| energy
technologies

institute

Programme Area: Nuclear
Project: Natural Hazards Review

Title: Review of Natural hazard characterisation methodologies

Abstract:

This document is the main deliverable of Phase 1 of the ETI project on Natural hazards containing a detailed
literature review which specifies: the natural hazards which are relevant for the energy sector, classified by
hazard categories; the available mature methodologies for regional and localised characterisation, as well as
expert judgement regarding these methodologies; some comments on the impact(s) of climate change on
natural hazards; the sectors where each natural hazard characterisation is relevant; the existing guidelines and
regulatory frameworks impacting the UK; some examples of industry applications, including the estimation of
climate change impacts; some trends in R&D in the characterisation of the Natural hazard; the gaps in natural
hazard analysis and prediction (i.e., for example, the gaps in understanding the hazard combinations or the
difficult in estimating the ligthning intensity) and the priority level of the gaps to be addressed by future work, with
justification for why these gaps should be filled. All of this information will be used for scoping Phase 2 of the ETI
project on Natural hazard, which aims to address the most urgent and relevant gaps.

Context:

The Natural Hazards Review project will develop a framework and best practice approach to characterise natural
hazards and seek to improve methodologies where current approaches are inefficient. This is to improve energy
system infrastructure design and the project is intended to share knowledge of natural hazards across sectors.
The project will be completed in three stages. Phase one will focus on a gap analysis. Phase two will look at
developing a series of improved methodologies from the gaps identified in phase one, and phase three will
demonstrate how to apply these methodologies. Finally, phase 3 will develop a “how to” guide for use by project
engineers.
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Executive Summary

The goal of Phase 1 of the ETI “Review of Natural hazard” project is to provide an extensive review of the natural hazard
characterization methodologies relevant for the Energy sector in the UK, together with an expert judgement on the
robustness of the available methodologies and an analysis of the existing gaps to be addressed before providing an overall
approach for the design of future high-value UK infrastructure in the Energy sector.

This document is the main deliverable of Phase 1 of the ETI project on Natural hazards containing a detailed literature
review which specifies: the natural hazards which are relevant for the energy sector, classified by hazard categories; the
available mature methodologies for regional and localised characterisation, as well as expert judgement regarding these
methodologies; some comments on the impact(s) of climate change on natural hazards; the sectors where each natural
hazard characterisation is relevant; the existing guidelines and regulatory frameworks impacting the UK; some examples of
industry applications, including the estimation of climate change impacts; some trends in R&D in the characterisation of the
Natural hazard; the gaps in natural hazard analysis and prediction (i.e., for example, the gaps in understanding the hazard
combinations or the difficult in estimating the ligthning intensity) and the priority level of the gaps to be addressed by
future work, with justification for why these gaps should be filled. All of this information will be used for scoping Phase 2
of the ETI project on Natural hazard, which aims to address the most urgent and relevant gaps.

EDF Energy R&D UK Centre Ltd. Registered in England and Wales. Registered No. 02948613. Registered Office. 40 Grosvenor Place, Victoria, London, SW1X 7EN  Page 2 of 22



ETI “Review of Natural hazard” project Phase 1
D1 Review of Natural hazard characterisation methodologies

gL oo U T d o]0 SRS P PSS PSPRPRI 4
Background 10 the PrOJECT........oviiiieie et 4
CoNENT OF ThiS REPOI ....viiiii e 5

Review of Methodologies for Natural hazard Characterisation.............ccccoooiiiiiiiiiiiiicc e 6
DefiNItIONS ANT SCOPE . ... .e ittt 6
THE QPPIOACK ..o 7
List Of NATUal RAZAIAS .....o.eiiei et 8
Sectors impacted by the listed Natural hazards and Examples of Industrial applications........................ 9
Literature Review of the Available Methodologies Including Expert Judgement .............c..coceoviennes. 11
Comments on Existing Guidelines and Regulatory Frameworks .............ccccooveiiiiiiiiiiiiiciicccee 13
CliMate ChanGe IMPACES ... .ottt 15
Hazard ComMbBINGTIONS ...ttt 16
TPENAS TN R&D ..ttt ettt ettt et e et e et e et e e e 16

