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My Background
• Senior Scientist & Lecturer at the Institute of Safety and
Risk Science, BOKU; Fukushima lecture course last
semester (818022)
• 33 years experience on nuclear issues, 10 years largely on
General Electric BWRs
• Extensive experience in probabilistic safety assessment
(PSA) and severe accidents
• Austrian member of IAEA Nuclear Safety Standards
Committee (NUSSC) since 2005
• The opinions expressed herein are my own, and do not
represent the views of any other person or
organization.
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Main Safety Features (1)
• Steam-driven emergency core cooling:
– High pressure coolant injection (HPCI)
– Isolation condenser (BWR/3), reactor core isolation cooling (RCIC)
(BWR/4)

• Motor-driven low pressure emergency core cooling:
– Low pressure core spray (LPCS)
– Low pressure coolant injection (LPCI)

• Emergency diesel generators
• Essential service water
• Residual heat removal (RHR) & sprays (motordriven)
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Main Safety Features (2)
• Residual heat removal (RHR) & sprays (motor-driven)
• Automatic depressurization system (ADS) and safety/relief
valves (SRVs) (requires DC power)
• Inerted (with nitrogen gas) pressure suppression
containment (drywell & suppression pool)
• Alternate injection (when depressurized) from a dieseldriven fire protection system pump or a fire truck
• "Hardened" containment venting
• Spent fuel pool cooling system
• Shared control rooms (Units 1 & 2, Units 3 & 4, Units 5 & 6)
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Before The Accident
• Fukushima Daiichi Units 1-6:
– Unit 1, 460 MWe GE BWR/3 Mark I
– Units 2-5, 785 MWe GE BWR/4 Mark I
– Unit 6, 1100 MWe GE BWR/5 Mark II

• Located on an 860 acre site about 260 km from Tokyo
on the Pacific coast
• Prior to the accidents, Units 1-3 were at full power; Unit
4 was shut down with the core offloaded to spent fuel
pool; and Units 5 & 6 were shut down & refueled,
awaiting restart
• TEPCO (owner/operator of Fukushima) was the 5th
largest electric utility company in the world by sales
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Accident Initiating Events (1)
• Magnitude 9.0 (MW) Tōhoku "megathrust"
earthquake struck offshore at 14:46 JST (5th largest
earthquake since seismographic records were kept
beginning in the early 1900s); Units 1-3 scrammed
• Offsite power was lost from 6 different lines
• A substation 10 km from site damaged so that
when the grid was restored 50 minutes later, offsite
power was still not available to the Fukushima site
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Accident Initiating Events (2)
• The earthquake produced 7 tsunami waves, the
highest of which flooded the site in about a minute
to a depth that was 4-5 meters higher than local
grade level
• Seawater pumps (service water) destroyed; diesel
generator fuel tank for Units 1-4 destroyed; only
one of 13 diesel generators (an air-cooled diesel at
Unit 6) survived the tsunami impacts
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Additional "Failures"
• Loss of offsite power plus diesel failures put Units
1-5 in station blackout
• Isolation condenser at Unit 1 failed "as is" after
tsunami due to battery failure and shut down
condition
• RCIC at Units 2 & 3 failed; batteries depleted
• Containment venting attempted much too late due
to difficult conditions in reactor building; since core
damage was underway, high radiation levels
complicated the situation still further
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Accident Progression (1)
•
•
•
•
•
•
•
•
•

Loss of heat removal or coolant makeup (or both), coolant boiloff
Fuel rod heatup, cladding oxidation (hydrogen production),
cladding failure, "gap release"
Further fuel heatup, eventual melting and slumping; more
hydrogen production; "in-vessel release"
Temporary quenching in coolant below core support plate
Remaining coolant boiloff, core debris re-melting
Eventual reactor pressure vessel (RPV) failure
If RPV at "high" pressure, core debris ejection and direct heating
of drywell atmosphere
If RPV at "low" pressure, core debris deposited in reactor cavity
Corium attack on concrete in reactor cavity, producing hydrogen,
carbon dioxide, carbon monoxide; "ex-vessel release"; possible
drywell melt-through; eventual dilution & solidification of debris
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Accident Progression (2)
• It is believed that the RPVs for Units 1, 2, and 3
failed, and that there is "core on the floor" of the
drywell at all 3 units
• Units 1, 3 & 4 Reactor buildings (not the primary
containments) were destroyed by hydrogen
deflagration or detonation (Unit 1 on 12 March, Unit
3 on 14 March, Unit 4 on 15 March)
• There is a dispute over the source of Unit 4
hydrogen – Did it come from Unit 3 via ductwork?
… Or did it come from Unit 4 spent fuel pool?
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Accident Progression (3)
• The TEPCO/Japanese Government explanation that the
Unit 4 hydrogen came from Unit 3 may not be credible
because:
– The Unit 3 exhaust piping was destroyed at 11:01 hrs on 14
March when the hydrogen detonation occurred; the Unit 4
explosion did not occur until 19 hours later (06:00 on 15 March)
– Given that the Unit 3 hydrogen detonation damaged several
walls at Unit 4 at 11:01 on 14 March, and considering the ease
with which hydrogen combustion can be initiated (static
electricity is sufficient), any hydrogen already at Unit 4 at the
time of the Unit 3 detonation would also likely have burned
– No hydrogen could have been transferred to Unit 4 after the
Unit 3 detonation because the ductwork (and the Unit 3 reactor
building) was destroyed
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Accident Progression (4)

