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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 

 

Presenter
Presentation Notes
Info source: 
IAEA, WNA and ANS Nuclear News




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

 

Presenter
Presentation Notes
Image Source: General Electric (http://www.gereports.com/the-mark-i-containment-system-in-bwr-reactors/)

Info source: Japanese Report to IAEA, June 2011 and ANS report

Unit 1 is BWR-3 and Units 2-5 are BWR-4
Units 1 – 5 have Mark I containment

Unit 6 is BWR-5 with Mark II containment 




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 

Presenter
Presentation Notes
Info source: NRC Reactor Concepts Manual, Chapter 3, BWR Systems, ANS report and Corradini presentation

Image source:
NRC Reactor Concepts Manual, Chapter 3, BWR Systems (Right)



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 
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Image source:
NRC Reactor Concepts Manual, Chapter 3, BWR Systems (Right)




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  

Presenter
Presentation Notes
Info Source: Japanese Report to IAEA, June 2011  and ANS report
Photo source: ladylibertytoday.files.wordpress.com

M9.5 in Chile in 1960
(2) M9.2 in Alaska in 1964
(3) M9.1 in Sumatra, Indonesia in 2004 
(4) M9.0 on the Kamchatka Peninsula in 1954  



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 

Presenter
Presentation Notes
  Sources: Japanese Report to IAEA, June 2011 and TEPCO

Check DBEGM

It is important to note that all of these [cooling] systems require electricity for control and/or motive power for water systems to transfer the decay heat out of the fuel and reactor and into the environment. Th ere are two particular systems in the BWR that require electricity only for control purposes: the isolation condenser system and the reactor core isolation cooling (RCIC) system. Th ese systems play a key role in accident progression. 



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 

Presenter
Presentation Notes
Sources: WNA, NRC, Lamarsh text
Thermal power about 1.5% of total at 1 hour after scram
Totals about 22 MW (Unit 1) and 33 MW (Units 2 and 3)





 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) 

Presenter
Presentation Notes
Source: Japanese Report to IAEA, June 2011 

In addition, since the seawater pumps were submerged by the
tsunami, residual heat removal systems to release the residual heat inside the reactor to the
seawater and the auxiliary cooling system to release the heat of many equipments to the
seawater lost their functions..
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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 a few hours 

Presenter
Presentation Notes
Source: Japanese Report to IAEA, June 2011 and Nuclear Energy Agency (http://www.oecd-nea.org/press/2011/NEWS-04.html)  and ANS report

From ANS report, “one EDG of Unit 6 was air cooled (not dependent on cooling water) and was located at a higher elevation, so it was able to supply emergency AC power to both Units 5 and 6. The availability of AC power gave these units the ability to depressurize the reactors. So, it was possible to add water to the RPVs via the low-pressure condensate transfer pumps. The residual heat removal (RHR) pumps were also not lost, so when a temporary seawater pump was installed to allow transfer of heat to the ocean, it was possible to reach cold shutdown again in both Units 5 and 6. This was achieved by March 20.”

From Corradini presentation: Unit 2 cooled with RCIC from 3/11 to 3/14; Unit 3 with RCIC 3/11 to 3/12 then HPIC until 3/13



Decay heat produces steam 
in reactor pressure vessel 

Relief valves discharge steam 
into wet well 

Some leaking from vessel, 
attached pipes 

Decrease in reactor coolant 
level 
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Sources: 
Japanese Report to IAEA, June 2011 
Areva presentation by Braun
Nuclear Energy Agency (http://www.oecd-nea.org/press/2011/NEWS-04.html) 



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 (from fuel clad 
degradation) and some 
fission products (from fuel 
degradation) 

Presenter
Presentation Notes
Sources: 
Japanese Report to IAEA, June 2011 
Areva presentation by Braun
ANS report



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

Presenter
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Sources: 
Japanese Report to IAEA, June 2011 
Areva presentation by Braun
Nuclear Energy Agency (http://www.oecd-nea.org/press/2011/NEWS-04.html) 




