spent 

nuclear fuel is conducted in LiCl-KCl molten salt. Sufficient initial uranium 
ion is necessary to deposit uranium and TRU elements in the molten salt. A 
presence of a certain amount of UCl3 is need to supply enough uranium ion 
in an electrolytic bath. In order to transfer LiCl-KCl-UCl3 salt from a salt 
manufacturing reactor to an electrorefining process, LiCl-KCl-UCl3 salt has to 
be solidified to a given size and shape of pellets. For manufacturing the salt 
pellets, the salt, which is produced in the salt manufacturing reactor, has to 
be transferred to a pelletizer in a liquid state at above melting point. The 
purpose of this process is to determine the characteristics related to the 
transportation of LiCl-KCl-UCl3 molten salt manufactured at a melting 
temperature and the manufacturing of the eutectic salt pellet.
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In recent years, KAERI carried out the following experiment in which the 
used molten salt of the electroreducer was transferred into the lab-scale salt 
ingot processor by using a vacuum transfer technology and made into a salt 
ingot in a mold. Because chlorine gas is used during the manufacturing of 
LiCl-KCl-UCl3 eutectic salt and the molten salt is strongly sensitive to the 
moisture, the transportation of the molten salt and the pelletizer operation 
should be carried out under an inert gas atmosphere such as Ar. In addition, 
because chlorine gas is also strongly corrosive and the transportation 
experiment is performed at the high temperature of 400℃or more, all of the 
interior of the device must be made of stainless steel. The molten salt 
transportation from the manufacturing reactor to the pelletizer can be done by 
pressurization, or decompression, of reactor the vessel while maintaining the 
high temperature. Strict temperature control in the each part of transportation 
tube is needed in order to maintain a point above of eutectic salt.

   6.2.3. Electrowinning System
  The electrowinning system is able to recover group actinides from 

LiCl-KCl eutectic salt after the electrorefining operation. It consists of a liquid 
cadmium cathode (LCC) electrowinner, a Cd distiller, and residual actinide 
recovery (RAR) equipment as shown in Fig. 34. The subjects of this study in 
Phase 1 (2007-2009) are to establish lab-scale electrowinning equipment for 
TRU recovery and to produce scale-up data from the results of performance 
tests. The final targets of this study can be accomplished in Phase 2 
(2010-2011) by establishing the electrowinning system of engineering scale 
(PRIDE).

  

 Fig. 34. Electrowinning Process. 
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The purpose of this study is to develop electrowinning technology, which 
enables recovery of group actinides from a molten salt system, as a major 
process in pyroprocessing technology, with proliferation resistance. The scope 
of this study includes an electrowinning technology of LCC to recover group 
actinides, such as uranium and TRU (Np, Pu,Am, Cm), in the molten salt 
(LiCl-KCl) transferred from an electrorefining process which collects uranium 
of high purity, a cadmium distillation technology to separate Cd and actinides 
from Cd-metals alloy by LCC, a RAR technology for the treatment of the 
spent salt with a low concentration of actinides, and a computer analysis 
technology to simulate the electrolytic process of a molten salt system for 
TRU recovery. 

    6.2.3.1. LCC Electrowinning
Uranium was successfully collected up to 5.5 wt% in LCC without 

forming uranium dendrite. As of today, we have a lab-scale electrowinning 
apparatus with mesh-type LCC structure and the research target is to improve 
its performance. 

U and TRU elements show distinct red-ox potential differences on the 
solid cathode (W, STS, graphite, et al.) and so U can be preferentially 
recovered using the solid cathode. On the other hand, red-ox potentials of 
actinide elements are so close on the liquid cathodes (Cd, Bi et al.), and 
therefore it is technically difficult to recover actinide elements separately on 
LCC, which means the electrowinning process using LCC provides the 
non-proliferation of pyroprocessing.

During the electrodeposition of U/TRU elements to LCC, however, the 
uranium ions were known to be deposited in the shape of dendrites on the 
surface of the LCC. These uranium dendrites hinder a co-deposition of the U 
and TRU elements. So, a paddle-type stirrer and a pounder, shown in Fig. 35 
and 36, were developed to prevent the formation of the uranium dendrite in 
Japan and the United States, respectively. The paddle-type stirrer, rotating 
under the liquid cadmium surface, seemed to block the dendrite growth by a 
turbulent liquid flow. On the other hand, the pounder was likely to directly 
push down the deposited U into the liquid Cd and thereby delay the dendrite 
growth. However, these types of LCC structures did not show good 
performance for removing uranium dendrite on LCC surfaces in our 
experiments.



