Managing Nuclear Power on a
Dynamic Earth




..... | must observe that no
man can be more sensible
than | am of the great
advantage it would be to me
as a civil engineer to be
better acquainted with

geology.....

|.K. Brunel, June 1842
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Simulation of 14 m inundation

14m Run-up

Lacassin, R and Lavelle, S; Earth Science Reviews, 2016



11 NPPs were operating in the region and shut
down automatically when the earthquake
struck, but....




Japan’s electricity supply,

e post-Fukushima

: - became 2"d largest fossil fuel importer
80% B nawraigas - 30 billion $increase in annual costs
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Nuclear Power

How much do we use it and

nuclear power plants
nuclear reprocessing plants
nuclear waste stores
nuclear waste disposal facilities



Nuclear Power Plants Worldwide by 2030
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2012 CAPACITY (MW)
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Huge nuclear usa
100,000 plans include the Cheap natural gas has
- development of reduced enthusiasm for

advanced reactor

- / designs.

nuclear power, and just five
new reactors are planned.
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Nuclear Power Plants

; ; Map | Satellite
af I‘I %, 3
J b Flnlam@- - l'
1
i Sweden *,.3 -
; Auszeia
. o
I = . | Canada
?W.20 9 L
. il o k
- - Wﬂmﬁ " L Kazakhstan o
¥ L[ .. o _:Ea' o .
-u't'"'-_._ e -"\_I’ ; (i
< 3 _ i % r | Pacific
Y S Iraq - 1{?11"" o g:: ESEl
ia Egypl an 4
Alger  Libya I"'- Saudl q l' ’
! % Arabia "d'a el ¢
| Mali nger Sudan !ﬁ
N i, a: ﬁ‘ o . e ;.: ¥
2 | hllgzrla £Er E‘Ihm \1 !
. ] i "-'
— "".":.'I DHEmgﬂ Kenyra ......................... T
+ 2 II_Tanzama
‘!i Angala, T .ci ? \
" Namibia Indi -
Madagascer r e Lan Z &5
. !
aur h B‘?“'f“r_“_! 1 Gcean Australia i South "‘: b j L7 p
aftic . " ¥ i faciiic | P
cEan i ' ALY ! )
£ %IL‘E '-; i D - q;. a
: Argenting
Eaalandéif i = W
¥ ! ’ iF
' i
' -

..20% of nuclear reactors are operatingin |

areas of significant seismic activity... (WNA) Source: maptd.com and Google Earth



Countries with no operable NPPs today, that are building,
planning or proposing them in the next c.15 years




Global Seismic Hazard

Source: Global Seismic Hazard Assessment Programme (6SHAP)




Geological Hazards to Nuclear Facilities
....... and Timescales

.......setting aside flooding, landslides, subsidence, etc

wseismic
+volcanic
+tsunami

+NPPs, nuclear fuel cycle facilities are operational for:
around 100 years
vgeological disposal facilities for radioactive wastes:
= also operational for around 100 years

= but safety is evaluated for thousands of years.... to
1 million years



Hazards and Risks

+ Hazards

= earthquakes
= volcanic eruptions

v  Hazard potential

= e.g. a feature, such as an active fault near a facility,
has a specific hazard potential

4 Risk

= the probability that a hazardous event will happen,
multiplied by its human consequences

Design for UK nuclear facilities is based on natural events with a
probability of occurrence of more than 1 in 10,000 years (10-4/year)

probability that you will be struck by lightning : 107 / year



Disasters in European Economic Area due to
Natural Hazards: 1980 - 2009
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Number of fatalities

Fatalities from severe accidents and natural disasters
worldwide, 1970 - 2005

Source: Burgher and :
1'000'000 —— Hir‘schber'g, 2008 B Man-made, non-energy-related accidents L

B Man-made, energy-related accidents

Natural disasters
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* In total 3.3 million fatalities in the period 1970-2005
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Fukushima health impacts:
United Nations UNSCEAR report, 2014

...doses to the general public..... during the first year and
estimated for their lifetimes, are generally low or very low.