Unit 2 

 

 

 

 

 
 

Unit 4 
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Japanese Report to IAEA, June 2011 
Areva presentation by Braun
Nuclear Energy Agency (http://www.oecd-nea.org/press/2011/NEWS-04.html) 




16 March 2011 (Day 6) 
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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 
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Presentation Notes
Source
Japanese Report to IAEA, June 2011 





(No change as of May 2013) 
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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 
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Source: TEPCO
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I. Cooling 
a) Reactors 
b) Used fuel pools 

II. Mitigation  
a) Mitigate effects of further natural events 
b) Containment, storage, processing, and reuse of rad 

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

Presenter
Presentation Notes
Sources: WNA and JAIF

Must get updated estimate for 1-year dose to residents.


France's IRSN has estimated that maximum external doses to people living around the plant are
unlikely to exceed 30 mSv/yr in the first year.
compares with natural background
levels mostly 2-3 mSv/yr, but ranging up to 50 mSv/yr.
TEPCO is examining 3,726 workers who have worked at the plant since March 11th for exposure to radiation. Of that number, 2,367
have undergone medical checkups. It revealed that 102 received radiation doses above 100 mSv. (100-200mSv: 88 workers, 200-
250mSv:6 workers, 250mSv-:8 workers) Amount of doses that the 2 workers who received most are 643mSv and 678mSv..[6/13]
*The allowable emergency limit for radiation doses: 250 millisieverts
The International Commission on Radiological Protection (ICRP) allows up to 500 mSv for workers in
emergency rescue operations
A short-term dose of 1000 mSv is about the threshold of acute radiation syndrome (sickness)




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 
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Sources: WNA and JAIF

France's IRSN has estimated that maximum external doses to people living around the plant are
unlikely to exceed 30 mSv/yr in the first year.
compares with natural background
levels mostly 2-3 mSv/yr, but ranging up to 50 mSv/yr.
TEPCO is examining 3,726 workers who have worked at the plant since March 11th for exposure to radiation. Of that number, 2,367
have undergone medical checkups. It revealed that 102 received radiation doses above 100 mSv. (100-200mSv: 88 workers, 200-
250mSv:6 workers, 250mSv-:8 workers) Amount of doses that the 2 workers who received most are 643mSv and 678mSv..[6/13]
*The allowable emergency limit for radiation doses: 250 millisieverts
The International Commission on Radiological Protection (ICRP) allows up to 500 mSv for workers in
emergency rescue operations
A short-term dose of 1000 mSv is about the threshold of acute radiation syndrome (sickness)




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

and actions taken 



US Response 

Federal Regulations Industry Response  

http://www.nei.org/


NRC Order 

• NRC issued three orders  
 

1. FLEX - companies to enhance protection of portable 
emergency equipment and to obtain additional equipment 
to ensure facilities can cope with events that may affect 
multiple reactors at a site 

2. Reliable hardened vents for boiling water reactors with Mark 
I or Mark II containments 

3. Requires additional instrumentation to monitor water levels 
in used fuel storage pools 



Industry Response 

 
• Nuclear industry Fukushima Response 

Steering Committee provided responses to 
NRC Orders  
 

• Coordinated through Nuclear Energy Institute 
(NEI) 
– NEI is the policy organization for the nuclear 

technologies industry 

Presenter
Presentation Notes
"The purposes of the Institute are to foster and encourage the continued safe utilization and development of nuclear energy to meet the nation’s energy, environmental and economic goals and to support the nuclear energy industry by providing:��"Policy direction on critical issues, including regulation, legislation, congressional awareness/acceptance, waste, transportation and other critical activities;��"A unified nuclear energy industry approach to address and resolve nuclear regulatory issues and related technical matters to facilitate high levels of reliability and economic efficiency in nuclear power plant operations;��"Advocacy and representation before the Congress, executive branch agencies, regulatory bodies and state policy forums;��"Accurate and timely information to policy makers, the public and other constituencies to promote acceptance and recognition of nuclear energy’s role in the nation’s supply of safe, secure, dependable and economic electric energy;��"Assistance to the nuclear energy industry with regard to state issues such as environmental considerations and rates; and��"Encouragement to educational institutions to promote education in nuclear energy disciplines.” 




