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Winter 1999: A powerful storm named Lothar sweeps through the southwest
of France, causing significant flooding at Le Blayais NPP, including some
safety-related buildings. Summer 2007: The strongest earthquake ever to affect
an NPP occurs near Kashiwazaki-Kariwa, the world’s largest nuclear power
plant, located in western Japan. Though the reactors and their safety-related
equipment perform satisfactorily, the quake damages non-safety-related
equipment, and four of the seven units are still shut down. Summer 2010: An
unprecedented heat wave hits several parts of Russia, lighting violent forest
fires. Working day and night, the fire squadrons succeed in containing the fire
only four kilometres away from the Novovoronezh NPP. The situation was
never out of control in any of these three cases, and yet…
This issue of the EUROSAFE Tribune, devoted to external hazards, bears 
witness to the increasing awareness of the uncertainty associated with 
phenomena such as floods, earthquakes, tsunamis, extreme heat, dust- and
sandstorms, and airplane crashes. It provides an overview of the lessons
learned from each event and of the knowledge gained from ongoing studies
aimed at making nuclear facilities less vulnerable to external hazards at each
stage of the lifecycle, from design through siting, construction and operation.
We invite you to draw your own conclusions on these issues, and we wish you
pleasant reading. ●

Jacques Repussard and Heinz Liemersdorf 

Jacques Repussard (IRSN) and Heinz Liemersdorf (GRS).
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Jean-Christophe Gariel and Tiberiu Mateescu, IRSN (France)

Ever since the inception of the nuclear power industry, increased awareness of the risks of low-frequency
events, combined with greater consideration of the risks associated with climate change and human activity,
have prompted the evolution of safety design and assessments methods with respect to external hazards.
How are these methods impacted? How should the design and operation of nuclear facilities be adapted to
maintain safety levels? A French perspective.
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Risks relating to external hazards,
whether natural or man-made, are
taken into consideration in the design
of nuclear facilities (power reactors,
nuclear fuel cycle plants, research
reactors, laboratories, etc.) and are
regularly reviewed during periodic
safety reviews (PSRs). These risks
must be studied to guarantee safety
functions which, in the case of power
reactors, include shutdown, main-
taining the reactor in a safe shutdown
state, residual heat removal and con-
tainment of radioactive products.  

Collecting exhaustive, quality data: 
A challenging prerequisite

With a view to design protection
against risks related to external 
hazards, the hazards to be taken into
consideration must first be assessed.
The methods used in France to assess
external hazards were described in
the 1980s in Basic Safety Rules
applicable to all nuclear facilities. The
methods described in these rules can
be either deterministic – as in the case
of seismic hazard assessment – or
probabilistic, as in studies of the risk
of an aircraft crash. Whether proba-

bilistic or deterministic, the method
used is always reliant on observations
(recorded in meteorological records,
earthquake catalogues, flood mea-
sures) that are processed to define a
maximum event for facility design. 
The definition of the hazard is there-
fore highly dependent on the quality
and exhaustiveness of available data.
The environment around nuclear
facilities changes, for multiple rea-
sons: climatic and geomorphological
change on a global or local scale (e.g.
global warming or coastal erosion),
or changes in infrastructure (e.g.
increased air traffic or changes in
land use). Prospective studies in these
areas provide valuable information,
but contain even greater uncertainty
when we focus on extreme events to
be considered in the nuclear field. As
is often the case, operating feedback is
an essential source of information on
the processes involved. In this respect,
France benefits from 30 to 40 years of
nuclear facility operating experience
feedback (OEF), built in particular on
1,500 reactor-years of EDF reactor
fleet operations. Combined with
international OEF, this can now be
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applied to assessment of the robust-
ness of methods used to characterise
external hazards. Two major ques-
tions emerge from this operating
experience: have any extreme events
occurred in recent years and, if so,
have they called hazards definition
into question? Has any new technical
and scientific knowledge been
acquired and, if so, has it led to the
need to change methods used to
assess external hazards? A couple 
of cases offering answers to these
questions follow.

Flooding: Partial flooding of 
Le Blayais nuclear power plant in 1999

In December 1999, an exceptionally
violent storm struck most of Europe.
It led to the partial flooding of Le
Blayais nuclear power plant, located
along the Gironde estuary in south-
western France, and a partial loss of
offsite power. Analysis showed that
the exceptionally high water levels
observed during the storm were due
to the combined effects of high tide,
storm surge and waves driven by very
strong wind. The partial flooding of
the site was due to the fact that the
last of these factors was not taken into
consideration when the height of the
dike that protects the site was calcu-
lated. The feedback from this situa-
tion led to the re-assessment of flood
protection for all nuclear facilities
and to improved characterisation of
the flood risk by taking additional
phenomena and combinations of
phenomena into account, such as the
impact of wind on wave height and
consideration of local rainfall. A new
guide incorporating these factors,
intended to replace the 1984 Basic
Safety Rule, is currently in the public
consultation phase. The French
Nuclear Safety Authority (ASN) is
expected to publish it in 2011.

Heat waves: The summers of 2003 
and 2006 

During these two summers, mean
daily temperatures were well above
mean values observed over the previ-
ous thirty years. In addition to high
air temperatures, these extreme cli-
matic events resulted in a steep rise 
in river water temperatures. In 2003, 
in particular, water temperatures in 
several rivers rose five degrees above
the mean historical temperature and
exceeded maximum historical values.
This led the regulators to issue a tem-
porary discharge permit based exclu-
sively on the relative increase in water
temperature rather than on obser-
vance of an absolute temperature
threshold. Since the 2003 heat wave,
forecast calculations based on climatic
change models were performed show-
ing that, by 2020-2035, extreme tem-
peratures could largely exceed those
recorded in 2003 and 2006. In light of
these observations and forecasts, EDF
decided to increase the capacity of
some of its heat exchangers.

Earthquakes: Lessons learned from
Kashiwazaki-Kariwa

The most severe earthquake ever
recorded at a nuclear facility occurred
at the Kashiwazaki-Kariwa nuclear
power plant, located in Niigata Pre-
fecture, 250 km northwest of Tokyo,
Japan. The 6.6 magnitude earthquake
that struck the seven-reactor power
plant occurred along a fault in which
the seismogenic potential (i.e. the
most powerful earthquake likely to
occur at this spot) had been signifi-
cantly underestimated. Nonetheless,
thanks to the very conservative safety
criteria of the plant’s design and the
high quality of construction, this sit-
uation had no impact on nuclear
safety, although restart is still pending
for units 2, 3, 4 and 5 .
This example clearly shows that even in
a highly developed country that is
accustomed to taking seismic phenom-
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Aircraft crashes: Factoring in 
changing aircraft types and air traffic

The method used by French nuclear
operators to assess the risk of an air-
craft crash for their facility is based
on the application of Basic Safety
Rules i.1.a and i.2.a, developed by
ASN. A probabilistic approach is
adopted first. For each nuclear site,
the annual probability of an unin-
tended aircraft crash is assessed at
each target facility. This assessment is
performed for each of three aircraft
categories: general aviation (aircraft
weighing less than 5.7 tonnes), com-
mercial aviation and military aviation.
The assessment is based on air traffic
statistics and records of accidents
involving each category of aircraft in
metropolitan France. The probabilis-
tic objective of the Basic Safety Rules
is that the overall probability of a
facility being the source of an unac-
ceptable release of radioactive sub-
stances should not exceed 10-6 per
year, expressed as an order of magni-
tude. In practical terms, if the annual
probability of a crash impacting a
safety function for a given category of
aircraft exceeds an order of magni-
tude of 10-7, the radiological conse-
quences are then assessed using a
deterministic approach. If  those 
consequences are unacceptable, the
target facilities which ensure this
safety function must be designed to
withstand a crash involving a repre-
sentative aircraft in each category
considered.
The aircraft crash risk is constantly
reviewed during the lifecycle of a
nuclear facility to ensure that it con-
tinues to be consistent with the orig-
inal structural specifications. Failing
this, steps must be taken so that the
consequences are acceptable. The
methods used to assess the aircraft
crash risk must be reviewed periodi-
cally to take into account changes in
aircraft (the A380 wide-body aircraft,
civil defence ‘Canadair’ water-bombersEU
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ena into consideration, the seismic
hazard for sensitive facilities can still
be largely underestimated.
In France, the Basic Safety Rule con-
cerning seismic hazard assessment
was revised in light of fresh seismo-
logical knowledge. The 2001 revision
introduced two new concepts. Firstly,
consideration was given to paleoseis-
mology, the study of earthquakes
with very long return periods (several
tens of thousands of years), far longer
than the period considered in histor-
ical seismology, which is about one
thousand years in France. Secondly,
the effects of local amplification
induced by the presence of ‘soft’ 
geological layers at the surface were
taken into account, as these layers
amplify seismic motion. 