- 41 -

 Fig. 35. Pounder (INL). 
 

 Fig. 36. Stirrer (CRIEPI). 

  We designed and manufactured a lab-scale LCC electrowinner to 
evaluate the performance of LCC structures such as stirrer-type or mesh-type 
(See Fig. 37). The experimental results of the performance tests using 
mesh-type LCC structure showed that uranium was collected up to 5.5 
wt%/Cd without formation of uranium dendrite (See Fig. 38). 

Fig. 37. Lab-scale LCC Electrowinner. 
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 Fig. 38. LCC Performance Test Result using Mesh Agitator.  

    6.2.3.2 Distillation
A lab-scale (1kg-Cd/batch) experimental set-up was fabricated in 2007. 

Distillation experiments have been carried out to examine the behavior of 
cadmium distillation for the development of equipment to recover actinide 
from the LCC. The effects of operating parameters were investigated for the 
design of an engineering-scale cadmium distiller.

  The LCC contains U, TRU (Np, Pu, Am) and rare earth elements after 
the LCC electrowinning operation. Since TRU elements in the product cannot 
be separated from each other, there is no need to consider the proliferation 
problem in this step.

  After group actinide recovery by LCC, cadmium can be separated from 
actinide products in LCC. The distillation process is adopted for the separation 
of cadmium since the physical separation process, such as distillation 
separation, is more attractive than chemical or dissolution processes because 
physical processes generate much less secondary process. The cadmium 
separation principle is evaporation of cadmium in the hot region and 
condensing of cadmium vapor in the cold region. The condensed solid 
cadmium is recycled to the electrowinning process for reuse.



- 43 -

Cadmium was effectively distilled and separated from the TRU 
surrogate(Ce). The apparent evaporation rates were measured at various 
temperatures and pressures. The distillation rate of cadmium was varied from 
4.5 to 33 g/cm2/h in the temperature range of 500~650℃and in the vacuum 
pressure range of 0.5 to 10 torr. The theoretical distillation rate calculated by 
the Hertz-Langmuir relation was higher than the experimental value of the 
evaporated cadmium. This deviation is compensated by an evaporation 
coefficient (α) obtained empirically and the evaporation coefficient was a 
function of the temperature. 

    6.2.3.3. RAR
A hybrid process, using LCC electrolysis and oxidative extraction for 

removal of the rare earthelements from a Cd-metals alloy, was evaluated as a 
feasible technique for the RAR step. Research works are in progress to obtain 
experimental data for the innovative RAR method.

RAR, as well as an electrowinning technology which recovers TRU and 
rare earth elements using a LCC, is recognized as a proliferation resistant 
process since the electrodeposition potentials of the actinides and rare earth 
elements have nearly same values. So the final products, resulting from LCC 
electrowinning and RAR processes, are cadmium, group actinides, and rare 
earth metals alloys. 

For a promising pyro-partitioning process, it is necessary to find an 
effective method for recovery of the residual actinides from a spent salt 
resulting from an electrowinning step prior toa removal of all the fission 
products in a waste salt treatment step. KAERI has established a residual 
actinides recovery (RAR) scheme with a hybrid concept that consists of two 
steps. The first one is an electrolysis using an LCC to collect all the residual 
actinides and some of the rare earth elements to reduce the concentration of 
actinides in the molten salt. The second step is a selective recovery of parts 
of the accompanied rare earth elements by oxidation (or chlorination) using 
CdCl2 from a Cd alloy with the rare earth elements, U and TRU [8-10]. 
Oxidation experiments by adding the CdCl2 oxidant into a salt containing a 
molten Cd-metals alloy were carried out to confirm the residual concentration 
of the actinides in the salt to maintain it at a value of less than 100 ppm. 
Presence of CdCl2 leads to multiple CV peaks of the RE elements from a 
single CV peak shape in the absence of CdCl2 in the LiCl-KCl salt. It 
provides useful information, in that controlling the amount of CdCl2 by 
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adding or exhausting. It would be one of the important keys to determine an 
optimal operation condition of the RAR system.