GAP ANGIYSIS <.t 17
EXPIOrNG the @XISTING GAPS. ... .cveiiiiii et 17
Prioritization Of the eXiSTING GaPS ... oueiiiii e 19
PrIONEIZATION FESUIS ... ettt ettt 19

(@] T T o] PSP UURUURUPRRPN 21

RETEIBICES ... 23

FAY o] o1TaTo [ U 24
L] o) T USSP UUPRRUUPRUOTI 24
Detailed list of key findings from UKCPO9 ..........ccoiiiiiiiiii e 48
Glossary and List Of ADDreViations...........coiiiiiii e 49

EDF Energy R&D UK Centre Ltd. Registered in England and Wales. Registered No. 02948613. Registered Office. 40 Grosvenor Place, Victoria, London, SW1X 7EN

Page 3 of 22



ETI “Review of Natural hazard” project Phase 1
D1 Review of Natural hazard characterisation methodologies

Introduction

Background to the Project

Over the next three decades, the UK will be investing in a wide range of high value, long lived infrastructure assets. EDF
Energy and its partners on this project are likely to be heavily involved in the shaping and design of these new assets. A
robust understanding of the full range of natural hazards that will need to be considered in the design and assessment of
high value energy infrastructure is a key goal.

A three-phase project has been launched by ETI with the goal of developing a consistent methodology for natural hazard
characterisation in regard to the design of high value infrastructure across the energy sector. This methodology should
provide a high quality design approach for improving safety, cost efficiency, and the understanding of the resilience of
future energy systems and their dissemination.

In particular, Phase 1 will present a review of available information and existing mature methodologies regarding natural
hazard characterisation across a wide range of energy sectors. Using this review, gaps in the data will be identified, some
which will later be addressed during Phase 2. The goal of Phase 2 is to deliver a programme of small research and
consultancy projects to address prioritised gaps and uncertainties identified from Phase 1, together with development and
delivery of a consistent approach and methodology for the assessment of natural hazards and the design of solutions.
Finally, the main aim of Phase 3 is to produce a “"how to” guide to drive the engineers toward a high quality design
approach for improving safety, cost efficiency. In Phase 3, the results of the whole project will be widely communicate and
disseminate by an illustration of the full methodology developed in Phase 2 on two to three case studies, and via the
organisation of two to three workshops. For more information, see [1].

EDF Energy R&D UK Centre is leading the consortium delivering this project. This high quality consortium includes EDF
Energy Generation, NNB Gen.Co., the Met Office, Mott MacDonald and AIR Worldwide.

The underlying principles for gathering together the project partners were to be able to provide a strong project team
ensuring the capability for covering a large number of domains in the Energy sectors as well as an exhaustive expertise on
the skills required for the comprehension of a large ensemble of Natural Hazards.

EDF Energy is one of the UK's largest energy companies and its largest producer of low-carbon electricity. The company
provides power to a quarter of the UK and supplies gas and electricity to over 5.5 million residential and major business
customers. It is part of the EDF Group, one of Europe’s largest power companies, which operates in 23 countries,
employing over 157,000 staff. Research and Development is a key part of EDF Group and EDF Energy activities. EDF Energy
R&D UK Centre Ltd. (RD) was formed in March 2012 in order to further strengthen its ability to deliver increasing R&D
activity in the UK. EDF Energy R&D UK Centre team can call upon additional expertise from across the EDF Group. RD is
leading the consortium appointing the project manager and the Chief Technologist. EDF Energy Nuclear Generation Ltd.
(NG) is the owner and operator of the existing civil nuclear fleet in the UK while NNB gen. co. Ltd. (NNB), part of the EDF
group, has been established with the mission of delivering the first new nuclear power station in the UK in over 20 years at
Hinkley Point and planning for new development at the Sizewell site. EDF Energy will provide a decadal experience of
characterisation of Natural Hazard mainly, but not only, due to its unique experience in Nuclear sector. Experts from
Renewable sectors and others Company business units will be involved in the project.