Aircraft crash test in the USA.
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used in fighting forest fires, especially
in the south of France) and air traffic
in each category, as well as the growing
amount of statistical data available 
to refine approaches.
With regard to intentional aircraft
crashes, nuclear facilities are under
constant surveillance and a variety of
measures were implemented in the
wake of the 9/11 terrorist attacks in 2001.

External hazards: ‘New’ types of 
phenomena to be factored in

All of the above examples show that
close attention must be paid to assess-
ing risks relating to external hazards.
There are several situations where 
the intensity of expected events has
been underestimated or inadequately
assessed owing to the failure to consider

certain phenomena or combinations 
of phenomena. For existing facilities, 
particular attention must therefore be
paid to the observation of extreme 
phenomena and to the acquisition of
new knowledge. Whatever the case, 
regulations must be regularly updated
on the basis of operating experience
feedback and fresh knowledge. 
With newcomer countries planning
to build nuclear reactors, new issues

will have to be addressed when 
defining the risks relating to external
hazards. In some of these countries,
for example, the new facilities will 
be located in regions with conditions
– weather conditions in particular –
that have never been encountered by
the facilities currently in operation
around the world. These conditions
include the regular occurrence of
extremely high air temperatures
(above 40°C) and high cooling water
temperatures (above 30°C). Such
problems will need to be taken into
account. Other climatic phenomena,
such as sandstorms, which have not
previously received much attention,
will now have to be considered. ●
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Sand storms seen from space
and from the ground.
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The spectrum of hazards to be con-
sidered, the different design provi-
sions, and the type and extent of the
protection measures required accord-
ing to the standards and regulations
have changed over time. This is
reflected most notably in the German
NPP fleet, comprising four design gen-
erations of pressurised water reactors
and two construction lines for boiling
water reactors. Despite all the differ-
ences in the design, one similarity is
noticeable: all design concepts were
based on deterministic considerations. 
Up to now, regulations and standards
refer to probabilistic methods, mainly
in the context of assessing the safety
of existing reactors. In Germany, 
the design of NPPs against external 
hazards is based on a limited set of
nuclear standards and regulations
covering five hazards explicitly:
earthquakes, flooding, lightning,
pressure waves from chemical explo-
sions, and unintended aircraft crashes.
For other hazards, such as loads from

wind and snow pack, non-nuclear
standards and regulations are applied.
According to the technical reference
document on PSA methods supple-
menting the German guideline for
periodic safety reviews, probabilistic
analyses are required for four cate-
gories of external hazards: earth-
quakes, flooding, pressure waves and
aircraft crashes.

From design earthquake and safety
earthquake to design basis earthquake

Seismic hazards are addressed in the
German Nuclear Safety Standard
KTA 2201, Design of Nuclear Power
Plants against Seismic Events, which
consists of six parts covering all 
the relevant aspects from hazard
assessment to foundation soil issues
to design and post-earthquake mea-
sures. The first requirements to con-
sider seismic hazards were specified
in 1975 by KTA 2201, which defines
two different earthquake levels: 
the design earthquake (similar to an

Design load case: F rom 
deterministic to probabilistic
assessment

Heinz Liemersdorf, GRS (Germany) | Heinz-Peter Berg, BfS (Germany) | Dietmar Hosser, iBMB (Germany)

External hazards have the potential to affect a nuclear power plant (NPP) as a whole, and simultaneously
induce initiating events (e.g. loss-of-coolant accidents or transients) and impair the safety systems necessary
to limit the consequences of these events. This is why German NPPs have been designed to withstand the
impact of external hazards such as aircraft crashes, pressure waves, earthquakes and flooding. This design
draws increasingly upon probabilistic safety assessments (PSAs).

DESIGN CONCEPTS AND HAZARD A SSESSMENT
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operation basis earthquake), repre-
senting a lower intensity earthquake
for which continued plant operation
should be feasible, and the safety
earthquake (similar to a safe shut-
down earthquake), which determines
the ultimate safety-related design
requirements. In the revised version
of KTA 2201, published in 1990, the
design basis earthquake replaced this
two-level concept. Based on scientific
knowledge, this designates the most
severe earthquake that could poten-
tially affect the plant site. Its determi-
nation is essentially based on the 
definition of seismic source zones
and observed historic seismicity.
Although a target exceedance proba-
bility of 10-4 per year together with 
an 84-percentile design spectrum is
applied, this is not specified in the
current standard. In the ongoing 
revision of KTA 2201, an exceedance
probability of 10-5 per year together
with a median design spectrum and
the additional application of proba-
bilistic methods will be introduced.

The value of experience feedback in
safety standard revisions

Other, more specific KTA safety stan-
dards, which have also been revised
twice, are dedicated to protection
against flooding (KTA 2207) and
lightning (KTA 2206). KTA 2207,
issued in 1982, was revised in 1992 and
2004. The last amendment of this
standard was a direct consequence of
operating experience: In 1999, the 
Le Blayais site in the southwest of
France was affected by the winter
storm Lothar, causing significant
flooding of the plant area and of
some safety-related buildings. This
led to a revision of KTA 2207 in 2004
to incorporate lessons learned from
French operating experience. In addi-
tion to the specification of methods
to be used for flood hazard assess-
ment at river and coastal sites, the
exceedance probability for the design

basis flood was set at 10-4 per year. As
stipulated in the previous version of
the standard, permanent protection
measures are required for flood
events with exceedance probabilities
of up to 10-2 per year, whereas tempo-
rary measures are allowed for proba-
bilities from 10-2 to 10-4 per year.
The standard on lightning protection,
KTA 2206, was first published in 1992
as a consequence of operating experi-
ence in the eighties. The revisions 
in 2000 and 2009 incorporate new 
scientific and technical findings.

Increasing awareness of man-made
hazards

While no KTA standards for man-
made hazards exist so far, guidelines
are available for protection against
pressure waves from chemical explo-
sions and aircraft crashes. A guideline
on pressure waves focusing on appro-
priate site selection and on structural
design measures – i.e. on the design
against a pre-defined pressure curve –
was issued in 1976, whereas a specific
section on aircraft crashes supple-
mented the RSK Guidelines for Pres-
surised Water Reactors in 1974.
Originally, the aircraft crash hazards
covered only military jets, not civil
aircraft. Design analyses for German
NPPs in the early seventies were
already based on the characteristics of
Starfighter-type military aircraft
(mass and velocity at time of impact).
But since the typical NATO jet in
operation over Germany at that time
was the Phantom, a load function
compatible with the impact of that
aircraft was defined in the guideline.
The specifications of the RSK guide-
lines are still applicable to current
military aircraft – the Tornado and
the Eurofighter Typhoon – since their
basic characteristics are similar to
those of the Phantom. Furthermore,
they provide basic protection against
unintended crashes of a wide range of
civil aircraft.

Views of the damage caused by
the 2007 tremor at Kashiwazaki-
Kariwa NPP (western Japan).
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cannot be screened out: seismic haz-
ards, strong winds, external flooding
and human-induced hazards. The lat-
ter cover off-site explosions (e.g. by a
pipeline accident), off-site toxic sub-
stance releases and an unintended
aircraft crash.