No discernible increased incidence of radiation-related health
effects are expected among exposed members of the public or
their descendants.

...... most important health effect is on mental and social well-
being, related to enormous impact of earthquake, ¥sunami and
nuclear accident, and fear and stigma related to perceived risk
of exposure to ionizing radiation

Increased ..detection of thyroid ..cancers ..observed during
first round of screening... are to be expected in view of high
detection efficiency [modern high-efficiency ultrasonography]

..similar screening protocols in areas not affected by the
accident imply that the apparent increased rates of detection
among children in Fukushima Prefecture are unrelated to
radiation exposure
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Diablo Canyon NPP; California
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The Diablo Canyon NPP, California, USA, looking north along the coast. The
Hosgri fault zone lies about 5 km offshore
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Diablo Canyon

PG&E began work in 1969

seismic hazard became a major
Issue

start-up delayed until 1984

initiated major programme of
interaction between regulators
(NRC) and the operators

Long Term Seismic Hazard
programme

foundation for modern seismic
hazard analysis

including probabilistic seismic
hazard analysis (PSHA), now a
foundation of regulations in
several countries
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The process that developed at Diablo Canyon

w

Evaluate the performance of critical facilities
during earthquakes

Understand hazards and risks

Characterise sources of seismic hazard
= Magnitudes
= Fault geometry and style-of-faulting
= Earthquake Source - rates of activity (slip-rates, mm/year)
= Distance to the NPP

Characterise the Ground Motion
= Median and standard deviation for a given earthquake
= Site effects

Hazard Calculation
= Probabilistic and deterministic



*  ‘Fsuruga NPP, Japan
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Sea of Japan
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Tsuruga NPP, Japan

exposure of
D-1

+ what is an 'Active Fault'?
+ NRA: movement in last 120,000 years



Trench at Tsuruga NPP, Japan

N Phutcz. ' f‘
NN\




Palaeoseismology: dating fault movements using
overlying Quaternary sediments

LAST OBSERVED
MOVEMENT IS s IS 52 2KP — 58 k3
AFTER DEPOSITION - MISsc

OF MOST OF € K-Tz-95ka
LAYER 3 AND - MiBoe

SEFORE - Mihama—127 ka
DEPOSITION OF

LAYER 5 _ MIS 6 (130-200 ka)

Pollen/W L2 | MIS 7?2 — 200-220 ka

+ pollen analyses
+ volcanic ash (tephra)
+ isotopic evidence

Source: K. Berryman, GNS and JAPC
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What tools have we got?

Probabilistic Seismic Hazard Analysis

= |ooks at likelihood of ground motion (shaking) of
various magnitudes and sets design basis for tolerable
ground acceleration of NPP (e.g. foundation)

Probabilistic Fault Displacement Hazard
Analysis

= |ooks at likelihood of a nearby earthquake and =
probability that it will cause sympathetic movement on
fractures beneath and around NPP

Fragility assessment

= would any of these cause damage and consequent
radiological hazard - if so, what is the RISK?

= how can risks be mitigated?




Latihude

PSHA applied in Armenia (Metsamor NPP)

Identified active faults from Armenian specialists overlaying instrumental
epicentres (left), and PSHA model fault sources (right panel — red lines)

Combined Armenian instrumental catalogues
- preferred sclutions magnitude M2+, with faulk models -
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PEAK HORIZONTAL ACCELERATION
WITH 2% PROBABILITY OF EXCEEDENCE IN 50 YEARS

’T =1 EnumBFum12

\L“r ATl CC ] AVIS—[DCSSE Fltf -‘..ltll\_l\

it Braclt ey ; B0 A 1
Diieadess Ry Mk 1“"]\[1“ j

l\lt ?IJT.'I\_& lu@ ok 2

——f‘h mw.] Bilnd 1 28

: ? iy d‘ ].L',—Z i)
{ 'I ; y ‘xuafﬁfﬁ; nlﬁillf—ll\”j r.
= Byibn A2 . 2 . .
e Dmm Amoldg <& .-._ MiloTe Tk 1.2:

oy

/ﬁl_tolﬂjn}u . ()LJ el

&LLS N
Clihton 1B udmikd 1‘2 Z-.A e cach Bc tom 2,3
%1111“\ @ D}k\‘lgn,d S “4. alvert Cliffs 1,2