   6.2.4. Waste Salt Regeneration and Solidification System
    6.2.4.1. Outline

Pyroprocessing of spent light-water reactor (LWR) oxide fuel can separate 
uranium and transuranic (TRU) elements from spent fuel in a molten salt 
electrolyte by using an electrochemical technique and has been considered as 
a proliferation-resistant and environment-friendly technology because separation 
of plutonium alone is rarely possible and the final volume and radiological 
toxicity of the radioactive waste can be greatly reduced. It can enhance the 
effective utilization of uranium resources as well when combined with a 
sodium-cooled fast reactor (SFR) system. The oxide fuel is first reduced to a 
metal form in the molten LiCl medium of an electrolytic reduction process, 
and then uranium and TRUs are separated from the metal mixture in the 
LiCl+KCl eutectic salt electrolyte of an electrorefining process. [16]

During the pyroprocessing of LWR spent oxide fuels, two different types 
of waste salts are expected to be generated: One is LiCl waste salt containing 
alkali and alkaline-earth (Group Ι/ІІ) fission products (FPs) from an 
electrolytic reduction process, and the other is LiCl-KCl eutectic waste salt 
containing rare-earth FPs from an electrorefining process. Since these waste 
salts are radioactive, heat-generative and highly soluble in water, they must be 
fabricated into durable waste forms that are compatible with the environment 
inside of a geologic repository for a long time. Current technology for 
disposing of waste salts from the pyroprocess is non-selective total 
incorporation of waste salts in the zeolite matrix to form a ceramic waste 
form, which results in the significant increase of final waste volume for 
disposal. 

KAERI has two key R&D concepts in developing innovative waste salt 
treatment technologies. The first one is minimization of waste salt generation 
by the removal of fission products in it and then recycling of the cleaned salt 
to the main pyroprocesses. The second one is an increase of safety by the 
fabrication of high-integrity final waste forms during interim storage or final 
disposal. To meet these purposes, KAERI has developed various FPs removal 
and waste solidification technologies such as melt crystallization, oxidative 
precipitation, and SAP solidification. The performance was found to be 
successful in small-scale equipment. Scale-up of the salt regeneration and 
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solidification units and verification of the performance in the scaled-up 
processes will be done in a stepwise manner according to the KAERI’s 
long-term R&D plan, which is financially supported by the national long-term 
nuclear R&D program. Construction and performance evaluation of the 
lab-scale system and an engineering-scale mock-up system will be completed 
by the end of 2009 and 2011, respectively. The demonstration of an 
engineering-scale (10t-HM/yr) pyroprocessing system is scheduled by 2016.

    6.2.4.2. Status of KAERI’s Waste Salt Treatment Technology
The goals of KAERI’s research on the waste salt treatment technology are 

to minimize waste salt generation and to develop durable high level waste 
forms. For the minimization of waste salt generation, salt recycle technologies 
by a selective removal of FPs from waste salts and then recycle of the 
refined salts to the main process (i.e., electrolytic reduction and electrorefining 
process) are under development. The final wastes from salt regeneration 
processes are fabricated into durable ceramic waste forms to enhance the 
integrity and safety during interim storage or final disposal. Fig. 39 
illuminates the overall scheme of waste salt generation and KAERI’s 
technological approach.

 Fig. 39. KAERI’s Approach to an Effective Management of Waste Salts. 

    6.2.4.3. Waste Salt Regeneration
For the regeneration of waste LiCl salts, group Ι/ІІFPs involved in the 

waste salt are separated by using a melt crystallization process such as a 
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Czochralski method. This technology does not require any foreign additives or 
adsorption agents such as Zeolite. The operation principle is a solubility 
difference of solutes (e.g. CsCl and SrCl) between molten salt and solid 
states. In this process, the group I/II radionuclides are concentrated in the 
melt phase, while the other solid phase contains relatively purified LiCl salt. 
This crystal phase contains a very small amount of group I/II FPs and then is 
recycled to the electrolytic reduction process for reuse. Preliminary experiment 
showed that more than 90% of total waste salt could be recovered as a 
refined LiCl crystal containing less than 10% of initial CsCl and SrCl2. 