PSAs: An integral part of new build
projects

For new NPP projects(2), the most 
significant improvements include the
requirement for PSAs at the design
stage, reduction in the acceptable
consequences of external hazards,
and crash protection against large-
size civil aircraft.
The current revision of the German
technical PSA documents in particular
will adopt experience in performing
PSAs for external hazards resulting
from progress in methods and updated
data, but also from changes such 
as the increasing number of flights
over Germany, which has lead to a
broadening of previously restricted
air routes. ●
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Incorporating PSAs in international
safety documents: A slow but steady
trend

Over the last thirty years, probabilis-
tic risk assessment has supplemented
deterministic hazard assessment
more and more. As operating experi-
ence at several NPP sites, mainly in
the USA and Japan, revealed non-
negligible frequencies of specific haz-
ards such as earthquakes, hurricanes,
tornadoes and flooding, it was recog-
nised that nature-induced hazards
might impair NPP safety signifi-
cantly. There were therefore some
first attempts to incorporate external
hazards in probabilistic assessment.
Due to difficulties in determining
exceedance probabilities for this type
of hazard and in incorporating their
impact in the plant model, it took
nearly fifteen years until the first
complete seismic PSA was performed
for a German NPP. Current interna-
tional documents on PSAs advise 
that severe weather conditions and
seismic events be addressed. In this
respect, part of the IAEA Safety Guide
is devoted to a long list of external
hazards to be considered (1). However,
specific recommendations are pro-
vided for selected hazards that usually

(1) Development and 
Application of Level 1
Probabilistic Safety 
Assessment for Nuclear
Power Plants, SSG-3, 
April 2010.
(2) WENRA Safety Objectives
for New Power Reactors,
December 2009.

Subsidence of refilled soil after
the 2007 tremor at Kashiwazaki-
Kariwa NPP (western Japan).
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Because earthquakes are potentially highly damaging, NPP site studies include assessments of the seismic
hazard inherent in each candidate site. Similar studies are performed in Germany for operating NPPs as part
of periodic safety reviews. From the observation of earthquakes to the calculation of the seismic hazard, this
article provides an overview of scientific advances and limitations.

Timo Schmitt, SDA-engineering GmbH (Germany)

evaluation is based firstly on historical
and recent seismicity data collected 
in earthquake catalogues, and secondly
on knowledge about geology and 
tectonics, such as source regions and
active faults.

Estimating the seismic hazard for dif-
ferent probabilities of exceedance

The first seismic hazard assessments
for nuclear power plants were carried
out in the late 60s following deter-
ministic procedures. At that time,
guidelines were developed to provide
a framework and basic requirements
for performing seismic hazard
assessments (see Table). The deter-
ministic seismic hazard assessment
(DSHA) considers case scenarios and
evaluates the strongest credible vibra-
tions at the site, based on historical
seismicity and tectonics. The proba-
bilistic seismic hazard assessment
(PSHA) goes back to the American
civil engineer Carl Allin Cornell and
the Mexican civil engineer Luis
Esteva. In 1968, Cornell published a
major theoretical work for a proba-
bilistic seismic hazard assessment
that estimates the seismic hazard for
different probabilities of exceedance

As we were reminded by the Haiti
tremor in January 2010, earthquakes
are among the most destructive nat-
ural disasters in the world, producing
significant accelerations at frequen-
cies to which buildings are vulnera-
ble. To avoid damage, the first step
should therefore be evaluation of the
seismic hazard based on target safety
levels. For standard civil engineering
calculations, seismic loads are speci-
fied in national building codes by
standard response spectra. Usually,
the seismic hazard is calculated for a
probability of 10% in 50 years, i.e. a
return period of 475 years. For facili-
ties with high secondary risk, such as
nuclear power plants, radioactive
waste deposits or large dams, longer
return periods are required. This 
is the case for nuclear power plants
(NPPs), where the probability of
exceedance typically ranges from 
10-4/year to 10-5/year. Moreover, in this
particular case, site-specific studies
must be conducted by a multidisci-
plinary team with state-of-the-art
geological, geophysical and engineer-
ing knowledge. 
These disciplines are needed for seis-
mic hazard assessment, as this type of
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(see box). Part of this work is the total
probability theorem, where the proba-
bility that the expected earthquake
parameter at the site will be reached
or exceeded is dependent on earth-
quake strength, distance and the
cumulative distribution functions of
these two characteristics. Computer
programmes were developed in the
70’s based on this theory, the best-
known being EQRISK, which made it
possible to perform a PSHA with
numerical procedures. It took a few
more years for probabilistic methods
to disseminate and be used by NPP
owners. Nowadays, the PSHA is the
standard procedure for seismic hazard
assessment, and PSHA methodolo-
gies were made mandatory for NPP
codes (although most of the codes
still prescribe a deterministic proce-
dure as the basic requirement).

The significance of uncertainties
Deterministic and probabilistic meth-
ods are basically the same, except that
the PSHA evaluates the earthquakes
statistically and provides design accel-
erations for different probabilities of
exceedance, thereby making it possible
to define safety or design levels. Over
time, the PSHA became more sophisti-
cated and the importance of uncertain-
ties was identified. Uncertainties were
divided into mathematical uncertainties
(aleatory) and model uncertainties
(epistemic). Although all uncertainties
are theoretically epistemic, the differ-
entiation is useful for consideration in
the hazard calculation. Aleatory uncer-
tainties such as attenuation of ground
motion are taken into account by 
standard deviations, whereas epistemic
uncertainties such as the selection of 
an appropriate attenuation function 
or the definition of source regions 
and their maximum magnitudes 
are usually assessed by a logic tree
approach. Although uncertainties 
are often mentioned in the PSHA, 
they can apply in the DSHA as well.

The seismic hazard with long return
periods

Generally, the greatest uncertainties
relate to ground motion attenuation
and local soil conditions. Calculations
of soil dynamics can be performed to
estimate the effects of ground motion
on the local site. These calculations
are already standard, but it is impor-
tant to determine input parameters
carefully. This is done by measure-
ments of shear wave velocities at the
site in addition to borehole data that
give the stratigraphic profile and soil
density. The trend towards estimating
an increasing number of uncertain-
ties leads to hazard results that are not
comprehensible anymore. Sensitivity
studies are performed to make the
results of the PSHA understandable.
In these studies, the hazard is de-aggre-
gated to analyse the influence of sin-
gle hazard parameters. The sensitivity
studies consider the effects of seismic
source characterisation, maximum
magnitudes, attenuation functions
etc. on the aggregate hazard at the
site. The information that seismic
source regions are significant for the
overall hazard is of special interest
when earthquake scenarios are used
in design calculations. 
Although there are many tools for
seismic hazard assessment, results for
a particular site sometimes differ sig-
nificantly among experts. This is no
surprise in the case of earthquakes 
for which we have only a couple of 
centuries of observation, whereas
required return periods for the design
of NPPs are very long. 

Considerations for future PSHA 
development

In the past ten years, some time- and
cost-consuming hazard studies were
performed to evaluate parameters
that are difficult to assess, taking into
account differing expert opinions.
The basic idea is to combine expert
opinions using a logic tree, assumingEU
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that different experts represent a
community of opinion. Project man-
agement plays an important role in
this approach. The question then
arises as to whether a hazard study
designed to factor in all eventualities
and include several different expert
groups really meets the goal of a more
precise hazard assessment, or if it just
produces more data and a broader
distribution of uncertainty. However,
the PSHA is not a standard procedure
and it is therefore important to docu-
ment all input data and to describe
and explain all methodologies and
decisions in order to make the calcu-
lations reproducible.
How will the PSHA evolve in the
future? Are we taking a step back to
smaller and more efficient expert
groups, concentrating on the most
significant parameters? Is a scenario-
based approach thinkable? In practice,
a hazard assessment for the licensing
process might be carried out either by
setting up workshops with experts,
advisors and reviewers, or through a
study performed by an expert working
group and reviewed by another inde-
pendent group. However, benchmark
tests are often neglected. 

Checking the reliability of results
Mathematically, we can calculate the
seismic hazard to infinitely small
probabilities, resulting in accelera-
tions that are physically impossible
due to the implied Gaussian distribu-
tion in the hazard formulation. It is
therefore essential to have tools
aimed at checking the reliability of
the results. We must keep in mind
that the earthquake catalogue is the
fundamental basis of all our calcula-
tions. To make the results of a PSHA
plausible, especially for low proba-
bilities of exceedance, the DSHA can
help, because it is a simple and much
more transparent procedure. ●

First, it is assumed that earthquakes are Poisson-distributed, i.e. that they are
statistically independent events. Therefore, it is important to exclude pre- and
aftershocks before calculating the regression parameters of the frequency 
distribution of the source regions. PSHA programmes calculate the hazard for
a site as follows: The area around the site is divided into small regions. For each
region, the frequency distribution and the activity rate of earthquakes are known.
The hazard at the site can therefore be calculated for a given ground motion
attenuation function. The sum of all contributions from all source regions gives
a hazard curve for the site. The hazard curve gives the earthquake strength in
terms of spectral accelerations, peak ground accelerations or intensities.