Mott MacDonald Ltd is a global management, engineering and development consultancy and a top firm in power (Ranked
number 1 in Power in the 2013 NCE Consultants File). They began working on power projects in the late 1890s and have
accumulated experience in all types of generating technologies including: Conventional coal and oil fired steam plant, CHP,
Diesel, Energy from waste, ICGT, OCGT, CCGT, renewables and nuclear. MMD has wide experience in natural hazard
consideration spanning across different sectors, including oil and gas, water and power industry, including thermal
generation and renewables. Mott MacDonald has strong links with operators in energy sectors, among them; Scottish
Power, EoN, Iceland’s national power company Landsvirkjun, National Grid, Shell, BP and TOTAL. For this commission,
MMD is able to draw on a wide resource pool of expertise covering an extensive range of engineering disciplines and
associated technology.

Air Worldwide founded the catastrophe modelling industry in 1987 and has extensive experience characterizing natural

hazards and determining their effects. Air has experience of providing global risk engineering services and providing
assessments of local hazard conditions to the insurance and reinsurance markets. AIR’s modelling methodologies are widely

EDF Energy R&D UK Centre Ltd. Registered in England and Wales. Registered No. 02948613. Registered Office. 40 Grosvenor Place, Victoria, London, SW1X 7EN  Page 4 of 22



ETI “Review of Natural hazard” project Phase 1
D1 Review of Natural hazard characterisation methodologies

used throughout the entire property insurance and reinsurance industries and help clients meet Solvency ii regulatory
certification.

The Met Office is the UK's national weather and climate service, and also provides operational predictions of space
weather. It is a Trading Fund within the Department for Business, Innovation and Skills. As a world leader in providing
weather and climate services, it employs more than 1,800 at 60 locations throughout the world and is recognised as one of
the world’s most accurate forecasters. Forecasts are delivered to a huge range of customers from the Government, to
businesses, the general public, armed forces, and other organisations. Additionally, the Met Office Hadley Centre provides
world-class guidance on the science of climate change and is the primary focus in the UK for climate science

This consortium is thus covering a wide number of Energy sectors domains and providing expertise on a large set of Natural
Hazard phenomena. The credentials of the participants strongly assure the authority and quality of the final deliverables.

The main technical deliverables for Phase 1 are (D1) a review of the available information and methodologies on natural
hazard characterisation and an analysis of key gaps in the available knowledge and (D4) a report including a proposed
scope schedule, budget and resource profile for Phase 2.

This report is deliverable D1 of Phase 1 of the ETI project.

Content of this Report

This first deliverable of Phase 1, D1, aims to present a review of the available information and methodologies regarding
natural hazard characterisation across a wide range of energy sectors. The deliverable also includes an extensive analysis of
the gaps in current knowledge and an assessment of the emerging trends in R&D. Finally the report suggests a
prioritization of the gaps to be treated in the next Phase of the project to go toward the definition of a high quality “how
to"” guide for the characterisation of natural hazards for the UK’s high value energy infrastructure.

The content of the report is comprehensively summarized in several tables reported in the Appendix of this document,
presenting the following information:

e Alist of natural hazards which are relevant for the energy sector, classed by hazard categories

e The available mature methodologies for regional and localised characterisation, as well as expert judgement
regarding the methodology

e Comments on impact climate change has on natural hazards

e A list (if applicable) of suitable and sufficient methodologies available to quantify the impact and associated
uncertainties

e Alist of sectors where each natural hazard characterisation is relevant

e Alist of existing guidelines and regulatory frameworks impacting the UK

e Examples of industry applications, including the estimation of climate change impact

e Trends in R&D

e Gaps in natural hazard analysis and prediction

e The priority level of the gaps to be addressed with justification for why the gap should be filled

The results reported in the tables in the Appendix are discussed and analysed in the following sections, focusing on the
review of available methodologies in Section 1 and on gap analysis in Section 2.
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Review of Methodologies for Natural hazard Characterisation

Definitions and scope

This project is a review of the available methodologies for characterisation of natural hazards relevant for high value
infrastructure design in the UK. For a project of this scale, some definition is needed to clarify the boundaries of the
exercise.

A natural hazard may be defined as an "element of the physical environment, harmful to man and caused by forces
extraneous to him", [2]. The listed hazards belong to different classes of natural phenomena including Meteorological
Hazard; Marine Hazard; Hydrological and Hydro-geological Hazards; Volcanic, Seismic and Geological Hazards; Biological
Hazards; and Electromagnetic Hazards. To extensively demonstrate this definition, a list of relevant natural hazards is given
in the next section. This project ill deal with the characterisation of Natural Hazards

Note that the natural hazards belong to the class external hazards, generating from sources and mechanisms external to a
power plant or an infrastructure to be distinguished from the internal hazard, generated within the power plant or the
infrastructure. However, in the class of the external hazard, it is useful to distinguish natural hazards from man made
hazards (e.g. airplane crash, accidents). In the Table 1, a simple diagram illustrates the definitions of internal, external,
natural and man made hazards.

