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No Nuclear Power ! No Wind or Solar Power !

World Energy Challenge
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Innovative SNF Waste Burden Minimization

no recycling
of spent fuel

U-ore

Time (years)

R
ad

io
to

xi
ci

ty
 (r

el
at

iv
e 

to
 u

ra
ni

um
 

or
e)

recycling
of spent fuel

Cleared after 300 

years Control

transmutation
of spent fuel

Pu BombBreakout

transmutation
of LLFP



5

Human 
Intrusion
is very likely 
in “densely 
populated
countries”

1 2 3

Pu
50 kg 

1. High inventory, high uncertainties 2. Future Development 3. Pu Mines

2017. 2. 21.

Innovative SNF Waste Burden Minimization

When HI
occurs after
Institutional
Control
Period
(ICP)

Innovative WBM
to meet IAEA  Limit

100,000
years



 Spent fuels, bury or eliminate? : safeguards problems

SNF Repository as Potential Pu Mine

June. 30, 2015 NUTRECK Meeting 9
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Natural Intrusion
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Direct Disposal PUREX (99.9% Pu)

ICRP Upper

IAEA

ICRP Lower

U Mining

Adv. Pyrox (99.9% TRU)

WIPP

Dose Upon Human Intrusion after the Institutional Control Period  
(from EU-Red Impact Study Results & SNU Study on WIPP)

Human Intrusion
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SNF Repository as Potential Pu Mine

 Geological repository: practical, sustaining barrier?

Scenarios
INFCE, 1970 Peterson, 1996

Repository in granite Repository in salt Yucca Mountain

Shaft drilling • 4 months
• 25 M$

• 2~6 months • 6~8 weeks

Tunnel excavation • 12~18 months
• 100 M$

• 12~18 months • 6 ~ 12 months
• 2.5~7.4 M$

[data from Amund ]
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World drilling speed record:

1) Vertical Drill
1.43 km/day in 1997 on the Satun  
A-17 well by Unocal Thailand.

2) Horizontal Drill
2.23 km/day in 2014 by Baker



LL

H LW Vol.
Reduction

~4,000 Bq/g

~2kW/m3

Heat
Density

Long-living Alpha 
Emitter Concentration (t1/2 > 20yrs)

I LW that removes
future risk against 
human intrusion & 

geological disturnaces

LLW 
for Near 
Surface 
Disposal 

SNF

Multi-recycling of TRU, Tc & I with the 

Stabilization of Cs & Sr (Level 5)

Approach
Adv. Partitioning

of TRU, Tc, I, Cs, Sr
TRU Recycling 
Cs & Sr Stabilization

Goal
Develop innovative pyro-
partitioning technology for 
decontamination of HLW 
(Level 5)

Stabilize Cs & Sr

Supply LLFP targets to 
innovative technology for 
minimizing LLFP (Level 6)

6.LLFP



Immediate Goals: Eliminating HLW
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Uncerta
inties Nation Criteria

Safety and Security in Densely 
Populated Region

Direct 
Disposal

Pyro-
Green

Adv.
PUREX/

Pyrox

Safety
(leachin

g and 
migrati

on)

IAEA Satisfy Satisfy Satisfy

US EPA
<10,000 
years : 

15 mRem
Satisfy Satisfy Satisfy

ROK 0.1 
mSv/yr Satisfy Satisfy Satisfy

Safety
(IHI)

IAEA 20 mSv Not 
Satisfy Satisfy Not 

Satisfy

ROK Not 
Satisfy Satisfy Not 

Satisfy

Security
(CHI) IAEA

No burden
for future

Not 
Satisfy Satisfy Satisfy

 Intermediate Level Waste (ILW) which can satisfy WIPP waste acceptance criteria 
can remove the risk 
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TRU Waste