Principle of a probabilistic seismic hazard calculation

Basic Data

Earthquake catalogues, Geology and (Neo-)Tectonics, local soil

Results

Hazard curve, site-specific response spectra

Basic Model Parameters

• Seismic source regions
• Ground motion attenuation functions
• Local soil conditions
• For each source region:
 • Depth distribution
 • Maximum credible earthquake strength
 • Frequency distribution of earthquakes (only PSHA)

Hazard Calculation

Probabilistic
Probability of exceedance for 
different site intensities 
response spectra acceleration

Soil dynamic calculations

Deterministic
Maximum credible site intensity
response spectra acceleration

Table
Basic components of seismic hazard assessment
These include input data (such as earthquake catalogues and tectonics), model parameters
(such as seismic source regions) and ground motion attenuation functions, as well as 
deterministic and probabilistic calculation procedures. The final results are hazard curves
and specific response spectra for the site.
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The regulatory basis of seismic design
In Europe, seismic design of civil
structures is based on a standard
called Eurocode 8 (EC8), whose main
objective is to protect human life,
limit damage and ensure that infra-
structure important to public safety
(e.g. hospitals) remains operational.
The EC8 seismic design load for nor-
mal and important buildings is based
on return periods of 475 years and
2,500 years respectively.
NPPs are designed to withstand much
stronger earthquakes, with return
periods of 10,000 to 100,000 years
(see Fig. 1). The basic approach for
ensuring their seismic safety is for-
mulated in national (e.g. KTA-2201 in
Germany) as well as international
(e.g. IAEA) standards and safety
guides, which define the safety objec-
tives, criteria and seismic design
requirements and require their
implementation in the design. These
regulatory requirements are reflected
in the European Utility Requirements
(EUR), currently the most widely
used standard in Europe for new
build projects.

Earthquakes: A complex, multifaceted
hazard 

According to the EUR, a vendor’s
standard NPP must be designed to
withstand the Design Basis Earthquake
(DBE), defined in EUR by standard
design acceleration and a set of seismic
spectra reflecting local conditions.
Based on the seismicity and geology
of the site and its surrounding area,
the plant owner determines the 
parameters of the site-specific Safe
Shutdown Earthquake (SSE), and 
the vendor must establish that the 
standard design is satisfactory when
checked against this site-specific SSE.
The plant owner may also define an
Operating Basis Earthquake (OBE),
under which no specific inspection
would be required to continue oper-
ation. Experience has shown that if
structures, systems and components
(SSCs) have to be strengthened to
meet the requirements of a demanding
OBE level, this may be detrimental to
their behaviour in normal operation
(e.g. due to thermal restraint effects).
In addition, an analysis of the 
site-specific seismic margin of the
structures and equipment is carried
out to ensure that adequate safety

Rüdiger Danisch and Peter Rangelow, AREVA NP GmbH (Germany)

It is estimated that 20% of the world’s nuclear reactors are operating in areas of significant seismic activ-
ity. In all cases, nuclear power plants (NPPs) are designed to withstand much stronger and less probable
earthquakes (see box) than ordinary building structures. Moreover, in Germany, seismic events to be con-
sidered in the design are combined with other events in operating and accidental conditions by taking into
account the probability of simultaneous occurrence. Based on the mathematical models used to analyse the
effects of earthquakes on structures, systems and components, mechanical isolation offers major advan-
tages over conventional methods in areas of significant seismic activity.

Taming the Namazu(1)

SEISMIC DESIGN OF NPP BUILDINGS

(1) In Japanese mythology,
Namazu is a giant catfish that
causes earthquakes. 
Namazu lives in the mud
beneath the earth and is guarded
by the god Kashima, who
restrains the fish with a stone.
When Kashima lets his guard
fall, Namazu thrashes about,
causing violent earthquakes.



margins exist in the seismic design of
the main structures and components
beyond the design basis conditions.
According to the EUR, the design
must withstand a Seismic Margin
Assessment Review Level Earthquake
(SMA-RLE) with a margin of 40% 
on the horizontal peak ground accel-
eration above the design SSE level.
Seismic loads to be considered in the
design of the structures and equipment
are combined with other loads for
operating and accidental conditions.
Such combinations are based on the
partial load factor approach, which
takes into account the probability of
simultaneous occurrence of the loads.

Procedure for modelling and analysis
Mathematical models are used to
analyse the response of nuclear build-
ing structures to seismic action. Several
models of the structure are created
due to its complexity and the resulting
need for division into several subsys-
tems. The response of the primary
structure model provides the seismic
excitation input to the substructure
models for subsequent analysis.
The seismic analysis procedure consists
of the following main steps: 
• Depending on the type of analysis

selected, definition of the SSE by 
time histories, ground response spec-
tra and/or power spectral density;

• Generation of the structural model,
taking into account the effects of
soil-structure interaction; 

• Response analysis of the model; 
• Evaluation of floor time histories

and floor response spectra (FRS); 
• Dynamic analysis of components

with the FRS or with compatible
time histories.

Considerable uncertainties in the
design arising from different sources
– e.g. definition of the hazard, material
properties, soil-structure interaction,
FRS evaluation, etc. – are addressed by
parameter variation and, for example,
levelling and broadening the FRS.
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The largest earthquake ever to affect an NPP occurred on July 16, 2007 near the
world’s largest nuclear power facility in Japan. The Kashiwazaki-Kariwa NPP is
a seven-unit facility on the northern Japanese coast. The strength of the quake
(moment magnitude, Mw = 6.6) killed a dozen people in neighbouring areas,
flattened nearly 350 structures, and its force significantly exceeded the limits
for which the NPP was originally designed. It caused the plant, located only 
15 km away from the epicentre, to safely shut down. Though the reactors and
all their safety-related SSCs performed very well, the quake damaged non-safety
related SSCs and four out of the seven units are still shut down.

The case of the Kashiwazaki-Kariwa NPP

EC8 Earthquake Type A

Acceleration (m/s2)

EUR DBE 
“hard soil”

Frequency (Hz)

7

6

5

4

3

2

1

0
0.1 1 10 50

Hospital 
EC8 Ground Type A

Manpower
EC8 Ground Type A

D=5%

Figure 1
Seismic design loads (product of mass and acceleration) according to European Utility
Requirements (EUR) for a potential NPP site in the UK in comparison with the much lower
EC8 loads which a normal building or a hospital at the same location must withstand. 
The maximum horizontal acceleration is defined as a function of the natural frequency of
the building vibration for 5% damping. The dominant natural vibrations of buildings are at
frequencies of less than 10 Hz. In this frequency range, the accelerations for which the
NPP structures must be designed are about six times the values for a normal building or
about three times the values for a hospital is designed.
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Designing plants for high seismic areas
There are two principal methods to
protect a reactor’s structural integrity
during a strong earthquake: the con-
ventional one is to design the struc-
tures and foundations with sufficient
strength to cope with the induced
seismic forces, while the second one is
to reduce the forces transmitted to
the structure by isolating the building
from its foundation. In order to
increase the global stability of the
reactor building against a strong
earthquake or the crash of a large

commercial aircraft, four main options
are available: increase the size of the
base mat, as shown in Fig. 2; com-
bine several buildings on a common
base mat, as shown in Fig. 3; deeply
embed the building into the ground;
or fix the base mat to the ground
with anchors for tall structures.
The smartest protection methods
consist of reducing the seismic forces
transmitted to the building through
isolation, as implemented differently
on the four units of the Cruas plant
in the south of France and the 
two units of the Koeberg plant in
South Africa. 
The main advantages of the base 
isolation method are the reduction
of inertial forces and stresses resulting
from the reduction in design-accelera-
tion levels, the reduction in the cost
of plant equipment, the guarantee 
of equal performance regardless of
site seismic conditions (enabling
standardisation of plant SSCs), and
improved plant seismic margins.
The main disadvantages of the base
isolation method are the need for 
an additional foundation slab to
support the isolation devices, the
existence of a gap around the build-
ing to allow for seismic movement,
the need for expansion joints on 
piping between the isolated structure
and the ground, and increased main-
tenance costs.

In conclusion, it is clear that seismic
isolation is a very effective method
for protection against strong ground
vibration. In areas of significant 
seismic activity, it offers major advan-
tages over conventional methods. 
For this reason, seismic isolation is
expected to be broadly instituted in
the next generation of NPPs in high
seismic areas. ●
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Figure 2
AREVA’s KERENATM boiling 
water reactor building with a
larger base mat (update status: 
December 2009).