F\n]t ( reck Jurry

Horizontal '
} l\\\ 2 e i McC ﬂ—lLlrvll;‘f

Acceleration 17 4 P
- {

0 . =
.‘\ Jl@ntu 51.[1\.[11‘1‘-11\ Nuelé DOm 1 ”dl
@

‘l \ .P u_]\(_ldL 12/’H (/ :
1 L '—\\

. :\\‘\ “\:1-‘-_._\
Conran JL} cak 12‘ Grand Gulf 18

Rnu BLI’)'] Jiase VL " el

B

o mmﬁ 1. i(-r\ stal River zf )
South Tﬂgz B St. Ludit

e 3\ Turkey Point 3ed

Bum t\.. u\/l

Review, Update
27 NPPs in CE-USA are under seismic hazard review since updating
of this National Seismic Hazard Map in 2008
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Probabilistic Methods are Essential

THE GLOBAL EDITION OF THE NEW YORK TIMES MONDAY, MARCH 28,2011 | 7

i ~ DISASTERIN JAPAN WORLD NEWS
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Lessons of Fukushima:
listen to Earth Scientists; use modern, probabilistic methods

v Methods used (TEPCO & NISA) to assess tsunami risk
were weak compared to latest international advice:

= TInsufficient attention to evidence of large tsunamis every
thousand years ...'ignoring the tails of probability distributions’

= Computer modelling inadequate

= 2008 simulations suggesting tsunami risk seriously underestimated
not followed up

» Failure to review simulations

v Focus on seismic safety to exclusion of other risks

v Bureaucracy made nuclear officials unwilling to take
advice from experts outside the field

v Failure to use local knowledge effectively

v and many believed that such a severe accident was

simply impossible
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" Simulation of 6 m landslide tsunami

Rizzo Associates: ISOPE meeting, Rhodes, 2012

+2 hours v+ Probable maximum tsunami: 8.8 m,
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.+ Simulations of North Sea
earthquake tsunami show PMT of
g 4.5 m: no overtopping

: T
=i
F"ﬂﬂl‘gﬂ NORWAY
RABI
L

i1 .

~ il

TP

e +4 hours
.

o

r s
K a
) :

wave £ ‘ﬁg _
height \ b, g
o (m) A BA 7 L ” .




GREAT WORLD WAR NAVAL
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September 1930



International Standards: the IAEA

IAEA Safety Standards

for protecting people and the environment

Seismic Hazards
in Site Evaluation
for Nuclear Installations

Specific Safety Guide

No. SSG-9

&Y IAEA

International Atemic Energy Agency

IAEA Safety Standards

for protecting people and the environment

Volcanic Hazards in
Site Evaluation for
Nuclear Installations

Specific Safety Guide

No. SSG-21

AYI1AEA

International Atomic Energy Agency

IAEA Safety Standards

for protecting people and the environment

Site Evaluation for
Nuclear Installations

Safety Requirements

No. NS-R-3 (Rev. 1)

SYIAEA

International Atomie Energy Agency




Where are we today?

we have advanced techniques for assessing
both the hazards and the quantitative risks

risks can be reduced and radiological hazards
mitigated by sensible siting and design

natural hazards are a central part of nuclear
safety regulation

TAEA has guidelines that can be adopted by
any country with nuclear facilities

... hatural hazards are still only rarely included
in our considerations of most of our other
human activities
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INDONESIA
Java: NPP near
Muria volcano

6°15'