Internal Hazards | | External Hazards

[

Man Made Hazards| | Natural Hazards

Table 1. lllustration of Hazards definition

An extreme event is characterized by its probability of occurrence, usually its annual probability of occurrence. The more
the event is extreme, the rarer it is, thus associated to a small annual probability. For high value infrastructure design and
protection, the extreme events to be estimated are usually associated to annual probability ranging from 10* to 10* and
even lower for some specific applications (i.e. nuclear safety).

In particular, focusing on Meteorological Hazards, The IPCC Special Report on Extremes (SREX) defines a climate extreme
(extreme weather or climate event) to be: “the occurrence of a value of a weather or climate variable above (or below)
a threshold value near the upper (or lower) ends of the range of observed values of the variable. For simplicity, both
extreme weather events and extreme climate events are referred to collectively as ‘climate extremes'”, [3].

In terms of geographical scope, the project will focus on research regarding infrastructure based on UK land and offshore
waters. However, due to the global nature of the scientific community, methodologies can come from other countries.
Moreover, hazards generated outside the UK but with the potential for a knock-on effect in Britain will also be investigated
(for example, the dispersion of volcanic ash in the UK generated by volcanoes in Iceland).

The definition of high value infrastructure is limited to energy sector infrastructure, including generation and extraction
sites, networks and grid. Road networks and other civilian infrastructure not specific to the energy sector are excluded.

The energy sectors considered in this project are:

e Renewable energy (including offshore and onshore wind power, solar, wave energy)
e Hydropower generation

EDF Energy R&D UK Centre Ltd. Registered in England and Wales. Registered No. 02948613. Registered Office. 40 Grosvenor Place, Victoria, London, SW1X 7EN  Page 6 of 22
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e Transmission and distribution networks
e Nuclear generation

e QOiland gas

e Thermal generation

e Insurance

Note that insurance, technically speaking, is not part of the energy sector. However, the insurance sector approach to
natural hazards characterisation may have an impact on the investment on the energy high value infrastructures. For this
reason the insurance sector has been considered here. Hydropower generation sector has been treated separately from
renewable sector, due to the fact that it is a traditional sectors existing in the energy industry since long time, compared to
the new renewable technologies. By transmission and distribution network, it is meant here the whole electricity grid from
the generation plant to the customer, including distributed generation, even though this last sector may deserve more
specific attention in the future.

The approach

In order to ensure the widest possible coverage of all the energy sectors the skills and capability within the consortium
has been mapped to ensure coverage for all the sectors mentioned in the previous section. A preliminary check of the
consortium skills were presented in the project Phase 1 proposal [4]. Partners’ contributions within the project consortium
ensure the fact that all the information relevant for the energy sectors listed in the previous sections is represented here. In
Table 2 it is shown that all the sectors are covered by at least one consortium partner’s skill.

! Number of Partners Contributing to Each Sector
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Table 2. Number of partners contributing with information to each sector

In order to ensure the best possible coverage of the scientific literature and knowledge, a large dataset of scientific
and industrial references has been investigated in order to provide all the information reported in the Appendix. The
selected approach for locating and reviewing existing mature methodologies is based on a wide review of:

e Scientific/academic literature

e National and international regulatory documents
¢ National and international guidelines

e Meteorological and environmental studies

e Industrial studies

e Workshop records

e European Project deliverables

e Partnership knowledge and public reports

A list of relevant references is reported at the end of this document and the list of references quoted in the table is
reported in Appendix.
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The literature review is supplemented with expert interviews, focused, in particular, on any blanks left in the table following
the systematic review of the mentioned sources. In particular, we interviewed

Finally,

Sebastien Pelissier, EDF Energy R&D UK centre project manager of the offshore wind project, expert in renewables
energy

Sarah Levy, expert in marine renewable energy fleet design at EDF EN (Energies Nouvelles)

Marta Nogay, project manager for wave energy and marine energy project at EDF R&D

Scott Stransky, R&D expert on Natural hazards for the Insurance sector at AIR Worldwide, with particular expertise
on Wind perils, severe thunderstorms, tropical cyclones and wildfires

Arnaud Lenes, expert on thermal electricity generation at EDF Energy

in order to ensure high quality of the delivered information, a periodic Technical Quality Review has been

provided by the Met Office.