Figure 3
AREVA’s EPRTM pressurised 
water reactor common base 
concept: reactor, safeguard 
and fuel buildings.
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In the light of new data and modelling
techniques

For the current fleet of Generation-ii
(Gen-ii) NPPs, the initial assessment
of external flood risks and the subse-
quent deterministic design of flood
protection measures (including engi-
neered site platform level) have often
been executed in a period of limited
availability of both statistical data on
natural phenomena (storm surges,
high river flow rates, etc.) and tools
for modelling flood threats. Nowa-
days, the modelling of flood threats
has improved substantially due to
progress on several fronts: techniques
for obtaining detailed bathymetric
and topographic measurements 
(for the site and surrounding area),
advanced hydrodynamic modelling
techniques, and powerful computa-
tional capabilities. The combination
of these data and techniques allows
more precise assessments of flood
threats and design verifications for
existing or additional protection
measures. For a Gen-ii NPP, a peri-
odic safety review (PSR) usually offers
an appropriate framework for a

reassessment of flood risk and flood
protection.

Reassessment of flood protection at
Belgian NPPs

In Belgium, a reassessment of flood
risk and protection was performed
for each NPP site during the most
recent PSRs. For Doel, which is an
estuary site located along the tidal
reach of the river Scheldt, the major
incentive for this reassessment was
the flooding of the Blayais site in
France (December 1999), which was
provoked by a storm surge and high
wind waves in combination with high
tide. For Tihange, which is a river
site located along the river Meuse,
the original flood risk assessment
was mainly based on historically
reported floods and had to be revis-
ited after some unexpectedly high
water levels exceeding the original
estimations.
Starting from a survey of potential
flood threats induced by external
phenomena, potential hydro-mete-
orological or geological phenomena
and upstream dam breaches were

Dries Gryffroy, Bel V (Belgium) | Hans Brinkman, NRG (Netherlands)

Extreme phenomena, such as storm surges or high river water levels, may endanger the safety of nuclear
power plants (NPPs) by flooding the plant site, with subsequent damage to safety-related buildings. Flooding
may result in simultaneous failures of safety-related components, such as service water pumps and electrical
equipment. In addition, the plant may become inaccessible due to flooding in the plant environment.
(Re)assessments of flood risk and flood protection measures should therefore be based on accurate 
state-of-the-art methods.

An overview of Belgian 
and Dutch experience 

REA SSESSMENT OF FLOOD PROTECTION MEA SURES



as boundary conditions. The main 
statistical variables for the downstream
inflow are extreme tide level, wind
speed and wind direction. They are
stochastically generated by a Monte
Carlo calculation code using extreme
value distributions. It can be demon-
strated that the upstream inflow from
the river Scheldt has a minor effect 
on the water level at the Doel site in
comparison with the combined effect
of high tide and storm surge.

Tihange NPP: High flow rates, wind
waves or upstream dam failures as major
hazards
The flood risk at the Tihange site is
largely dominated by extreme precip-
itation in the Meuse river basin. The
flood risk has been verified for maxi-
mum river flow rates for different
return periods derived from statisti-
cal peak-over-threshold (POT) analyses
of flow rate data. Combinations of flow
rates and wind waves or upstream dam

identified and a selection of poten-
tial hazard scenarios was made for
each site to determine the design
basis flood (DBF) and its effects on
the site and the nuclear installations.
The DBF to be taken into account is
the worst case among these hazards
or concomitant occurrences of 
hazards having an occurrence fre-
quency exceeding 10-4/year (or a
return period of 10,000 years).

Doel NPP: Coping with high tide and
storm surge

The flood risk in the Scheldt estuary
is dominated by storm surges. To cal-
culate high water levels, wave heights
and wave overtopping of the dikes 
at the Doel site as a function of the
return period (up to 10,000 years), a
calibrated hydrodynamic model of
the Scheldt estuary and its tributaries
is used, with downstream inflow from
the open coastal side and upstream
run-off discharges from the river side

18
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The Tihange NPP (Belgium).
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failures were considered for a fre-
quency of concomitant occurrence
up to and including 10-4/year. For
these scenarios, flood levels and areas
were simulated with high precision
using a 2D-hydrodynamic model and
detailed bathymetric and topographic
data from the Meuse valley. On the
river, mobile dams constructed every
15 to 20 km each have several passages
that are normally shut with steel
locks, which are lifted above the water
level in the event of high flow rates.
Therefore, a flood level increment
(“cliff-edge” effect) caused by the
mobile dam downstream of the
Tihange site is also simulated for
return periods exceeding approxi-
mately 1,000 years.

The defence-in-depth logic
The results of these simulations show
that, in particular for the Tihange site,
a reassessment of the flood protection
measures was needed following the
logic of defence-in-depth, based on:
• Adequate flood monitoring and

warning systems;
• Permanent structural protection

measures (e.g. peripheral flood 
barriers or dikes where site elevation
only is insufficient, water-tight 
protection of important safety-
related areas or buildings or equip-
ment that must be protected);

• Temporary flood protection for 
specific areas if warning time can be 
assured (e.g. mobile flood barriers);

• Drainage of flood water off the 
plant site;

• Emergency response management,
including organisational measures,
operating instructions, and measures
ensuring plant accessibility.

Reassessment of flood protection at
the Borssele NPP

Located in the Netherlands, at the
same Scheldt estuary as Doel, Borssele
is much closer to the sea. The external
flooding risk is therefore completely

dominated by storm surges. Dutch
nuclear regulations require that an
NPP withstand all external initiating
events with a return period exceed-
ing one million years. For external
flooding, this requirement is the basis
of the so-called nuclear design level
(nucleair ontwerp peil, NOP), i.e. the
water level at which a system – among
others, the nuclear island and the
ultimate heat sink – should still func-
tion properly. For bunkered systems,
a higher value for the NOP is applied
to exclude cliff-edge effects. In deter-
mining the NOP, the mean water
level, wave height and wave behav-
iour during storm surges are taken
into account. This concept could also
be used to simulate external flooding
in a PSA by assuming that floods
exceeding NOP levels lead directly to
core damage. However, this straight-
forward modelling approach ignores
two important aspects: the first is the
mitigative effect of the dike ring pro-
tecting the plant; the second aspect is
that although water levels lower than
NOP will not lead directly to core
damage, they could do so indirectly as
a result of combinations of system
losses by flooding and random failures
of required safety systems to transfer
the plant to a safe, stable state. Con-
sequently, a more sophisticated PSA
approach is needed. 

Drawing upon experience gained in
safety assessment of the dikes

In the development of such PSAs, the
experience of the Netherlands’
Department of Water Management
(Rijkswaterstaat) is useful. It applies a
comparable probabilistic method to
evaluating the designs of existing dike
rings along the main rivers. Obvi-
ously, for a PSA, the water levels of
interest are those levels that, for
instance, cause an initiating event
(e.g. failure of main heat sink and 
secondary cooling or loss of off-site
power due to flooding of the electrical

19
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switchyard). A convolution of the
hazard function (exceedence frequency
of the water level outside the dike
ring) and the fragility curve of the
dike ring (the conditional probability
of failure as a function of the water
level) are made to determine the
exceedence frequency of those levels
inside the dike ring. The fragility
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curve of the dike ring is obtained
from a failure model that includes dike
sectioning (according to dike strength,
orientation, subsoil, etc.) and possible
failure mechanisms such as: 
• (Wave) overtopping: failure occurs

due to water running over the dike
crest and eroding the inside slope of
the dike;

• Piping: water seeps through or under
the dike as a result of the difference
in water level on the inside and 
outside of the dike;

• Instability of the inside slope, caused
for instance by saturation of the dike; 

• Damage of the revetment, followed
by erosion of the dike body by 
wave attack.

Besides a deterministic model describ-
ing the failure mechanisms (for exam-
ple for soil liquefaction and piping)
and their corresponding limit states,
the new approach requires extensive
(statistical) data on hydraulic condi-
tions and failure mechanisms. However,
due to the very low frequency of the
phenomena involved, the availability
of these data remains a challenge.

