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1. Accident at Fukushima-1 in 
March 2011 

  



Japanese nuclear  
power industry 

• Established in 1966 
(with start of Tokai-1 
NPP)  

• ~ 30% of electrical 
power provided by 
nuclear power 

• Plants built to 
withstand “design 
basis” accidents 

 



• Units 1, 2 and 3 operating 
• Unit 4 defueled, not operating (planned maintenance) 
• Units 5 and 6 fueled, not operating (planned outage) 

Unit 1 

Unit 2 

Unit 3 

Unit 4 

Units 5&6 

 



Fukushima-1 Plant 
• Typical BWR-3 (Unit 1) and BWR-4 (Units 2 – 5) design 
• Some similarities to Duane Arnold Plant in Iowa 

 



Primary containment 
Dry well (Pear) 
Wet well/suppression pool (Torus) 

 In U.S. 23 reactors use Mark I 
containments 

Some similarities exist in design 
and operation of Japanese and 
US Mark I containments 

Following 9/11 terrorist attacks, 
NRC required licensee’s to 
develop beyond-design-basis 
mitigation strategies (i.e. 
procedures and staging of 
portable equipment) Browns Ferry (AL) primary containment 



Primary containment 
Dry well (Pear) 
Wet well/suppression pool 

(Torus) 

Secondary containment* 
Concrete structure 
Surrounds primary containment 
Houses ECCS and spent fuel pool 

Metal-framed refueling floor 
(not part of containment) 

 

Concrete 
structure 

*Details of Mark I secondary containment design vary among reactor units. Browns Ferry (AL) primary containment 



The Tohoku Earthquake  

• 11 March 2011 
• Largest in recorded history  
    of Japan  

– 9.0 on Richter scale 

• Among largest in world  
    history 
• Resulting Tsunami waves (series of 7) up to 

15m (~ 50 ft) 

9 . 0  
M A G N I T U D E  



What happened at the Fukushima Daiichi Plant? 

 

11 March 2011 
 

Tohoku Earthquake 
Units 1 to 3 shutdown 

automatically  (SCRAM), per 
design 

Power generators “tripped”, per 
design 

Movement of plant foundation 
“exceeded design basis 
earthquake ground motion” 
(DBEGM) in Units 2,3,5 
Disabled offsite power systems 
No serious damage to onsite 

safety systems 



Why is losing power a  
 problem? 

Heat generation due to fission 
 of uranium stops with SCRAM 

Heat generation due to radio-
active decay of fission products 
continues* 

Power needed to pump water,  
 cool core 

Emergency diesel generators 
provide power to the core and 
fuel cooling systems 

*About 1% of original thermal energy within a few hours 



 Tsunami hit the plant (~55 minutes after quake) 
Design basis Tsunami height 5.4 to 5.7 m (16.2 to 17.1 ft) 
Actual maximum Tsunami height 14 to 15 m (42 to 45 ft) 













 



AC power  

Lost for Units 1 -5  

Unit 6 retained one operating 
generator, which cooled Units 
5 and 6 

Battery power (used if no AC) 

Lost in Unit 1 

Units 2 and 3 cooled with 
battery power for Reactor Core 
Isolation Cooling,  followed by 
High Pressure Coolant 
Injection system in Unit 3 



Decay heat producing steam 
in reactor pressure vessel 
Pressure rising 

Steam relief valves may have 
opened to relieve pressure 
Steam discharged into wet 

well 

Some evidence of leak in 
vessel, attached pipes 

Decrease in coolant level in 
the reactor pressure vessel 









At ~ 1200°C 
Cladding cracks 

Fission products released 

At ~1300°C 
The zirconium cladding reacts 

with water (or steam) 
Zr + 2H20 ->ZrO2 + 2H2 

Exothermic reaction further 
heats the core (This heat may be 
greater than decay heat!) 