In the case of rare-earth FPs involved in waste LiCl-KCl eutectic salts, 
they are removed from eutectic salt by an oxidative precipitation and the 
refined salt is recovered by a salt distillation process (Refer to Fig. 40). The 
rare-earth chlorides react with oxygen bubble to convert their chemical forms 
into oxides or oxychlorides. After oxidation, if we let the molten salt settle 
down for several hours, the oxidized rare-earth products are precipitated and 
phase separation into upper pure salt phase and lower precipitate phase occurs. 
The upper part can be directly recycled to the electrorefining process. The 
lower part is a mixture of rare-earth precipitates and residual salt. The 
residual salt is recovered as a pure salt by using a vacuum distillation process 
and then is recycled to the electrorefining process for reuse. The conversion 
efficiency reached up to 99% after oxygen sparging for 7 hours at 750oC. 
And for the recovery of pure salt from rare-earth precipitates, over 99% of 
salt distillation efficiency could be achieved after 1 hour distillation at an 
absolute pressure of 50 torr and 1,200K. During distillation, carry-over of 
rare-earth precipitates was not observed and the recovered salt had nearly the 
same composition as that of the fresh eutectic salt.

Fig. 40. Regeneration of Waste Eutectic Salt from Electrorefining Process. 
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    6.2.4.4. Waste Solidification
The remaining wastes from both FPs removal processes are LiCl salt 

residue with concentrated Group I/II FPs and rare-earth oxides. 
For the solidification of waste salt, a zeolite process, developed by 

Argonne National Laboratory in USA, has been considered as a practical 
method by reliable experimental results. Zeolite-4A has large cages in its 
structure that can hold foreign chemicals. In this zeolite solidification process, 
the waste salt can be fixed in the zeolite structure and then solidified into a 
ceramic waste form with an addition of glass frit. However, one important 
disadvantage of the zeolite process is the substantial increase of the final 
waste volume due to the limitation in the maximum salt loading into the 
zeolite structure and existence of free salt on the zeolite surface.  To 
overcome this problem, KAERI has developed a quite noble, alternative 
technology to the zeolite process. This process uses a new inorganic 
composite of silicone, aluminium and phosphorous oxide, which can provide a 
series of chemical routes to stable chemical forms for waste salts. For this 
reason, we named our process as SAP solidification technology. The SAP 
material is prepared by using a conventional sol-gel method, and then mixed 
and reacted with molten salt residue for 16 hours at 650oC. The reaction 
product undergoes a final heat treatment step with an addition of glass frit for 
4 hours at around 1,150oC to form a durable ceramic waste form (Refer to 
Fig. 41).

Fig. 41. Waste Salt Solidification Process and Monolithic Waste Forms. 
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3 YG 3&4

Reactor Type PWR

Rod Array 16×16

Fuel 
Assembly

Supplier
ABB-CE

(KSFA)

Rod/Ass.

Ass./Core

236

177

Total Length(㎝)

Fuel Length(㎝)

Width(㎝)

452.8

409.4

20.7

O.D of Rod(㎜)

Clad Thick.(㎜)

9.91

0.635

Total Weight(㎏)

Uranium(㎏)

Zircaloy(㎏)

653.6

428

135

Table 10. Design Parameters of the Reference Spent Fuel  

To the present, our application of SAP solidification technology 
experiments showed that around 3 times higher loading of waste salt into the 
SAP structure to result in a less final waste volume, while maintaining higher 
chemical durability and thermal stability, compared to the zeolite product, was 
possible. This unique waste form needs to be further characterized and 
qualified to see if it meets the requirements for final disposal. 

The rare-earth oxides solidification technology is still in progress to find 
the suitable host matrix (NZP, Monazite, Britholite or Apatite) and to optimize 
conditions for a ceramic waste form fabrication process.