ILW 

ILW Repository

for less than

300 year Control 

Spent Nuclear Fuel

Nuclear Reactor
TRU, LLFP Multi-recycling with Cs, Sr Removal

Improved Partitioning 

Global Partnership for Spent Nuclear Fuels : 

Nonproliferation and Security

LLW Repository

for less than

100 year Control 

TRU

Transmutation

LLFP

Target
Transmutation

Cs, Sr Removal & Storage

file:///C:/Documents and Settings/haitabde/MYRRHA Animation_2/MYRRHA_DV-4.avi
file:///C:/Documents and Settings/haitabde/MYRRHA Animation_2/MYRRHA_DV-4.avi


Innovative SNF Waste Burden Minimization

LLW

(Level 6)

ILW

(Level 5)

U-Pu Multi-Recycling
(Level 3)

Conventional Mono-Recycling (Level 2)

Direct Disposal (Level 1)

MA Multi-Recycling
(Level 4)

6 Innov. P&T of LLFP &
Turning into ILW or LLW

5 Imp. P&T of TRU with Cs, 
Sr, Tc, I Separation for 
Turning into ILW

4 Adv. Aqu.-Pyro. & FR
& Small HLW

3 Multi-cycle PUREX
& Reduced HLW

2 Once through PUREX
& Reduced HLW

1 Direct Disposal of HLW. 
One through cycle

Densely
Populated
Countries



Levelized Approach for SNF WBM (IAEA)

PUREX(2, 3)

NPP

TRU 
Multi-Recycle 
(4)

MOX-Reactor

Spent Nuclear  Fuels

HLW

PyroGreen 
(5)

4Group(5)

HLLW

Ion Beam

Odd-Even
Separation

ILW+Cs/Sr

FR/ADS*

TRU/MA

LLFP

Zr-Hull ILW

ILW 
Repository(5)

Direct Disposal(1)

HLW Repository(2-3)

FR 
(4)

LLW and ILW 
Repository(6)

(#) denotes Level for IAEA WBM Level

* FR: Fast Reactor
* ADS: Accelerator                  
Driven System



Pyroprocess Level 4 & 5: Tc & I Voloxidation

SNF Chopping

Voloxidation & Trapping

PyroRedSox (Bi cathode)        

Tc, I for Storage

ILW (Waste Class Reduction)

Zr Electrorefining in LiF-KF

CsCl,  SrCl2 purification

Tc, I for Target Fabrication

Level 4 Pyroprocessing : KAERI Case

U Storage

Zr Hull Separation

Electrowinning

Zr
recovery

SAP for Sr, Cs Storage

HLW (Waste Volume Reduction)

PWR SNF PWR and CANDU SNF

Shared Processes

RinsingZr as ILW

Direct Oxide Reduction

Eelectrorefining

Salt Purification

Cd Distillation & Fuel Fab.

Residual Actinide Recovery 
(Cd cathode)  

Reduction of TRU into Cd

LiClSr Carbonization

Cs Recovery

Sr Carbonization

Cs/Sr
Oxide
in LiF

Level 5 Pyroprocessing: PyroGreen Case



Cd for Pyro Level 4 vs. Bi for Pyro Level 5

September 23, 2015 2015 Global, Paris,France 11



Densities of Bi, Actinides and Lanthanide

• Density distribution of Cd and Cd-M intermetallics (M=An and Ln)

• Unlike Cd, the density of Bi at 500oC lies between lanthanides and actinides.
• Solubility of An and Ln is low enough (~1.2 at.%), to form IMC 



U13 nanoparticle formation

Calculating  
for 1.4 ps

Densities of Bi, Actinides and Lanthanide

September 23, 2015 2015 Global, Paris,France 14

• Ab-initio modeling on Bi-U formation
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Zr-Hull Electrorefining for ILW Volume Minimization

22



Pioneering Study by Dr. Fujita Group

Ref [1] R.Fujita, et al., DEVELOPMENT OF ZIRCONIUM RECOVERY PROCESS FOR ZIRCALOY CLADDINGS AND  CHANN
EL BOXES FROM BOILING WATER REACTORS BY ELECTROREFINING IN MOLTEN SALTS, ICAPP 2005

 Fujita et. Al- Toshiba Corp.- Study (2005) – BWR Channel Box [1]

• Operating temperature is still high and fluoride corrosion could also occur.