Hydrogen gas (H2) enters wet 
well, continues to dry well and 
increases containment pressure 

At ~2800°C 
  UO2 fuel melts T (normal operations) ~ 300°C 







 

Fission product release from 
damaged fuel 

Containment pressure 
Build up of hydrogen, nitrogen 

and water vapor 
Accident pressure 130 psi 
Design pressure 73 psi 

 



Units 1, 2 and 3 

Attempts to vent gas from 
containment to outside, 
some flows into the reactor 
service floor 



Units 1, 2 and 3 

Attempts to vent gas from 
containment to outside, 
some flows into the reactor 
service floor (Units 2,3) 

Gas also may have leaked 
through containment 

Hydrogen and some fission 
products (iodine, cesium and 
noble gases) 



Units 1 and 3 service areas 
Steel frame roof destroyed 
Concrete building intact 
Seawater injected  



Unit 2 

Possible H2 explosion in 
secondary containment 

Probable damage to wet well 
and pressure vessel leak 

Release of fission products 
Temporary evacuation of 

plant 

Unit 4 

Explosion and fire in upper 
levels, apparently caused by 
leaking H2 from Unit 3  

Entire core stored in spent 
fuel pool 
 

 



16 March 2011 (Day 6) 

 



Cooling reactors and pools in early days . . . 



Lessons learned immediately  
by Japan . . .  

• Earthquake design basis adequate 
 

• Tsunami design basis and emergency planning 
insufficient for NPP and other key 
infrastructure 
 

• Must diversify, increase and secure onsite 
power supply to avoid core damage 





2. Fukushima after the accident 



I. Cooling 
a) Reactors 
b) Used fuel pools 

II. Mitigation 
a) Containment, storage, processing, and reuse of rad 

contaminated water 
b) Mitigate release of radioactive materials to air & soil 

III. Monitoring and Decontamination 
a) Monitor radiation dose in & out of power station 
b) Enhance monitoring and quickly inform of results 
c) Reduce radiation dose in evacuated areas 



I. Cooling 
a) Reactors 
b) Used fuel pools 

II. Mitigation 
a) Containment, storage, processing, and reuse of rad 

contaminated water 
b) Mitigate release of radioactive materials to air & soil 

III. Monitoring and Decontamination 
a) Monitor radiation dose in & out of power station 
b) Enhance monitoring and quickly inform of results 
c) Reduce radiation dose in evacuated areas 



Cooling of reactors and fuel pools 

• Cores of Units 1-3 at least partially melted within first 
3 days of accident 

• Reactors stable at 2 weeks with water addition, but 
no proper heat removal 

• Reactors cooled with recycled, treated water by July, 
but continued to leak 

• Temperatures below 80°C by end of October 
• Official “cold shutdown” announced December 2011 

– Below 80°C  and releases reduced to minimal levels 
– End of “accident” 

 



I. Cooling 
a) Reactors 
b) Used fuel pools 

II. Mitigation 
a) Containment, storage, processing, and reuse of rad 

contaminated water 
b) Mitigate release of radioactive materials to air & soil 

III. Monitoring and Decontamination 
a) Monitor radiation dose in & out of power station 
b) Enhance monitoring and quickly inform of results 
c) Reduce radiation dose in evacuated areas 



Mitigating further disasters 

• 15-18 April – completed relocation of 
emergency power sources and fire trucks to 
upland and multiplexing injection lines 

• 30 June – completed temporary tide barriers 
• 28 May to 30 July – confirmed seismic stability 

and enhanced Unit 4 pool support 



Early mitigation of water contamination 



Water Treatment Facility at Fukushima-1 

 



• Sprayed dispersion 
inhibitor outside and 
inside reactor and 
turbine buildings 

• Removing debris with 
remote heavy machine 

• Covering reactor 
buildings 

Steel frame for Unit 1 cover  
(Cover completed Oct ‘11) Debris removal 

Spraying of 
dispersion inhibitor 

Mitigation of air and soil contamination 



I. Cooling 
a) Reactors 
b) Used fuel pools 

II. Mitigation 
a) Containment, storage, processing, and reuse of rad 

contaminated water 
b) Mitigate release of radioactive materials to air & soil 

III. Monitoring and Decontamination 
a) Monitor radiation dose in & out of power station 
b) Enhance monitoring and quickly inform of results 
c) Reduce radiation dose in evacuated areas 



Monitoring and reporting 
• Air 
• Water (sea, rivers, drinking) 
• Soil 
• Food of any kind (plant or animal) 

 





Radiation doses 

10,000 at once, 99% 
mortality 

500 at once, ICRP 
emergency limit for 

workers 

250 at once, Japanese 
emergency limit 

< 30 to residents in 
1 year due to 

accident 

2 - 7 yearly 
average dose from 

natural and 
medical 

Radiation dose units millSieverts (mSv) 