   
  6.3. Analysis of Nuclear Material Characteristics

The reference feed stock used in the ESPF is Korean Yonggwang Nuclear 
Station Unit 3 & 4's (YG 3&4) 16x16 standard PWR spent fuel assemblies 
with a minimum of 10 years of cooling time after discharge from the reactor. 
The design data and burn-up characteristics of the reference spent fuel feed 
stock are shown in Table 10 and 11, respectively.
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Enrichment (wt%) 2.4~4.5 (Reference 4.5)

Pellet Density (g/cm3) 10.4

   Nuclide
4.5wt.%, 55GWD/MTU

Grams wt.%

u234 1.97E+03 0.021

u235 7.12E+04 0.755

u236 6.37E+04 0.675

u238 9.15E+06 97.063

Total U 9.29E+06 98.514

pu238 4.32E+03 0.046

pu239 6.35E+04 0.673

pu240 2.99E+04 0.317

pu241 1.50E+04 0.159

pu242 1.02E+04 0.108

Total Pu 1.23E+05 1.302

np237 8.62E+03 0.091

am241 4.76E+03 0.050

am242m 1.53E+01 0.000

am243 3.03E+03 0.032

cm242 1.60E-01 0.000

cm243 9.32E+00 0.000

cm244 1.14E+03 0.012

cm245 6.34E+01 0.001

cm246 1.27E+01 0.000

Total MA 1.76E+04 0.187

Total 9.43E+06 100.000

Table 11. Fissile Contents of Reference Spent PWR Fuel 
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  6.4. Analysis of Nuclear Material Flowsheet
An integrated pyroprocess flowsheet is established in the ESPF shown in 

Fig. 42. The mass balance is determined on the basis of the flowsheet and 
the reference spent fuel has the initial enrichment of 4.5 wt%, burnup of 55 
GWd/tU and a 10 year cooling time. The mass balance will be updated 
everytime new experimental data is obtained or some unit processes are 
changed.

FuelLoss 1.960
U 1.858 U 339.833⑪ U31.292

NM 39.0232 R1 TRU 0.028 TRU 0.000 TRU0.028
Clad 2560.00006 NM 0.025 NM 0.000 NM0.000
SSadded 512.0000 Clad 2560.000 REFP 0.000 REFP0.0340
U 0.331500 Total 339.833 Cs0.0000
TRU 0.000280 REFP 0.034 Sr0.0000
REFP 0.000343 Cs 0.008 416.323 00.0000
Cs 0.000081 Sr 0.002 Total 31.354
Sr 0.000025 1-1 FP(I,Tc) 0.0031-2 2-1
FP(I,Tc) 0.000032
Total 3111.3555

U 9291.060 U 9289.202 U 9628.234
TRU 140.244 Temp1200 oC TRU 140.216 TRU 140.136
NM 126.098 NM 38.998 NM 38.998

U 9291.060 Clad 2560.000 U 0.000 REFP 171.679 U 0.800 REFP 171.679
TRU 140.244 REFP 171.714 TRU 0.000 Cs 0.815 TRU 0.080 Cs 0.075
NM 126.098 Cs 40.740 NM 87.075 Sr 12.307 NM 0.000 Sr 1.130

Clad 2560.000 Sr 12.310 REFP 0.000 FP(I,Tc) 0.000 REFP 0.000 FP(I,Tc) 0.000
REFP 171.714 FP(I,Tc) 15.985 Cs 39.918 Total 9653.217 Cs 0.822 Total 9980.252

Cs 40.740 Total 12358.150 Sr 0.000 Sr 12.420
Sr 12.310 FP(I,Tc) 15.981 FP(I,Tc) 0.000

FP(I,Tc) 15.985 Total 142.974 Total 14.121
Total 12358.150TotalHM 9798.150

others
(Xe, Zr, Ba, Te,

Kr, Rb, Cd, Sn,

Se, Sb, H, C, Br)