continued):

– The timing of the Unit 4 hydrogen combustion (6:00 on 15 March) is
consistent with the estimated production of hydrogen in the Unit 4
spent fuel beginning at about 21:00 on 14 March.
– The estimated 35% oxidation of the Unit 4 spent fuel cladding is
approximately equivalent to the oxidation of the cladding of a reactor
core in size between Unit 1 and Units 2 & 3 – i.e., several hundred
kilograms of hydrogen
– Production of hydrogen in the Unit 4 spent fuel pool is sufficient to
explain the destruction of the reactor building
– Occam's razor – The Unit 3 transfer theory is needlessly complicated
(and factually inconsistent); the simplest explanation is that the
hydrogen came from the Unit 4 spent fuel due to metal/water (steam)
reaction after the fuel was uncovered due to water boiloff

"Saving Graces"

apanese Government initiated close-in
vacuations "relatively" early (19:00 hours 11
March)
The Fukushima site is beside the Pacific Ocean winds were blowing out to sea much (but not all) of
he time (e.g., during Unit 2 core melt release to
NW)
Sea water injection (and later renewed fresh water
njection) finally ended the attack of core debris on

Source Terms (1)

Core inventories for Iodine-131 and Cesium37 shown at shutdown

– Unit 1, 1.37×1018 Bq & 1.97×1017 Bq
– Unit 3, 2.35×1018 Bq & 2.74×1018 Bq (Unit 2
similar)
– Unit 4 spent fuel pool cesium inventory similar to
Unit 3 inventory plus the cesium inventory from
an additional 783 spent fuel assemblies

Source Terms (2)

Source

TEPCO
NSC
NISA
ZAMG
Cazzoli
IRSN
Stohl et al.
Chornobyl
Unit 4 SFP,
Cazzoli
Worst Case

Iodine & Cesium Source Term
•
•
•
•
•
•
•
•
•
•

6×1016 Bq I-131 & 7×1015 Bq of Cs-137
1.5×1017 Bq of I-131 & 1.2×1016 Bq of Cs-137
2.7×1017 Bq of I-131 & 1.3×1016 Bq of Cs-137
4×1017 Bq of I-131 & 3.3×1016 Bq of Cs-137
3.8×1017 Bq of I-131 & 1.3×1017 Bq of Cs-137
4.08×1017 Bq of I-131 & 5.4×1016 Bq of Cs-137
(no iodine estimate) & 3.66 ×1016 Bq of Cs-137
1.8×1018 Bq of I-131 & 8.5×1016 Bq of Cs-137
9×1016 Bq Iodine-131 & 3×1016 Bq Cesium-137
(NOTE: independently qualifies as INES Level 7)
3.4×1018 Bq of I-131 (2×Chornobyl) & 8.5×1017 Bq of

Source Term (3)

Source Term Message 1: Why are TEPCO's
stimates lower than all others?
Source Term Message 2: Japan was lucky - as
ad as it was, it could have been worse (by a factor
f about 8-10 on I-137, and by a factor of about 102 on cesium).

Similar (Not Identical)
European Plants

WR/3 Mark I (Santa María de Garoña)
WR/4 Mark I (Mühleberg)
WR/6 Mark III (Cofrentes & Leibstadt)
SEA-ATOM BWRs (Forsmark 1-3, Olkiluoto 1-2, Oskarshamn 1-3,
nd Ringhals 1)
iemens BWR/72 (Gundremmingen B&C)
VER-440/213 (Bohunice V2, Dukovany, Kola, Mochovce, Paks,
nd Rivne aka Rovno) – confinement end cap configuration, lack of
ontainment during refueling
ote that Mühleberg & Leibstadt have double containments,
ltered containment venting systems, and additional bunkered
ccident management systems. Note that Gundremmingen B&C

"Cold Shutdown" ???

n 16 December 2011, TEPCO & the Japanese Government
nnounced that "cold shutdown" had been achieved at Fukushima
Cold Shutdown" is specifically defined in BWR Technical
pecifications, and is a condition in which the Residual Heat
emoval (RHR) shutdown cooling system is operating and the
emperature of the reactor coolant is ≤ 93°C. (200°F.)
Cold Shutdown" requires two operable RHR trains and two
perable ESW trains, or an operable main coolant pump
one of these systems are operable at Fukushima Daiichi Units 1-4
o "cold shutdown" is by definition not possible.
Cold Shutdown" has nothing to do with the current condition of
nits 1-3 at Fukushima Daiichi; the use of the term in this case is,
n my opinion, both misleading and technically inappropriate

Was the
Fukushima
acccident a
"Black
Swan"?