20

Fig1. The Schematic experimental apparatus  
for electrorefining

Fig2.  The results of electrorefining tests in molten salts

 After the Electrorefining, DF of the Co ≅ 200/Step



Cs & Sr Separation and Stabilization

 U.S.A. R&D on Cs & Sr Separation from Aqueous Processes
• Chlorinated Cobalt Dicarbollide.Polyethylene Glycol (ChCoDiC/PEG)

• 99% recovery
• Fission Product Extraction (FPEX)

• 99.9% recovery

 Russia’s Pilot Facility (UE-35) for Cs & Sr Extraction at RT-1
• ChCoDiC extractant
• 50,000 kCi removed
• Recovery not reported 



Cs & Sr Separation and Stabilization

 India’s Post PUREX Process
• HLLW Extraction into heat-generating group and alpha-emitters
• Cs & Sr Stabilization for Long-term Storage
• Vitrification of 200,000 Ci of Cs in Borosilicate & Interim Stabilization
• Cs-pensil for Blood Irradiation Sources
• Sr recovered and used for Clinical Trials



Cs & Sr Separation and Stabilization

 JAEA’s Post-PUREX Process for Cs & Sr
• Cs & Sr Extraction from HLLW 
• Stabilization Vitrification in Borosilicate & Interim Stabilization
• Vitrification in Heat-resistant Calcined Zeolite for Long-term Storage

 JAEA’s 4-Group Extraction for MA, Cs & Sr (Improvement)
(Ref. 4.  OECD/NEA NSC/WPFC/DOC(2012)15, SNF Flowsheet, June 2012)



Cs & Sr Separation and Stabilization

 ROK – US Pyroprocess
• Cs from Voloxidation up to 98%
• Sr from Carbonate process up to 98.4%

 PyroGreen (SNU)
• Additional “Salt Zone Refining-Multi-Pass”
• Cs and Sr up to 99.7%,

 Summary: Cs & Sr
Recovery, % TRU Tc I Cs Sr

JAEA 4-Group : Level 5 Hydro
(Decontamination Factor)

99.998
(50,000)

96.6
(30)

99.99 
(10,000)

99.99
(10,000)

SNU PyroGreen :Level 5 Pyro
(Decontamination Factor)

99.995
(20,000)

98
(50)

98
(50)

99.7
(300)

99.7
(300)

ROK-US Pyroprocess : Level 4
(Decontamination Factor)

99.9
(1,000)

98
(50)

99
(100)

>99
(>100)

98.4
(100)

US Aqueous (FPEX)
(Decontamination Factor)

99.9
(1,000)



279 20, 2016 PyroGreen International Review Forum

Summary

Type
Recovery, %(DF)

TRU Tc I Cs Sr

Hydro-
process

Industrial PUREX 
(1995+)

>99.9 Pu
(>1,000)

UREX+3(US) 99.997
(30,000) high High

ACSEPT (France) >99.9
(>1,000)

>99
(>100)

ACSEPT(UK)-
continuous

>99.99 Pu
(>14,000)

4-Group (Japan) 99.998
(50,000)

96.6
(30)

99.99
(10,000)

99.99
(10,000)

Pyro-
process

Pyroprocessing (ROK) 99.9
(1,000)

99
(100)

98
(50)

99
(100)

PyroGreen (ROK) 99.995
(20,000)

98
(50)

98
(50)

99.7
(300)

99.7
(300)
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Deep Isolation in Shale or Welded Tuff Layers
Professor Richard Muller https://www.deepisolation.com/