2435.752 LiCl720kg/batch
Selective trapping ⓑ-2 Cs0.082 <-- 0.082

7 5-1 Sr1.242 <-- 1.242

ⓑ-1 Total 1.324
142.974 LiCl800kg-total

402.74 142.974 Cs0.740
Sr11.178

Total 811.917

648.694 Cl2487.150

224.070

Cl283.923 CWF2760.519
147.141

1294.320

Total 1921.130
U 31.292

TRU 0.000
U 40.639⑤ NM 38.998

TRU 140.164⑩           ③ REFP 0.0000
Cl216.410 NM 0.000 U 327.507 Cs 0.0000

REFP 171.713⑩ Cl 147.141 Sr 0.0000
Cl261.211 Cs 0.075 FP(I,Tc) 0.0000

531.018 Sr 1.130 Total 70.290
FP(I,Tc) 0.000

5-2 4-2 4-1 Total 353.7213-1

ⓓ
U 0.000 U 8.509 ⑮

TRU2O30.154 TRU 0.140 TRU 41.661
RE2O3132.601 REFP 113.685 NM 0.000
Total 132.755 Cs 0.075 REFP 147.701 ⑮

Sr 1.130 Cs 0.075 U 32.130⑬ U 9830.109⑦
18.902 FP(I,Tc) 0.000 Sr 1.130 TRU 98.503⑬ TRU 1.259⑧
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 Fig. 42. Flowsheet and Mass Balance in the ESPF. 
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Chapter 3. Determination of a Reference Pyroprocessing Facility Concept

In chapter 2, conceptually designed pyroprocessing facilities were analyzed 
at the point of the characteristics of the facility description, process type, 
process material, and process flow through the process shown in Fig. 43. In 
chapter 3, these analytical results were compared with each other to determine 
a reference pyroprocessing facility concept.

Fig. 43. Diagram for the Determination of a Reference Pyroprocessing Facility 
    Concept. 

  

 1. Comparison of Six Pyroprocess Facility Concepts

Pyroprocess facility concepts suggested by US, Japan, and Republic of 
Korea are compared in Table 12. In a historical point of view, pyroprocess 
originated from FCF of INL which had been constructed as the facility to 
treat metal spent fuel of EBR- II.

The facilities concepts in Table 12 are similar to the FCF or a slightly 
modified FCF in the part of the electrorefining process that separates TRU 
from metal spent fuel to a process fabricated fresh fuel for a fast reactor. 
Most of them are still in conceptual design phases, and the FCF is the only 
operating facility for the metal spent fuel treatment. And PRIDE, which uses 
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natural uranium and has an equipment function of ESPF, is near completion 
of a detailed design. Since the conceptual design must be updated frequently 
in the future, the safeguards approach should be developed to cover the future 
propyrocessing technology.
 

Facility Name Institute

Publishe

d 

Material

(Year)

Status
Capacity

(tHM/yr)

MOX Fuel 

Recycle 

Facility

 CRIEPI 2008
Conceptual

Design
38

SFRF GE-Hitachi 2003
Conceptual

Design

Startup : 915

Transition: 317

Equilibrium: 48/15

ESFR

GEN-IV 

PR&PP 

Forum

2008
Hypothetical 

Design

LWR : 26

ESPR : 11

ARTF ANL 2006 Conceptual Design 100

 FCF INL 2006
Operating & 

Conceptual Design
-

PRIDE 

Facility

 ( I n a c t i v e 

SPF)
KAERI 2009 

Detailed Design 

10

ESPF Conceptual Design

KAPF KAERI 2005
Conceptual Process 

Design
100

 Table 12. Comparison of Pyroprocess Facility Concepts Suggested by US, 
    Japan, and Korea 
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 Table 13 shows the summarized essential constituents of pyroprocessing 
concepts. Since for each concept the major process equally consists of spent 
fuel chopping, granulation, reduction, and refining, those unit processes are not 
presented in Table 13. The reason for having a similar unit process line is 
largely due to the use of pyroprocess components suggested by INL or ANL, 
or slightly modified ones. The characteristics of the input and the product 
materials are similar to each other, as shown in Table 13. Even if so, there 
are some differences noted for each individual concept as appeared in the 
remarks of Table 13. The common point of all six concepts is to have the 
path of pyroprocessing spent LWR fuel to produce fresh fuel for a fast 
reactor. This path should be certainly involved in a reference pyroprocessing 
facility. 

