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The tsunami in Fukushima

On March 11, 2011 the Earth’s crust cracked 
30 km under the ocean and 130 km east 
from the city of Sendai on Japan’s main is-
land Honshu. In this region, the Pacific con-
tinental plate drifts towards the Eurasian 
plate with 83 mm per year. The crack spread 
north- and southward at a speed of several 
kilometres per second, and after a few min-
utes it had propagated over a massive area 
of 200 times 500 km2 with a central plate 
displacement of more than twenty metres. 
Not only had Japan moved closer to Ameri-
ca, there was also an excess of 200 km3 of 
water in the Pacific Ocean. This water could 
only be displaced upward – a devastating 
tsunami ran its course.

Several waves reached the northeast 
coast of Honshu in less than one hour after 
the seaquake. Flood heights of 10 metres 
and more were reached along a coast length 
of 400 km, the maximum level reported was 
almost 40 m.

Towns and villages were washed away, 
some several kilometres away from the 
coastline. According to official figures, this 
tsunami resulted in 19,294 deaths and miss-
ing persons to date.

The seaquake had already destroyed the 
local electricity supply grid because of land-
slides, broken transmission line masts and 
short circuits. 

The tremor at the magnitude of 9.0 was 
the strongest ever measured in Japan and 
the 5th strongest worldwide. All power 
plants on the northeast coast of Honshu dis-
connected themselves from the grid, includ-
ing eleven nuclear power units at the 4 loca-

tions	Tokai,	Fukushima-Daiini,	Fukushima-
Daiichi, and Onagawa. The ground acceler-
ations exceeded the values the plants had 
been designed to withstand only in a few 
cases and marginally (maximum 25 %). 
The robust nuclear power plants probably 
survived the earthquake without signifi-
cant damage (in other cases with accelera-
tions 2 or 3 times higher than the design 
values other plants had suffered astonish-
ingly minor damage only) and switched the 
necessary power supply for their residual 
heat removal from their nuclear reactors 
successfully to their emergency diesel gen-
erators.

Just like at the Tokai site further away, 
the tsunami only just missed the near 
(90 km), but relatively modern nuclear 
power plant Onagawa that is 15 m above 
sea level. It was a different picture at both 
of the Fukushima sites that are only 10 m 
above sea level; they were inundated with 
water levels reaching approximately 4 me-
tres (Figure	1).

The emergency diesel generators of the 
Fukushima plants (6 plus 4 units with a 
combined output totalling 8,947 MWe, rep-
resenting the nuclear power complex with 
the highest output in the world,) were not – 
as e.g. in Germany – secured or sheltered 
against such flooding. The emergency gen-

erators were housed in the basements of 
the turbine buildings and the doors to the 
building were simple rolling shutter doors 
that collapsed under the pressure of the 
water pushing against them. Whereas the 
emergency electricity supply could be 
maintained in Fukushima-Daini, 12 of 13 
site emergency diesel generators failed due 
to short circuits in Fukushima-Daiichi	(in 
Germany, each unit has 6 to 8 permanently 
installed diesel generators, or equivalent 
solutions). Subsequently, the residual 
heat from the 3 reactors operating in 
there Fukushima-Daiichi and 4 spent-fuel 
pools could not be discharged, the water 
heated up.

An hour after the shutdown of the reac-
tors, the heat caused by radioactive decay 
of fission products amounted only to a small 
percentage of the operative power, howev-
er, this was still equivalent to a 2-digit mega- 
watt amount per unit.

Fresh and later seawater were fed in us-
ing fire-fighting pumps, but this measure 
was started too late. The cladding tube ma-
terial of the fuel rods, cooled by steam only 
oxidised at temperatures of over 900 °C. 
Hydrogen was released which caused ex-
plosions in the units one, 3 and 4 and prob-
ably a deflagration in unit 2. It has been 
confirmed by calculations today that the 
ceramic uranium fuel of the units 1 to 3 
melted and relocated downwards. After 
failure of the reactor pressure vessels due 
to the enormous heat, the corium dropped 
to the bottom of the reactor pits. There it 
probably melted the several metres thick 
concrete to a depth of approximately one 
metre.