Time: A critical factor
Finally, time is an important aspect to
be included in dike failure models,
because:
• most failure mechanisms need time

to develop; 
• time also determines the amount of

water that enters the failed dike ring. 
For instance, in case of overtopping of
the dike, the duration of overtopping
can be too short to reach a dangerous
water level inside the dike ring. The
failure frequency of the dike ring at a
given water level is therefore not by
definition equal to the initiating event
frequency for that given water level. 

An approach similar to that 
of dike designs

The described approach allows a real-
istic analysis of the external flooding
hazard of NPPs. It requires extensive
knowledge of dike behaviour and 
of the relevant local geotechnical 
and hydraulics conditions. The devel-
opment closely resembles a compa-
rable approach followed by the 
Rijkswaterstaat for probabilistic eval-
uation of dike designs. ●

View of the Doel NPP in the
Scheldt estuary (Belgium).
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Views of the Sanriku area (Japan)
before and after the tsunami 
provoked by the 1933 earthquake.

Antonio R. Godoy, Former Head of the International Seismic Safety Centre, IAEA

wide. Safety re-evaluation programmes
were implemented in many countries
to take due account of new data,
methodologies and criteria as part of
periodic safety reviews. All these
safety re-evaluation processes led in
many cases to significant upgrades of
the facilities. But let us explain this in
more detail.
All oceanic regions and sea basins of
the world and even fjords and large
lakes can be affected by tsunamis.
Tidal waves propagate outward from
the generating area in all directions,
with the main direction of energy
propagation determined by the
dimensions and orientation of the
generating source. A tsunami could
cause inland flooding because its
wavelength is so stretched that a huge
mass of water follows behind the
wave front (see Figure for tsunami
parameters).
A tsunami is called a local tsunami
when it affects only the region near its
source. Less frequent but affecting
wider regions are distant tsunamis
that arrive at places remote from their
source after travelling across the ocean
or sea basins. Examples of destructive,
earthquake-induced, distant tsunamis
include the 1960 and 2010 Chilean
tsunamis and the 2004 Indian Ocean
tsunami. 
Increased attention has been paid by
nuclear power plant vendors, with the
need to consider all the natural 
hazards due to the occurrence of
strong earthquakes, floods, hurricanes
and volcanic eruptions in the new

As a major consequence of the magni-
tude 9.3 earthquake that occurred 
at the boundary of the Indian and
Burmese tectonic plates on 26 Decem-
ber 2004, an ocean-wide tsunami was 
generated that resulted in devastation
amounting to national disasters in
numerous countries on the coastline
of the Indian Ocean. This was one of
the largest tsunamis ever recorded in
historical time. Again, on 27 February
2010, when a magnitude 8.8 earth-
quake occurred off of Maule, Chile, a
tsunami was generated that devas-
tated its coastal areas and islands,
producing many fatalities and reach-
ing far into the Pacific basin.

A (not so) new threat that draws
increasing attention

Generally speaking, tsunamis are not
new threats to the safety of nuclear
installations and, from the perspec-
tive of the IAEA, they should have
been considered, properly and in a
timely fashion, in their siting, design,
construction and operation. 
The selection and evaluation of the
sites and the design of existing plants
were mostly performed following
safety requirements, methodologies
and well-established criteria for pre-
venting those external hazards, both
natural and human induced, which
may challenge defence-in-depth and
affect the safety of those installations.
No nuclear accident was caused by a
natural event during the approxi-
mately 14,000 years of cumulative
operation of nuclear reactors world-
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designs. Similar attention is received
from newcomers in relation to safety
issues to be solved, and from the
operators and regulatory bodies, due
to the potential impact on the safety
of operating facilities. 

The different steps taken by the IAEA
The safety of nuclear installations with
regard to external hazards has received
substantial attention at the IAEA
through the development of related
safety standards. During the past three
decades, these standards have matured
through a continuous updating process
and with the feedback from a large
number of safety review and training
services provided to Member States.
Today, they constitute a well-recog-
nised set of safety requirements and
guides. They were revised, taking due
account of recent developments and
incorporating the lessons learned
from these extreme natural events,
with significant participation and con-
tribution from Member States.
Regarding past extreme natural events,
the IAEA took immediate actions 
after the 2004 Indian Ocean tsunami
through the organisation of interna-
tional workshops at the Kalpakham
NPP site in India and by launching 
a three-year extra-budgetary project 
in relation to tsunami hazard assess-
ments and emergency response to
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nuclear accidents induced by earth-
quakes and tsunamis. Training courses,
dissemination of tsunami hazard
assessment and emergency manage-
ment tools, and experts meetings were
part of it. 
The International Seismic Safety 
Centre (ISSC) was established by the
IAEA Director General in 2008 as 
a global focal point to share informa-
tion and experience, pool expert
knowledge and assist nuclear opera-
tors and regulators to assure and
enhance the safety of nuclear installa-
tions in relation to these phenomena;
it is operative today as a section of the
Nuclear Safety Installations Division.

The importance of public awareness
Finally, it should be mentioned that a
critical issue identified from these
events is the need to inform the public
on the safety level of the nuclear instal-
lations as regards these natural events
and to provide reliable information
without delay. The prompt dissemina-
tion to the international nuclear com-
munity of all lessons learned from these
events together with the revision of the
IAEA safety standards can be consid-
ered as the most valuable outputs of
these efforts. Sharing information on
recent technical knowledge and
research developments, as well as expe-
rience and good practices relating to
the occurrence and effects of this type
of extreme external event on nuclear
power plant sites, are important to
maintaining the safe operation of these
critical and sensitive facilities in a con-
tinuously changing environment. ●

Figure 
Parameters derived from
tsunami hazard assessment.
When the tsunami waves reach
the coastal zone, they produce
hazardous effects near and on 
the shoreline. In this case, for
the safety evaluation of a nuclear
power plant which may be
affected, the main concerns 
relate to: (1) damage to systems,
structures and components
(SSCs) important to safety due to
flooding induced by the tsunami
at the site, (2) temporary lack 
of cooling water availability
because sea water levels may
drop due to sea recession, 
(3) loss of cooling water because
the water intake may be plugged
by drifting material, and (4) dam-
age from dynamic forces to water
intake structures. A tsunami hazard
assessment should therefore be
performed during the evaluation
of the site and duly considered 
in the design basis of the plant.
Basically, it should compare the
plant ground level and the poten-
tial tsunami heights at the site. 
To assess the maximum heights
that a future tsunami can reach 
at a given location, documented
historical tsunami records are
key elements. They are supple-
mented by computer model sim-
ulation of the tsunami’s generation
and propagation processes, 
including proper consideration 
of all uncertainties involved.
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Global climate change is a central issue of political and public interest, but local meteorological conditions
may differ significantly from the projected global mean values. Regional or even local climate impact stud-
ies must therefore be performed to design appropriate protection measures at individual sites.

Jürgen Jensen, Research Institute for Water and Environment, University of Siegen (Germany)

concentrations and the use of differ-
ing estimates of future greenhouse
gas emissions. 

Expected consequences of global
warming

An increase in global temperature
will cause sea levels to rise and will
change the amount and pattern of
precipitation. Other likely effects
include changes in the frequency and
intensity of extreme weather events,
although the nature of regional vari-
ations is uncertain. It is obvious that
a higher sea level influences the
heights of storm surges, resulting in 
a higher risk of flooding for the
affected coastal areas. In contrast to
many climate model projections, the
mean sea level and its variability over
the past centuries have not been
analysed in detail up to now.