What needs to be pointed out about those six concepts, at this moment, is 
whether they are viable concepts to be materialized. In the major unit process 
line of pyroprocess, the most difficult part is the capacity expansion of 
electrolytic reduction process. There is no major problem with electrolytic 
refining or electrolytic winning because FCF of INL has a lot of hot test 
experience in an engineering scale. On the other hand, electrolytic reduction 
has been carried out only at a small-scale laboratory, therefore it is expected 
that there are many problems technically to cope with and, accordingly, 
presently available technology will encounter limitation of expansion of the 
batch size. But in the circumstance, it is also not economically efficient that 
numbers of electrolytic reduction apparatus are installed in order to increase 
the capacity of the facility. From this point of view, it is not expected to 
construct a large-scale facility within near future.

Facility Name Operating Days
(days/yr)

Input material 
(Spent Fuel)

Output 
Material Remarks

MOX Fuel 
Recycle Facility 200 LWR MOX U-TRU-RE UO2 Recovery

SFRF - LWR
ALMR ALMR Fuel Three Step Operation

ESFR 240 PWR
AFR ESFR Fuel One LWR + four ESPRs

ARTF 200 PWR U-TRU-RE -
FCF - EBR-II SFR Fuel Constructed Facility

ESPF 200 PWR SFR Fuel Continuous Electrorefining 
Process

KAPF 200 PWR SFR Fuel -

Table 13. Material Characteristics in the Six Pyroprocessing Facility Concepts
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 2. Requirement of a Reference Pyroprocess Facility Concept

A reference pyroprocessing facility, to be determined after consultation 
with the IAEA, will have an important meaning as described in Table 14. It 
will be used for a design of safeguards approach and a safeguardability 
analysis planned under MSSP during the 2nd and 3rd years and it would also 
become a safeguards approach model to be used by other countries. When 
this reference pyroprocessing facility is constructed in the near future it can 
be used for the IAEA to utilize it for safeguards technology verification. 

NO Purpose Remarks

1
A reference facility on which a safeguards approach is 
developed and safeguard-ability analysis is performed during 
the 2nd-3rd year.

2
A reference facility on which IAEA will develop nuclear 
material accounting equipment and surveillance system.

3
When other countries design a new pyroprocessing facility, 
this safeguards approach for the reference facility is used 
as a reference safeguards model.

4
This reference facility might be used for the demonstration 
of some IAEA safeguards equipments when this facility is 
constructed and operated.

Tokai-mura 
Reprocessing 

Plant

 Table 14. Purpose of the Reference Pyroprocessing Facility 

 

In determination of this meaningful reference pyroprocessing facility, a set 
of principles are suggested as shown in Table 15, and it should be noted that 
some of the principles seem to be inconsistent with each other. Those 
contradictions and differences might be useful for the determination of a more 
balanced reference pyroprocessing facility.

In view of the safeguards, it is advantageous to have a large-scale facility 
as a reference facility because a small facility is easily safeguardable if the 
large facility is proved to be safeguardable. But it is also important that the 
facility concept will be realized within near future (~10 year) because the 
process technology is updated fast. So, it is a way to determine an minimized 
facility, which includes all essential processes, as the reference processing 
facility. 
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NO Requirement Remarks

1
A facility concept including most pyroprocessing facilities 
designed in the world

Generic

2 A facility concept including most essential processes Common

3 A facility concept to be constructed within 10 years Practical

4
A facility concept to cover the improvement of the pyroprocess 
apparatus and techniques 

Common

5
A concept of a facility in which processes are specified and a 
nuclear material flowsheet is setup

Practical

6
A concept of a small facility in which the Limit of Error on 
Material Unaccounted For (LEMUF) might be more than the 
IAEA Detection Goal

Practical

 Table 15. Requirement of a Reference Pyroprocessing Facility Concept 

 

3. Candidates of a Reference Pyroprocessing Facility Concept

Most processes are very similar to each other so that it is not necessary 
to focus on the process, itself, too much. It is more important to focus on 
the materialization of facility construction and the quantity of nuclear material 
handled. In accordance with the above described determination principles of a 
reference pyroprocessing facility, the following three proposals are suggested; 
the 1st proposal is a facility that mostly accommodates the six facility 
concepts and the 2nd and the 3rd proposals are ones that have a high 
potential for construction and operation. 