Radiological effects in Japan

During these incidents, over the next days, 
volatile and aerosol-type fission products 
were released into the atmosphere and in-
to the Pacific Ocean. The air-borne sub-
stances were carried out onto the Pacific 
due to the prevailing west wind weather 
situation (except for a short phase with 
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Fig. 1. Cross section of Fukushima-Daiichi, tsunami height 14 m.



153atw Vol. 58 (2013) Issue 3 | March

Fukushima two years after the tsunami

south-easterly wind on March 13, 2011) 
and dispersed quickly just like the water-
borne emissions in the seawater.

Radioactive isotopes with short half-lives 
(here relevant: hours) display high radioac-
tivity, however, they also quickly decay. 
Long half-lives (e.g. in years) are less radio-
active and are therefore less acutely impor-
tant from a radiological view. 

Important for the evaluation of radiation 
exposure of the nuclear power plant staff 
and the civilian population are, therefore, 
primarily the so-called “key nuclides” io-
dine, strontium, and caesium with half-lives 
in the range of days to 30 years – even if re-
leased in small percentages of the respec-
tive stock only. While the nuclear power 
plant employees were monitored, their ex-
posure must be understood as a (cumula-
tive) one-off load, and safety measures 
could be taken. The government ordered 
the evacuation of the population within a 
radius of 20 km around the site and safety 
precautions up to 30 km to prevent unac-
ceptable long-term exposure.

In the meantime, the measurements, re-
cordings and evaluations have revealed that 
there had not been any acute radiation 
damage. The highest radiation dose for a 
worker was 678 mSv, in this case applied in-
advertently when not recognizing the dose-
meter readings. He was released from hos-
pital only a few days later.

There is good reason to expect no fur-
ther long-term damage. All in all, only 6 
of the 10 of thousands of workers involved 
received radiation doses above the dose 
limit (raised by the government from 100 
mSv to the emergency value of 250 mSv; 
161 workers received doses between 100 
and 250 mSv)1.

The civilian population was exposed to 
far lower radiation doses only due to the 
evacuation. The highest dose of a civilian 
was calcu-lated to be 68 mSv, applying con-
servative assumptions. Yet the inquiry re-
port of the Japanese parliament states that 
the impending threat, the evacuation and 
the chaotic information policy of the gov-
ernment have led to incomparably serious 
psychosomatic conse-quences and addition-
al accidents [1]. 

Regarding possible long-term damage, it 
must also be considered that as per the line-
ar dose-effect-relation used by the Interna-
tional Commission on Radiological Protec-
tion ICRP, which conservatively covers all 
risks, e.g. the highest 678 mSv dose increas-
es the personal risk for the worker to con-

tract a late cancer (e.g. in 10 years) from 
e.g. 25 % (average value for non-smoking 
Japanese men) to about 32 % (comparative 
value for smoking Japanese men: 35 %). In 
addition, long-term monitoring programmes 
were launched, including for thyroid disor-
ders that are known be triggered by radioac-
tive iodine.

In the meantime, the government has re-
leased large parts of the evacuation zones 
and they can once again be entered or even 
permanently inhabited. Especially contami-
nated areas in the northwest, outside of the 
30 km zone were, however, also closed off.

Extensive decontamination measures 
have started in all affected areas, so that 
further areas are expected be released in 
the near future. The nuclear power plant 
operator	Tokyo	Electric	(Tepco) has paid over 
100 billion Euros for compensation, decom-
missioning, and decontaminating measures 
until the end of 2012.

Four people died in the Fukushima pow-
er plants (a crane accident caused by the 
earthquake, 2 drowned and one heart at-
tack during the clean-up), approximately 
30 were injured, mostly because of the hy-
drogen explosions.