Studied by McBirney,

6°35 Connor et al

..... probabilities of major

“. & eruptive episodes impacting

. the site of 5 x 104 to

4x10-° during the next 100
years
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Bataan NPP, Philippines
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Some NPPs assessed probabilistically for volcanic hazard

|

Miilheim-Karlich

Nuclear Power Plant,
Germany
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The much longer term:
geological repositories
for long-lived
radioactive wastes

contain and isolate for
10,000 to 1 million
years

typically,
00 - 700 m

Image: SKB, Sweden
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Proposed Repository at Yucca Mountain

Solitario

Canyon .

fault Ventilation

shaft Ghost
Dance
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Approximately 40 miles of - Drip Shield
emplacement drifts StrEc:ura! Members
Transportation
Emplacement

Vehicle (TEV) Waste Package

Quter Barrier
Approximately 14 miles —

of access ramps

Waste Package
Inner Vessel

Drift Ground Support

Container Support Pallet Steeliaggregate base

Image: USDOE
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Volcanic Eruption through the Yucca Mountain repository?

—

Ash Plume

- Ash Fall

North T?‘ \ : —— J
Volcanic

Conduit ——

\ Potentially
Contaminated

abq0063G225d.ai

Image: USDOE
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e
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! Unknown age
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Comprehensive
Probabilistic
Volcanic Hazard
Assessment

Figure from: Valentine and Perry: Volcanic
risk assessment at Yucca Mountain, USA.
In: Volcanic and Tectonic Hazard
Assessment for Nuclear Facilities,
Cambridge University Press.



Conditional probability of any event hitting the repository




Probability
0.00 0.01 0.02 0.03

Probability of disruption in 1 million years

PVHA-U
Mean = 3.1e-08 ' I
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Annual Frequency of Intersection

10-8 per year

1in 7000 chance in next 10,000 years




Altered

Seismic Scenario Model

Localized corrosion
on waste package

Potential damage to waste packages, drip
shields, and spent nuclear fuel cladding from
seismically induced rockfall, ground motion,
and fault displacement —

Precipitation

Mobilization and
release of
radionuclides

rd

Contaminated
groundwater pumped
to surface

Transport of radionuclides
through saturated zone
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Yucca Mountain

Precariously balanced
rocks

Exposed surfaces dated using
cosmogenic isotopes

Modelling tests fragility to
different degrees of ground
shaking (related to
earthquake magnitude)



Avoidance of direct

volcanic impacts by

excluding area
(NUMO, Japan)
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Glace de mer

Coies actuelles

Température des eaux

Principales régicns

- i - de surface en aodt ("C) de dépot de loess
Limite méridionale du
##### développement Limits des olacie :
d'un pergélisol épais / imite des glaciers
i Courbes de niveau (m) /"' Direction d'écoulement
e de la glace

Europe 18,000
years ago

Thick ice sheets

Extensive
permafrost

Sea level as low as
-165 m

Followed by very
rapid deglaciation

Likely to occur
again (several
times over next 1
Ma)
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———— Post-Glacial Faufting=——

e Sweden
. ....major earthquakes about 9000

~=_years ago

Parvie Fault: 150 km long
M, 8

Source: Lagerbdck and Sundh,
2006




Copper and cast-iron containers for
geological disposal of spent nuclear fuel:

Sweden and Finland
v  surrounded by clay buffer
v 450 mdeepin
granites/gneisses
v  5-10 cm shear?
v  when will the next glaciation

come
= 50,000 years
= 250,000 years?




What might we conclude?

many technological facilities and much of Earth's population
are exposed to natural hazards

= that exposure is growing with population and the need for
energy

nuclear facilities are sited and built to rigorous international
safety standards for natural hazards

= more than 13,000 plant-years of safe operating experience
how those standards are applied, updated and monitored is a
matter of national cultures and practices

= Fukushima taught us how badly things can go wrong if we don't
use scientific knowledge appropriately

even though the radiological health consequences are tiny, our
sensitisation to all things nuclear means that the objective
impacts have been huge

........ and we heed to be humble in the face of nature



.some further reading
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with geologic processes can be quantified and
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