TEPCO reports doses March ‘11 -
September ‘12: 
134 workers received 100-150 mSv 
24 workers received 150-200 mSv 
3 workers received 200-250 mSv 
6 workers received 250-679  mSv 
 

No observed effects 
 

24118 workers monitored 
Average dose 12 mSv 



Radiation doses 
10,000 at once, 99% 

mortality 

500 at once, ICRP 
emergency limit for 

workers 

250 at once, Japanese 
emergency limit 

< 30 to residents in 
1 year due to 

accident 

2 – 7 yearly 
average dose from 

natural and 
medical 

Radiation dose units millSieverts (mSv) 

Event Dose or releases 

D
ea

th
s 

Three Mile 
Island 
(1979) 

Minor short term dose 
to public (within ICRP 
limits) 

0 

Chernobyl 
(1986) 

Major radiation release 
across E. Europe and 
Scandinavia (1.52 E19 Bq 
I-131 equivalent) 

47+ 

Fukushima 
(2011) 

Significant local 
contamination (7.7 E17 
Bq I-131 equivalent) 

0 

•No observed effects. 

TEPCO reports doses March ‘11 -
March ‘12: 
134 workers received 100-150 mSv 
24 workers received 150-200 mSv 
3 workers received 200-250 mSv 
6 workers received 250-670  mSv 



Relative risks of power production 
Year Event Dose/releases Deaths 

1979 Hydro dam failure (India) No rad 2500 

Three Mile Island Nuclear 
Reactor accident (USA) 

Minor short term dose to 
public (within ICRP limits) 

0 

1984 Oil fire (Brazil) No rad 508 

1986 Chernobyl Nuclear Reactor 
accident (Ukraine) 

Major radiation release across 
E. Europe and Scandinavia 
(15.2 EBq I-131 equivalent) 

47+ (32 
immediate) 

2009 Coal mine explosions (China) No rad ? 
 

2631 

2011 Fukushima nuclear reactors 
accident (Japan) 

significant local contamination 
(770 PBq I-131 equivalent) 

0 



TEPCO’s Midterm to Long-term Roadmap 



Phase 1 Status as of October 2012 (I and II) 



With completion of Steps 1 and 2 of the Roadmap to 
Restoration and the shift to Phase 1 of the mid-term plan, 
component III evolved and component IV was defined 



Graphic summary of Phase 1 activities 



Reactor cooling & accumulated 
water processing (I) 

 



  

Mitigating seawater contamination (II) 



Waste management and dose 
reduction at site boundaries (III) 



Fuel removal from pool (IV) 



Overview of Phases 2 and 3 



Removal of fuel debris from reactors 

  



(continued) 



Facilities disassembly 

  



3. Impact of Fukushima-1 
accident on the nuclear industry 

and actions taken 



Effects of Fukushima on US Industry 
• Nuclear Regulatory Commission (NRC) response 

– Fukushima Near-Term Task Force report 
– New regulations and requirements 

• Effect on existing US nuclear plants 
– New/updated environmental hazard evaluations 
– Additional hardware & procedures 
– Older, BWR plants most affected 

• Effect on new nuclear plant projects 
– Projects moving forward w/o significant delay 
– Projects will have to meet any new, Fukushima-related requirements 
– New plants less affected by Fukushima-related changes 

• Advanced, passive PWRs 
• Less susceptible to problems that occurred at Fukushima 
• Less design changes / upgrades will be required 



4. Perspective 



66 

  
Favorability to Nuclear Energy 

(U.S. Public Opinion, Annual Averages until 2012, Percentages)  

Bisconti Research, Inc. 



67 

67% Rate Nuclear Power Plant Safety High    

Bisconti Research, Inc. 



The BIGger post-tsunami picture 
along the northeast coast of Japan 

• Number of buildings damaged/destroyed: >332,400 
• Number of roads, bridges, railways: 2100, 56, 26 
• Number of people displaced: 131,000 
• Number of people dead or missing:  > 20,000 
• Number of deaths due to tsunami at NPP: 2 
• Number of deaths due to radiation exposure: 0 
• Number of cases of radiation sickness: 0 



Perspective  
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