In summary, it can be said that the health 
consequences caused by the nuclear power 
plants are in no way comparable to those of 
the tsunami.
Tepco	has presented a comprehensive 

plan to secure the power plant site [2]. The 
initial vaporisation cooling of the nuclear 
fuel in the reactors and the spent fuel pools 
could be replaced by closed-cycle cooling 
after the electricity supply had been re-
stored. For this purpose, extensive water 
cleaning plants were installed to discharge 
the water from the basements of the build-
ings (over 100,000 tonnes) and to feed 

some of it back into the reactors after clean-
ing. The closed-cycle cooling systems have 
reduced the release rates considerably and 
enabled the reduction of the salt content of 
the water and so the risk of corrosion.

The reason for the explosion in unit 4 is 
still unclear. The initial apprehension that 
the fuel assemblies – the inventory of the 
reactor core had also been stored in the 
spent-fuel pool of unit 4 – were destroyed 
after vaporisation or water loss due to leak-
ages seems, in the meanwhile, improbable. 
Photos show intact storage frames with vis-
ible fuel assembly heads. The approx. 1,500 
fuel assemblies in this spent-fuel pool are to 
be retrieved until the end of 2014 and trans-
ported to the site’s (undamaged) central 
wet storage area (distance approx. 50 m), 
using 2 transport containers.

Meanwhile, the clearance of the debris 
and rubble on the premises has been com-
pleted, and Tepco has published a medium 
to long-term plan to restore the accessibili-
ty of the turbine and reactor buildings. The 
re-establishment of closed-cycle cooling of 
the spent-fuel pools distinctly reduced the 
high temperatures and almost 100 % hu-
midity in the buildings. Any decision on 
further meas-ures can, however, only be 
taken when more precise knowledge of the 
condition of the melted fuel material and 
the spent-fuel pool inventories will be avail-
able. Remote handling systems are availa-
ble for operations in areas with high local 
radiation.

The reactor buildings of the units 1, 3, 
and 4 that were destroyed by the hydrogen 
explosions were/are being encapsuled 
with additional shells that can be kept be-
low atmospheric pressure in order to pre-
vent further uncontrolled release of radio-
activity (Figure	2). 

___________
1 Acute radiation damage only occurs over 

1,000 mSv, fatal doses are in the range of 
4,000 to 7,000 mSv. The total life dose 
over 70 years from natural sources and 
medical applications amounts worldwide 
to 200 to 600 mSv, e.g. for professional pi-
lots to up to 120 mSv and more. Fig. 2. Planned building shell for unit 4 (Source: Tepco/WNA).
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Cause: Not a “residual risk” incident, 
but rather negligence

Meanwhile, the cause of the Fukushima in-
cident has been identified: It was neither 
the size of the earthquake, nor the internal 
safety layout of the plants nor errors 
made by the operating staff, but rather and 
solely the fact that the site layout was 
not adequately dimensioned to cope with 
high, but expectable tsunamis. Already with 
a few inexpensive measures, such as e.g. 
watertight doors for the turbine buildings, 
Fukushima-Daiichi	would not have even re-
ceived any special mention in the evening 
news reports worldwide on March 11, 2011. 
Only Onagawa would have achieved this, 
where a fire broke out in a non-nuclear part 
of 1 of the 3 units, which could, however, 
quickly be extinguished.

This makes it particularly clear that the 
event was not a manifestation of any plant-
intrinsic “residual risk” as stated in the ex-
planation to the German nuclear phase-out 
act. In other words, it was not a very rare in-
cident (as defined in the regulatory frame-
work as one in 10,000 or 100,000 years for 
floods or earthquakes, respectively), and 
therefore an incident that could not have 
been prevented by the plant design. 

In the last 500 years, at least 16 tsunamis 
with wave heights over 10 m have hit Ja-
pan’s coastlines – resulting in an average 
occurrence frequency of one every 30 years. 
The northeast coast of Honshu was last af-
fected around 0, 869, 1611, 1896, and 
1933.