  3.1. Integrated Facility (1st Proposal)
The GEN-IV PR&PP Model includes most of pyroprocess facility 

concepts, except UO2 recovery process of CRIEPI and continuous 
electrorefining process of KAERI. As described earlier, a reference facility 
concept is better to include most pyroprocessing facilities designed worldwide, 
especially most essential processes. And the processes and material flowsheet 
need to be specified for the model. From this point of view, GEN-IV PR/PP 
model is selected as the 1st proposal for the reference pyroprocessing facility. 
As suggested in Fig. 44, metal fuel fabrication stage is eliminated from the 
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Fig. 45. 2nd Candidate for the Reference Pyroprocessing 
Facility, Based on the INL and ANL. 

original model to focus on the key feature of pyroprocess itself, but the 
material balance is kept as original design. It is noted that the UO2 recovery 
and continuous electrorefining process could be considered, if needed, after the 
basic safeguards design approach and assessment of safeguardability have been 
performed. Hypothetical concept and low possibility of realization of this 
facility model are weak points as a reference facility.

 

Fig. 44. 1st Candidate for the Reference Pyroprocessing Facility, 
Based on the GEN-IV PR&PP Model 

  3.2. Simple Basic Facility (2nd Proposal)
Since most pyroprocessing facility models originated from the SFS of 

INL, essential process is about the same, therefore, the 2nd proposal based on 
INL and ANL consists of representative key basic processes as shown in Fig. 
45. It is similar with ESPF of KAERI, and the input material for this facility 
is PWR spent fuel. Key features of this proposal are including most essential 
processes and simple, but we should assume it, if needed, by modification of 
ESPF’s mass balance because the detailed material mass balance for the INL’s 
or ANL’s facility is not available.
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  3.3. Construction Potential Facility (3rd Proposal)
Since the ESPF is planned for construction in 2016, this facility has high 

potential to be realized, so we selected the ESPF as the 3rd proposal. The 
ESPF process flow is presented in Fig. 46 and it is almost same with the 
2nd proposal. The main differences from the 2nd proposal are adding input 

accountability tank and replacing electrorefining with continuous 
electrorefining process. The input accountability tank is not a process stage 
but a kind of inventory storage for input material of the pyroprocess. In this 
case, the voloxidizer may include mixed U3O8 powder and homogenized 
powder get together into input accountability tank for a sampling for a 
destructive assay or non-destructive assay. Adapting of a continuous 
electrorefining process makes some changes of material mass flow of the 
electrorefining and electrowinning process. It is of significance that the 
detailed material flowsheet is available for the assessment of safeguardability 
for this facility model. The cold demonstration facility, in engineering scale, is 
completed in its detailed design, of which most of the designed process will 
be directly installed in ESPF. 

 Fig. 46. 3rd Candidate for the Reference Pyroprocessing Facility, Based on 
 the KAERI ESPF. 
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 4. Determination of a Reference Pyroprocessing Facility Concept

The 3rd Working Group Meeting was held in IAEA headquarters from 
August 31 to September 2. The staffs of KAERI, KINAC, and IAEA 
participated to review the 1st year report for the MSSP and to determine a 
reference pyroprocessing facility. They had a discussion on determining a 
reference pyroprocessing facility among three candidates presented previously.

As a result, the 3rd one has been determined as a reference 
pyroprocessing facility.
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Chapter 4. Summary

In this report, pyroprocessing facility concepts suggested by US, Japan, 
and Republic of Korea have been summarized and analyzed, and the 
determination principles were established to determine a reference 
pyroprocessing facility concept. Three proposals for a reference pyroprocessing 
facility concept were suggested based on these principles. The 1st proposal is 
based on the GEN-IV PR/PP model except the metal fuel fabrication process. 
It may be possible to later add the metal fuel fabrication process, UO2 
recovery process of Japan, and continuous electrorefining process invented in 
Republic of Korea to be the generic model including all pyroprocessing 
facility concepts in the world. The 2nd proposal is based on INL and ANL 
model which is simple for the most part and has basic essential processes. 
The 3rd proposal is determined to be the ESPF of KAERI, which is almost 
identical with that of the 2nd proposal except in regards to utilization of an 
input accountability tank and continuous electrorefining process and the 3rd 
proposal is planned to be realized in 7 years. After the review of the IAEA 
and discussions at 3rd Working Group Meeting held in IAEA headquarters, 
the 3rd proposal has been determined as the final version of a reference 
pyroprocessing facility concept.
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