Was Fukushima a
"Black Swan"? (1)

o! It was a predictable occurrence.
deed beyond design basis tsunamis were predicted by TEPCO in
tudies completed in 2006 and 2008, and by others in 2001
NES clearly understood by December 2010 that a tsunami of 7 meters
eight would destroy the seawater pumps, and that a tsunami of 14
eters height would have almost a 100% chance of core damage
here was geological & historical evidence of previous large tsunamis
869 and 1896 Sanriku Earthquakes)
he mean frequency of tsunamis with amplitudes above 10 meters and
duced by earthquakes with magnitudes between 7.4 and 9.2 was
stimated at 0.0312 per year; thus, such a tsunami should be expected
bout every 30 years in Japan
Cliff Edge Effects" were not considered by TEPCO or by NISA
he earthquake & tsunami did have extreme economic effects (and

Was Fukushima a
"Black Swan"? (2)

multi-unit nuclear power plant accident triggered by external
azards should not have been a surprise – there were ample
recursors:
Windstorm (Hunterston NPP, Scotland, 27 December 1998)
Flooding (Blayais NPP, France, 27 December 1999; Three Mile Island, 1972)
Biofouling-initated loss of decay heat removal (Brunswick 1 & 2, United States, 1981)
Hurricanes (Hurricane Andrew , Turkey Point 3 & 4, United States, 1992; Hurrican Katrina,
Waterford, United States, 2005)
Earthquake (Kashiwazaki-Kariwa Units 1-7, 2007)
Tsunami (Madras NPP, Kalpakkam Site, 2004)
Tornado (Browns Ferry, 1974; Quad Cities, 1990 & 1996, Calvert Cliffs, F4 near-miss 2002 ;
Davis-Besse 1998; Fermi Unit 2, 2010; United States)
Grid blackout (Northern India, 2010; United States, 2003, 1996 & 1965; Brazil, 1999 & 2009;
Italy, 2003)

uclear safety culture in Japan, 2001-2010:

n Japan … it is possible to reduce the potential for the occurrence of a severe
ccident to the extent that its actual occurrence would be technologically

Current Status of Fukushima
Accident Understanding

here is at best – one year after the accidents – a
reliminary understanding of the Fukushima accidents.
Recall that the Three Mile Island Unit 2 accident occurred
n 28 March 1979, and it was not until more than five years
ater that the condition of the core became known (i.e.,
efore it was known that the core had partially melted).
We are only at the one year anniversary of the Fukushima
ccidents. There are still "surprises" yet to come.
he TMI-2 accident (March 1979) resulted in core debris
emaining in the RPV. Extensive core damage was not
onfirmed until 1982 (45% of the core melted). Defueling
egan in October 1985, and was completed in December

Contact for Viewgraphs

You can contact me via EMail for a copy of
he viewgraphs at steven.sholly@boku.ac.at
nstitute of Safety and Risk Sciences website
n German at http://www.risk.boku.ac.at/

Reports (1)

Report, June 2011 (presented at IAEA
Ministerial Conference on Nuclear Safety, 20-24
une 2011)
nd Report, September 2011 (presented at IAEA
5th General Conference, 19-23 September 2011)
nstitute of Nuclear Power Operations (INPO)
Special Report, November 2011
TEPCO Core Damage Estimate Report, 30
November 2011
Association for the Study of Failure, Technical
st

Reports (2)

AEA Mission Report on Remediation of
Contaminated Areas Off-Site, November
011
AEA International Fact Finding Expert
Mission Report, June 2011
NRC Near-Term Task Force Report, 12 July
011
Matthias Braun & Peter Volkholz, AREVA,