In Japan the design requirements to cope 
with earthquakes and tsuna-
mis etc. were defined in the 
1960s. The construction of 
the Fukushima plants was 
started at around this time. 
Whereas the provisions for 
earthquakes were always 
taken seriously and were 
adapted over the years to 
match new findings, the de-
sign provisions with regard 
to the tsunami risk were not 
as systematically defined as 
required for the historically 
known maximum wave 
height for the region. Esti-
mations which wave heights 
could realistically occur 
(“probabilistic approach”) 
had not been included in the 
licensing and regulatory 
practice until 2011, and had 
therefore also not been con-
sidered for the design of the 
plant.

This means that the root 
cause for the event was gross 
negligence, confirmed (for 

the first time in Japan’s history) by an inves-
tigation committee appointed by the Japa-
nese government (“NAAIC Report”):

“What must be admitted – very painful-
ly – is that this was a disaster “Made in Ja-
pan”. Its fundamental causes are to be 
found in the ingrained conventions of Jap-
anese culture: our reflexive obedience; our 
reluctance to question authority; our devo-
tion to “sticking with the program”; our 
groupism; and our insularity. Had other 
Japanese been in the shoes of those who 
bear responsibility for this accident, the re-
sult may well have been the same.” [1].

The site-specific risk in Fukushima be-
comes quantitatively understandable by 
comparing it to the results of “Probabilistic 
Safety Analy-sis” studies for nuclear power 
plants performed worldwide (typically 
every 10 years), in which the respective 
probability of occurrence for a meltdown 
accident is determined.
Figure	3 shows in particular the progress 

made in the integral improvement to nu-
clear safety. Worldwide, the risk of a melt-
down has fallen by a factor of 10 every 10 
years, not however in Fukushima. There 
the risk had existed since 1971, when the 
first unit started. The graphs in Figure	3 al-
so show the gap between the risk in Fuku-
shima-Daiichi and the internationally well 
accepted “residual risk” area (green).

Economic consequences for Japan

Within a year after the tsunami, the ap-
prox. 30 (of a total of 54) reactors remain-
ing in operation were disconnected from 

the grid one after the other for their regu-
lar fuel assembly replacement. Except Ohi	
3	and 4, which Kansai	Electric urgently re-
quired to cover regional supply bottle-
necks, no other plants have received per-
mission to restart operations. Since then, 
the shortage of  capacity (before the earth-
quake the share of nuclear of Japan’s pow-
er generation was about 25 %) has had to 
be compensated for by consumption re-
straints, intensive use of reserve capacities 
that burn fossil fuels (including the power 
plants on Honshu’s north east coast that 
were likewise destroyed by the tsunami, 
however, but were repaired within a mat-
ter of weeks or months), and, thus, consid-
erably increased imports of coal and lique-
fied natural gas. The costs for gas imports 
alone have risen from 20 to 50 billion Eu-
ros per year. For this reason, for the first 
time in 30 years, the Japanese foreign 
trade balance turned to a deficit already in 
2011. This deficit increased in 2012 to 
58 billion Euros (total exports 2012: € 538 
billion).
Tepco is liable for the compensation of 

the evacuation victims due to Fukushima	
and the clean-up and decontamination 
measures. Tepco has been re-nationalised 
due to insufficient insurance coverage. 

In the elections on 16 December 2012, 
the centre-left government under Prime 
Minister Noda, who had argued in favour 
of abandoning nuclear power in the long-
term, was replaced with a clear majority of 
2/3 by a coalition under liberal-democrat-
ic leadership. On December 27, 2012, 3 
days after taking office and on the first 
working day of the government, the new 

Fig. 3. History of results of Probability Safety Analysis worldwide.
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Prime Minister	Abe announced that nucle-
ar power plants that were classified as safe 
would start up operations again in the 
coming 3 years, as soon as the planned 
new, independent regulatory authority 
will be able to fulfil its duties. Even con-
struction of new plants (at the moment 2) 
could continue.