F L E X 

• Approach for adding diverse and flexible 
mitigation strategies—or FLEX 

• extended loss of alternating current (ac) 
power (ELAP) 

• increase defense-in-depth for beyond-
design-basis scenarios 

• loss of normal access to the ultimate heat 
sink (LUHS) 



FLEX Elements 

• Portable equipment power and water to 
maintain or restore key safety functions 

• Reasonable staging and protection of portable 
equipment from BDBEEs 

• Procedures and guidance to implement FLEX 
strategies 

• Programmatic controls that assure the 
continued viability and reliability of the FLEX 
strategies. 

Presenter
Presentation Notes
• Portable equipment that provides means of obtaining power and water to maintain or restore key safety functions for all reactors at a site. This could include equipment such as portable pumps, generators, batteries and battery chargers, compressors, hoses, couplings, tools, debris clearing equipment, temporary flood protection equipment and other supporting equipment or tools.
• Reasonable staging and protection of portable equipment from beyond design basis external events (BDBEEs) applicable to a site. The equipment used for FLEX would be staged and reasonably protected from applicable site-specific severe external events to provide reasonable assurance that N sets of FLEX equipment will remain deployable following such an event.
• Procedures and guidance to implement FLEX strategies. FLEX Support Guidelines (FSG), to the extent possible, will provide pre-planned FLEX strategies for accomplishing specific tasks in support of Emergency Operating Procedures (EOP) and Abnormal Operating Procedures (AOP) functions to improve the capability to cope with beyond-design-basis external events.
• Programmatic controls that assure the continued viability and reliability of the FLEX strategies. These controls would establish standards for quality, maintenance, testing of FLEX equipment, configuration management and periodic training of personnel.



Overview of FLEX Concept 

Presenter
Presentation Notes
The FLEX strategies will consist of both an on-site component using equipment stored at the plant site and an off-site component for the provision of additional materials and equipment for longer-term response.

By providing multiple means of power and water supply to support key safety functions, FLEX can mitigate the consequences of beyond-design-basis external events. Figure depicts how FLEX can provide a common solution to mitigate multiple risks in an integrated manner. The figure also shows how FLEX comprehensively addresses the majority of the NRC’s Tier 1 recommendations.



Flex Objectives & Guiding 
Principles 

• The objective of FLEX  
– to establish an indefinite coping capability to 

prevent damage to the fuel in the reactor and 
spent fuel pools  

– to maintain the containment function  

 
• Both by using installed equipment, on-site 

portable equipment, and pre-staged off-site 
resources 



Off-Site Resources 

 
• Pre-staged off-site resources will be housed at 

two locations 
 

• One on the east coast and one near the west 
coast 
– The west coast  site will be in Arizona (Phoenix 

metropolitan area) 



4. Perspective 



49 

  
65% Favor Nuclear Energy 

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

Bisconti Research, Inc. 
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69% Rate Nuclear Power Plant Safety High 
(Doubled since 1984!!!)    

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 

Presenter
Presentation Notes
NPP = Fukushima Daichi
Sources:
WNA
Japanese Report to IAEA, June 2011 
ANS report




Perspective  

Presenter
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Photo Source
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Spent Fuel Pool 

 
• Spent Fuel Cooling - Makeup with Portable 

Injection Source 
 

• SFP Parameters - Reliable means to determine 
SFP water level  
– to prevent undue distraction of operators  
– to identify conditions when makeup/spray is 

required 

Presenter
Presentation Notes
See table D-3 on page D-6
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