Downscaling global climate change
estimates to the regional and local
scale

Climate model projections, as in the
latest IPCC report, are mainly based
on General Circulation Models
(GCMs), considered to be the most
advanced tools currently available for
detecting the impacts of changes in

Global climate change
Originally used to designate a change
in the statistical distribution of
weather over periods of time ranging
from decades to millions of years, the
expression global climate change has
come to mean, in recent times, changes
in modern climate. It is often qualified
as anthropogenic climate change or
global warming. The latter pertains to
the increase in the average temperature
of Earth’s near-surface air and oceans
since the mid-20th century and to its
projected continuation. 
According to the 2007 Fourth Assess-
ment Report by the Intergovernmen-
tal Panel on Climate Change (IPCC),
global surface temperature increased
by 0.7 °C (± 0.2 °C) during the 
20th century. It can be said that most
of the observed temperature increase
since the middle of the century has
been caused by growing concentra-
tions of greenhouse gases released by
human activities. Climate model pro-
jections summarised in the latest
IPCC report indicate that the global
surface temperature is likely to rise a
further 1 to 6 °C during the 21st cen-
tury. The uncertainty in this estimate
arises from the use of models with
differing sensitivity to greenhouse gas
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to lead to changing loads, e.g. increas-
ing discharges and storm surge
heights, or more frequent extreme
events. Advanced design methods
taking these issues into account must
therefore be developed. A major 
field of research currently involves
analysing in detail the consequences
of failures of hydraulic structures
such as dikes and estimating the risk
as a product of the probability of fail-
ure and the consequences (see Fig. 1).
This requires detailed description of
loads and resistance and calculation
of the flooded area. Whereas the loads
on flood protection measures along
rivers (inland) are mainly water levels
and flood duration, the protection
measures along coastlines and in tidal
estuaries are also affected by extreme
storm surges (peak and intensity) and
by wind waves (run-up, overtop-
ping). Since the alteration character-
istics of the relevant parameters due
to climate change are highly depen-
dent on regional and local conditions,
design methods have to be adapted to
individual sites. Considering the
probable change in loads and resis-
tance, the risk can be estimated both
for the present state and for future
states, and the hydraulic structures
have to be designed accordingly to
minimise the risk. ●

the climate system. GCMs depict the
natural system by using a three-
dimensional grid with a quite coarse
horizontal resolution ranging from
200 km to 600 km. As a consequence,
many physical processes cannot be
modelled properly, meaning that
important sub-grid scale features
such as clouds and small-scale topog-
raphy are neglected. GCMs being
impractical for regional impact stud-
ies, downscaling methods have been
developed, which reduce the problem
of discordant scales between coupled
models and enable the user to obtain
regional-scale data from atmospheric
variables provided by GCMs.

Consequences for the design 
of hydraulic structures

Climate change is an important driver
for further developments in design
methods for hydraulic structures, as
these rely on the basic principle that
the resistance of a structure is greater
than the load. This principle should
be valid not only for the present, but
for the entire lifetime of the structure
as well. Climate changes are expected
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Figure 1
Example of a source-pathway-
receptor-consequences model 
in coastal areas.
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The debate on climate change has directed attention to how extreme weather conditions may impact the
design and safety of nuclear power plants. Work carried out on this issue in France, Finland and Germany,
for example, brought to light that the design of new plants against external hazards should be able to accom-
modate possible future human-induced changes and natural variability. Nonetheless, climate change is not
predicted to have severe effects on nuclear power plant safety.

Jorma Sandberg, STUK (Finland) | Gabriel Georgescu, IRSN (France)

Nuclear Installations includes a section
on climate change. In its work on
external event-related PSAs, the
NEA/WGRISK issued a recommen-
dation that research on climate change
be continued, while in Canada for
instance, national regulations require
consideration of potential climate
change. 
If it is required that the core damage
frequency (CDF) be less than 10-5 per
year, the CDF due to any single event
should be less than about 10-6 per year.

Climate change: Soon an integral part
of safety assessment

International agreements to reduce
greenhouse gas emissions have
enhanced interest in new nuclear
power plant projects. At the same
time, the debates about the increasing
intensities of meteorological phe-
nomena have also drawn attention to
the ability of NPPs to withstand
extreme conditions, possibly aggra-
vated by climate change, as projec-
tions on climate change over the
planned life of new NPP units have
large uncertainties, especially at the
regional level. 
Extreme natural phenomena are fac-
tored into site assessments based on
historical data, but climate change
should also be considered, as it could
affect, among other things, maximum
and minimum air temperature and
moisture, precipitation (rain and
snow), extreme wind speed and
storm frequency, water levels (sea,
lake, river, estuaries), and ice (frazil
ice, pack ice).
On this subject, the IAEA draft guide
entitled Meteorological and Hydrolog-
ical Hazards in Site Evaluation for
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NEW DESIGN REQUIREMENTS

New challenges in NPP design
due to climate change

Global warming makes the 
conditions in the Baltic Sea
favourable to eutrophication 
and to immigrant species such 
as Mytilopsis leucophaeta, 
which can form dense colonies
and cause operational and safety
problems in NPP seawater 
systems.



influences the Earth’s gravity field,
melting of the Greenland glaciers
could cause ocean levels to rise
mainly in the Southern Hemisphere
and Antarctic ice melting in the
Northern Hemisphere. Nonetheless,
extensive melting is unlikely during
this century, though it cannot be
excluded. 
Baltic Sea water levels are also influ-
enced by long-term wind conditions
in the North Sea and by local winds
and low-pressure areas. On the
Finnish coast, postglacial ground
uplifting will probably exceed or at
least largely compensate the rise in
ocean level. The increase in air tem-
perature is likely to be greater in winter
than in summer, and precipitation is
expected to rise, especially in winter
but also in summer, but the changes
in extreme intensities of meteorolog-
ical phenomena are not predicted to
have significant effects on NPP design
or siting. 
GRS, the German TSO, has studied
the effects of climate change on the
NPPs operated in Germany. There,
the expected climate change includes
hotter and dryer summers, more
rainfall in winter, stronger gales and
more tornadoes. While such changes
tend to increase the risk of flooding,
they are not expected to pose severe
threats to NPPs in the coming decades.

France: Lessons learned from 
previous events 

In France, several off-site external
events having the potential to
threaten nuclear safety have occurred.
The most significant one was the partial
flooding that occurred in December
1999 at Le Blayais NPP, in the south-
west of the country. This event called
into question the design basis used
for the protection of nuclear power
plants against external flooding and
the efficiency of existing measures. 
In addition to the assessment of the
protection measures implemented atEU
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For catastrophic events with a low
safety margin, the initiating event fre-
quency should at most be of the same
order of magnitude. If the safety
margin is higher, the frequency of the
design value can be increased corre-
spondingly. As good quality meteoro-
logical measurements are typically
available only for one hundred years,
the uncertainties at these low fre-
quencies are considerable, regardless
of possible climate change. 

In Finland and Germany: Climate
change unlikely to have significant
impact on NPP design or siting

In Finland, STUK issued safety
assessments for three new NPP pro-
jects in 2009 covering two existing
and three possible new sites, all located
on the Baltic Sea coast. Extreme
meteorological and hydrological phe-
nomena were considered as well as
climate change, based on research by
the Finnish Meteorological Institute.
One interesting outcome is the
behaviour of seawater levels: an ocean
level rise has been estimated in 
Intergovernmental Panel on Climate
Change (IPCC) reports, for example,
but the estimates depend on contro-
versial issues such as glacial melting.
Since the melting of large ice masses

Finnish NPPs are designed to
withstand harsh winter condi-
tions including low temperature,
frazil ice formation, pack ice and
snowstorm. Due to possible 
climate change, a wider spectrum
of extreme conditions has to be
considered and safety margins
have to be re-evaluated in the
design of new NPPs.

N E W  D E S I G N  R E Q U I R E M E N T S



Le Blayais, EDF reassessed the maxi-
mum design flood level at all plant
sites and has launched a ‘review pro-
ject’ with the aim of ensuring the
effective protection of is facilities
against external flooding. The
reassessment of the maximum design
flood and the application of the new
methodology have brought about
many modifications and improve-
ments at the sites. Another significant
event was the heat wave in the sum-
mer of 2003, which prompted EDF 
to make several design improvements
to its reactors.
For new reactors, the Technical
Guidelines document (1) specifies that
design features must protect against
external hazards, consistent with the
provisions taken against internal fail-
ures and internal hazards. External
hazards must not constitute a large
part of the risk associated with nuclear
power plants of the next generation
and, at the same time, a substantial
reduction of the overall core-melt 
frequency must be achieved for those
NPPs. Implementation of improve-
ments in the defence-in-depth should
lead to a total frequency of core melt
of less than 10-5 per plant operating
year, taking into account uncertain-
ties and all types of failures and haz-
ards. Since external hazards can affect
different defence lines of the plants
consecutively or simultaneously and
are site-dependent, due consideration
must be paid to site selection so that
excessive requirements are not imposed
on the design of the corresponding
plants. 
For the EPRTM, the new generation
NPP under construction in France,
the initial design makes it possible to
adapt the plant during operations if
actual climate changes are greater
than initial forecasts. This is achieved
through additional design margins
for climate-related hazards based on
an assessment of the feasibility of
plant modification and of the accept-
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ability of future operational evolu-
tions. The adaptability of the plant is
thus analysed for all climate-related
hazards.
The incorporation of climate-related
external hazards into the plant PSA,
as a supplement to the deterministic
framework, would play an important
role in meeting the aforementioned
targets.