However, in Japan restarting traditional-
ly also depends on the consent from local 

authorities. Therefore, tedious political 
voting processes for each individual plant 
can be foreseen.

Worldwide reactions

After the Fukushima incident, it was clear to 
the governments and operators in the coun-
tries where nuclear power plants are oper-
ated and/or are being built, what would 
have to be done:
Review whether their own plants were 
properly protected against tsunamis, and 
review whether other comparable hazards 
(with so-called “cliff edge” potential) might 
exist.

In Germany, the federal government im-
mediately initiated a safety review of all nu-
clear plants (including those that had been 
ordered to shut-down) through the Reactor	
Safety	Commission. The result revealed that 
no deficits existed within the defined risk 
limits (i.e. below the residual risk thresh-
old) and that above this threshold the plants 
displayed different, often considerable, ad-
ditional robust-ness. The plants are correct-
ly designed to all conceivable hazards.

Shortly afterwards, all German plants 
were subjected to the “EU stress test”, like-
wise all other European plants. This effort 
required about 500 man years. 

After months of investigations, reviews 
and crosschecks, the European	 Nuclear	
Regulators	Group	ENSREG	found that the 
requirements have been correctly formu-
lated for all European plants and all are be-
ing appropriately fulfilled. Furthermore, it 
was stated that all plants do possess addi-
tional safety margins in the beyond-design-
area. Nevertheless, about half of the Euro-
pean plants reviewed did not have all the 
possible safety installations attributed to 
the “residual risk area” such as filtered con-
tainment pressure release systems or hy-
drogen degradation systems. These sys-
tems, that would have made evacuations 
unnecessary in Fukushima, were already in 
place e.g. in German plants even before 
the incident.

Further recommendations pertain to ad-
ditional enhancements of emergency re-
sponse equipment, such as additional mo-
bile emer-gency diesel generators, diverse 
heat sinks, improved battery capacities to 
supply instrumentation and control systems 
with emer-gency electricity, additional cool-

ing possibilities for reactors and spent fuel 
pools as well as improved emergency radia-
tion protection. These measures have mean-
while been adopted in most of the coun-
tries. All of these measures were largely in 
place in Germany already, even in the mean-
while decommissioned plants.

Worldwide, most governments have kept 
a level head in the face of the Fukushima in-
cident (Figure	4). First they analysed and 
evaluated the situation, and then drew their 
conclusions. It is worth a remark that since 
then a number of countries have announced 
new projects or that they will start using 
nuclear power.

Others, such as e.g. China, that had 28 
units under construction and over 150 in 
planning, had initially issued a moratorium 
for new approvals. The construction or even 
the operation of nuclear plants was not in-
terrupted. After reviewing all circumstanc-
es, the moratorium was lifted in 2012, since 
then the construction of 7 new units has al-
ready started.

Thus after Fukushima, only Germany has 
decommissioned operating plants prema-
turely. With an estimated average genera-
tion cost advantage of 4 Eurocents/kWh 
and an annual production by nuclear power 
plants of 170 TWh, and taking into account 
the worldwide targeted life of 60 reactor 
operating years, by decommissioning the 
plants after less than 30 reactor operating 
years we arrive at an estimated economic 
loss for Germany of about € 200 bn due to 
the nuclear phase-out. However, the life-
time limit in Germany had already been set 
to an average of 40 to 44 years even before 
the Fukushima	incident.

Summary

The decisive factor for the accident in 
Fukushima was inadequate design provi-

sions against large, but in Japan not rare 
tsunamis. That means that the incident 
cannot, as stated in the justification for 
the German phase-out act, be attributed to 
the technical “residual risk” of the plants, 
but it was rather due to an inadequate ba-
sic design of the plant against an external 
hazard. 

The inspections that have been per-
formed in many countries (including “EU 
stress tests”) since then have shown that 
comparable design deficits did not and 
do not exist outside Japan. In Germany 
compliance with all requirements by 
all plants was additionally confirmed 
by the “Reactor Safety Commission Safety 
Review”.
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