Accident Progression Unit 1
March, 15:41 – Tsunami floods site, station blackout [GOV'T]
March, 17:00 – Top of fuel uncovered [GOV'T]
March, 21:00 – RPV may have failed [Tanabe]
March, 22:00 – Radiation level increases in reactor building [Hirano]
March, 23:00 – Radiation level increases in turbine hall [Hirano]
March, 02:30 – Drywell pressure rises to 0.84 MPa [INPO]
March, 02:44 – Batteries depleted [IME]
March, 05:46 – Fresh water injection begun via fire line [INPO]
March, 06:50 – Core fully molten, RPV fails [TEPCO]
March, 09:30 – Drywell leakage estimated at 7 cm2 [GOV'T]
March, 14:30 – Primary containment vented [JIAE]
March, 14:50 – Fresh water injection stopped [TEPCO]
March, 15:36 – Hydrogen deflagration in reactor building [INPO]
March, 19:04 – Salt water injection begun [INPO]
March, 17:30 – Drywell leakage estimated at 35 cm2 [GOV'T]
March, xx:xx – Offsite power restored to Unit 1 [INPO]

Accident Progression Unit 2

March, 15:41 – Tsunami, station blackout
March, 12:30 – Drywell leakage estimated at about 50 cm2 [GOV'T; Hirano]
March, 15:36 – Hydrogen deflagration at Unit 1 causes Unit 2 blowout panel to open at the
fueling deck area [INPO]
March, 13:25 – RCIC failed [GOV'T]
March, 16:30 – Reactor water level dropped below the top of the fuel assemblies [INPO]
March, 18:00 – Start of core damage [GOV'T]
March, 18:22 – Reactor water level dropped below the bottom of the fuel assemblies, fully
xposing the core [INPO]
March, 19:54 – Start of seawater injection [GOV'T]
March, 21:19 – RPV may have failed [Tanabe]
March, 00:02 – Drywell pressure at 0.75 MPa [INPO]
March, 06:00 – Wetwell airspace failed, wetwell leakage estimated at about 300 cm2;
ontainment depressurizes [GOV'T]
March, xx:xx – Offsite power restored to Unit 2 [INPO]
March, xx:xx – Control room lighting restored [METI]
-30 March
- Core debris re-melting may have occurred [Tanabe]

Accident Progression Unit 3

March, 15:41 – Site flooded by tsunami, station blackout
March, 11:36 – RCIC failed [INPO]
March, 12:35 – HPCI started automatically [INPO]
March, 02:42 – HPCI failed, batteries depleted [INPO]
March, 05:15 – Drywell pressure at 0.46 MPa; drywell head seal may have begun leaking [INPO]
March, 07:35 – Coolant below bottom of fuel assemblies [INPO]
March, 09:10 – Containment pressure at 0.637 MPa [INPO]
March, 09:20 – RPV confirmed to be depressurized, water level recovered above top of fuel assemblies
PO]
March 12:20 – Fresh water supply exhausted; injection stops [INPO]
March, 13:00 – Water level dropped to 2 meters below top of fuel assemblies [INPO]
March, 14:10 – RPV may have failed [Tanabe]
March, 18:22 - Water drops below bottom of fuel assemblies [INPO]
March, 23:44 – Drywell pressure reaches 0.75 MPa [INPO]
March, 11:01 – Hydrogen detonation destroys reactor building [INPO]; RPV, drywell, & wetwell pressure all
ddenly decrease [Hirano]
March, 09:48 – Japan Self Defence Force helicopters attempt water drop on Units 3 & 4 spent fuel pools (first
four drops) [IME]
March, 15:55 – Gray "smoke" coming from Unit 3 [IME]

Accident Progression Unit 4

1 March, 15:41 – Tsunami damage places Unit 4 in station
lackout; halt to heat removal from spent fuel pool, and beginning
f pool water heatup
2 March, 21:00 – Due to boil off, spent fuel water pool level drops
o the top of the fuel assemblies [Luxat]
4 March, 21:00 – Spent fuel cladding oxidation begins, producing
ydrogen [Luxat]
5 March, 06:00 – Hydrogen deflagration destroys reactor building
NPO]
7 March, 09:48 – Japan Self Defence Force helicopters attempt
water drop on Units 3 & 4 spent fuel pools (first of four drops)
ME]; success uncertain
st

General Timeline

2 March, 15:30 – Japanese Government orders evacuation of
esidents within 20 km of Fukushima Daiichi [IME]
3 March, 05:10 – JAEA rated Unit 1 situation as INES Level 4 [IME]
6 March, 06:00 – Workers withdrawn from site due to noises
oming from pressure suppression chamber [IME]
6 March, 11:36 – Radiation level increased, 50 remaining staff
vacuate site [IME]
6 March, 12:35 – 50 workers return to the site [IME]
8 March, 18:40 – Japanese Government raised the INES ratings
or Unit 1 to Level 5, and rated Units 2 & 3 at Level 5 for the first
me; Unit 4 loss of spent fuel pool cooling rated at INES Level 3
6 March, xx:xx – Seawater injection to Units 1-3 stopped, fresh