Incorporating climate-related external
hazards into the PSA

Climate change is one factor affecting
the uncertainty of extreme meteoro-
logical and hydrological events. There
is presently no evidence that the pre-
dicted change would have any serious
effects on NPP safety. However, it
would be prudent to consider the lat-
est studies on anthropogenic climate
change and natural variability in the
determination of design values for
external events and to include fea-
tures that allow for future plant evo-
lutions. The incorporation of cli-
mate-related external hazards into
the PSA may also play an important
role in ensuring safety for the next
generation of NPPs. ●

(1) Technical guidelines for
the design and construction
of the next generation of
nuclear power plants with
pressurised water reactors.

N E W  D E S I G N  R E Q U I R E M E N T S



Giovanni Bruna, IRSN (France)

As evidenced in the previous articles of this special issue of the EUROSAFE Tribune on external hazards,
Mother Nature, man and his activity threaten the safe and secure operation of nuclear power plants in sev-
eral ways, making both the siting of new nuclear facilities and the retrofitting of existing ones very challeng-
ing. Based on the findings of ongoing studies on climate change, earthquakes, sandstorms, etc., and on
operating feedback, would environmental data selected forty years ago for the construction of the current
generation of nuclear facilities still be considered suitable for building future reactors or nuclear fuel cycle
plants? In light of these studies, to what extent can operating facilities be upgraded to continue to operate
safely and securely? These are questions for consideration at a time when several countries across the globe
are announcing plans to resume – or embark on – new build programmes, and when utilities are seeking to
extend the service lives of their existing fleets.
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The knowledge gained on external
hazards through studies and feedback
from nuclear power plant operations
allows continuous updating of uncer-
tainty appraisal methods. These, in
turn, drive the evolution of the safety
requirements issued by regulatory
bodies, the design and construction
specifications adopted by vendors, as
well as the safety assessment proce-
dures used by TSOs. 
Such new knowledge impacts the site
selection criteria for the construction
of new facilities: for instance, the
prospect of potential drought in a
region where climate change may
cause rivers to offer insufficient cool-
ing capacity or even to dry up will
disqualify the candidate site, just as
would the discovery of a seismic fault
in a region considered stable until
then. Lesser threats, while not dis-
qualifying the site, could impose even
more stringent design requirements.
Depending on the hazards and their

intensity and potential contribution
to risk, the design of new plants
incorporates provisions such as rein-
forced protection of the facility
against the crash of a heavy commer-
cial aircraft and resulting fire propa-
gation, the redesign of air intakes to
mitigate the drawbacks of dust and
sand build-up and of water inlets 
to prevent clogging caused by the 
accretion of debris in the water, the
mounting of the reactor building or
equipment on silent blocks to accom-
modate vibrations and oscillations
such as those generated by earth-
quakes, or the step-up of water pump
throughput to balance the expected
temperature increase of cooling water
resulting from climate change.
While the design of new facilities can
be fleshed out to anticipate suspected
– or established and expected – external
hazards, the possibility of economi-
cally retrofitting existing plants is far
more limited due to the technical 

Coping with external hazards 
in the future

EVOL UTION OF SITING AND RETROFITTING METHODS
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difficulties of the task and the very
high costs expected.
For example, huge design modifica-
tions, such as the reinforcement of
civil works to withstand the crash of
wide-body airliners or the mounting
of the facility on silent blocks to 

withstand earthquakes, cannot be
regarded as fully realistic options
today. If in future such requirements
should become mandatory for the
safe and secure operation of a plant,
the operator might consider closing
down the plant for good.

The delicate issue of retrofitting
The knowledge gained from ongoing
studies on the different external 
hazards and plant operating experi-
ence does not deeply modify siting
and construction rules from a regula-
tory perspective. However, the lessons
learned are progressively being incor-
porated into the design and siting
studies of future facilities and in the
retrofitting of existing ones with a
view to avoiding malfunctions, 
preventing the occurrence of severe
accidents and, should it be the case,
reducing their impact on man and
the environment through mitigation.
In this respect, whereas all reasonably
foreseeable hazards can be considered

for a new build, some of them, such 
as earthquakes, are expected to be
very difficult to factor into the retro-
fitting of operating facilities. In some
cases, this limitation can be conducive
to early decommissioning of the
facility. ●

EPR reactor under construction
at Flamanville (France).
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Upcoming meetings on nuclear safety assessment

March 13-17, 2011, Wilmington (NC), USA

Topical meetings on probabilistic safety assessment
and analysis (PSA) | Organised by the American
Nuclear Society (ANS)

Additional information at http://www.psa2011.org
or E-mail info@psa2011.org

A few links for reading more about external hazards

IAEA activities related to seismic safety of nuclear
installations | The International Seismic Safety Centre |
By Antonio R. Godoy, Acting Head, International Seis-
mic Safety Centre (NSNI/IAEA), 12 Aug. 2009
http://www.vtt.fi/proj/smirt20/presentations/pw
1b/01_pw1b_ar_godoy.pdf

Engineering seismic risk analysis | By Carl Allin
Cornell (1968) | Bulletin of the Seismological 
Society of America 58(5), pp. 1583-1606.
http://www.ce.memphis.edu/7137/PDFs/Cornell/
1583.pdf

Issues in probabilistic seismic hazard analysis for
nuclear facilities in the US | By Robin K. McGuire
(2009) | Submitted to Nuclear Engineering and
Technology, Korea Fugro William Lettis & Assoc.
http://article.nuclear.or.kr/jknsfile/v41/JK0411235.pdf

European Utility Requirements for LWR nuclear
power plants | Revision C (2001)
http://www.europeanutilityrequirements.org

Eurocode 8: design of structures for earthquake
resistance | CEN–EN1998-1 (2005)
http://www.confinedmasonry.org/wp-content/
uploads/2009/09/Eurocode-8-1-Earthquakes-
general.pdf

BGS–Eurocode 8 seismic hazard zoning maps for
the UK | TR CR/07125 (2007)
http://www.seced.org.uk/news/UK_seismic_haz
ard_report-issue3.pdf

IAEA mission report, preliminary findings and
lessons learned from the 16 July 2007 earthquake at
Kashiwazaki-Kariwa NPP | Vol. I & II, Tokyo,
August 2007
http://www.iaea.org/NewsCenter/News/2007/ka
shiwazaki-kariwa_report.html

Meteorological and hydrological hazards in site
evaluation for nuclear installations | Draft Safety
Guide DS417 | IAEA, Vienna (2009) 
http://www-ns.iaea.org/committees/comments/
default.asp?fd=942

Site evaluation for new nuclear power plants | RD-
346, Canadian Nuclear Safety Commission (2008).
http://www.cnsc-ccsn.gc.ca/eng/lawsregs/regula-
torydocuments/published/index.cfm

Probabilistic Safety Analysis (PSA) of other
external events than earthquake | Report
NEA/CSNI/R(2009)4 | OECD, Paris (2009).
http://www.nea.fr/nsd/docs/2009/csni-r2009-16.pdf

Technical Guidelines for the design and construc-
tion of the next generation of nuclear power plants
with pressurized water reactors | Adopted during
the GPR/German experts plenary meetings held
on October 19th and 26th, 2000. http://www.french-
nuclear-safety.fr/index.php/content/dowload/
15572/100931/technical_guidelines_design_con-
struction.pdf

Probabilistic safety analysis of (non-seismic)
external hazards | By J. Sandberg, G. Thuma, 
G. Georgescu | EUROSAFE Forum 2009, 
2-3 November 2009, Brussels. 
http://www.eurosafe-forum.org/2009-seminar-1

Intergovernmental Panel on Climate Change
(IPCC) website
www.ipcc.ch

Finnish Meteorological Institute web pages on
climate change
www.fmi.fi/ilmastonmuutos/

VENUES & WEBSITES
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EUROS AFE F orum 2010
held in  Gürzenich Hal l  in  Cologne on
November  8th and 9th wil l  be devoted to  
“Innovation in Nuclear Safety and Security”.
The corresponding debates and seminars
will be reported in the EUROSAFE Tribune #19.
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