List of Natural hazards

In order to better define the scope of the project, a list of 34 relevant natural hazards for the energy sector was developed.
Note that this is a first important result of the project, opening the door to defining a systematic and common approach for
the characterisation of natural hazards, which is the final deliverable of Phase 3.

The list of hazards was divided into 8 classes, as listed below:

Each of

Meteorological

Marine

Hydrological and hydrogeological
Volcanic, seismic, and geological
Biological

Electromagnetic

Combinations

Other

the individual natural hazards is placed into one of the above classes. The hazards are presented below, grouped

within their respective classes.

Meteorological:

Marine:
[ )
[ )
[ ]

EDF Energy R&D UK Centre Ltd. Registered in England and Wales. Registered No. 02948613. Registered Office. 40 Grosvenor Place, Victoria, London, SW1X 7EN

Extreme rainfall

Frazil (including ice flow)

Extreme and very rapid changes in temperature
High extreme ambient air temperatures

Low extreme ambient air temperatures
Extreme high water temperature

Extreme low water temperature

Extreme snow (including sticking snow, snow avalanches, icing, hard rime)
Extreme wind

Tornadoes

Lightning

Hailstones

Humidity (including mist and fog)

High tide/extreme sea level/extreme surge
Wind generated waves (long or short fetch)
Tsunami

Extreme low sea level

Page 8 of 22
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Hydrological and hydrogeological:
e River flood
e Flood due to dam failure
e Drought
e Extreme Groundwater level

Volcanic / seismic / geological:
e Offshore or onshore landslide
e Sediment transport and sandbank
e Geological instabilities (i.e. sinkholes, liquefaction, land slippage, etc.)
e Sandstorm (including dust storm and volcanic action)
e Earthquake

Biological:
e Marine biological hazard (i.e. marine growth or jellyfish and seaweed clogging of water intakes)
e Animals (including for example, rodent infestation)

Electromagnetic:
e Space weather (including solar flare, Natural EMP)
e Solar UV

Combinations:
e Hazard combinations

Other:
e Forest fire
e Meteorite impact

Decisions had to be made to define the list of the relevant natural hazard, including the aggregation or the disaggregation
of single hazard in groups (ex: snow or geological instabilities). The similar phenomena were merged in a single group
where possible in order to simplify the list. If similar phenomena were analysed in the past using different techniques or in
different context, they were not merged. For example, tornadoes and wind has been separated because of the specific
literature existing on Tornadoes phenomena while geological instabilities such as sinkhole or liquefaction were gathered
together for sake of simplicity.

Sectors impacted by the listed Natural hazards and Examples of Industrial applications

Different energy sectors may consider the impacts of different natural hazards in the design and operation of high value
infrastructure, depending on the impact of the given extreme natural event on aspects of their business.

In the attached table (see Appendix)(column “Sectors impacted” and “Examples of industrial applications”), some impacts
of each hazard on the different sectors are considered and examples of applications to the most relevant sectors are
highlighted. This mapping detailed exercise is not exhaustive but it gives a general idea on which hazards are considered in
the different sectors and allows the reader to drawn some conclusions on the hazards the most considered and on the
sectors the most active in the hazards characterisation.

In Table 3, coverage in terms of natural hazard considered in each sector is given.

EDF Energy R&D UK Centre Ltd. Registered in England and Wales. Registered No. 02948613. Registered Office. 40 Grosvenor Place, Victoria, London, SW1X 7EN  Page 9 of 22



ETI “Review of Natural hazard” project Phase 1
D1 Review of Natural hazard characterisation methodologies
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Table 3. Coverage of number of natural hazard for each sector

26 out of the 34 natural hazards are considered in the nuclear sector. This shows that the maximum number of different
hazards considered in the nuclear sector for nuclear safety.

The complete information can be found in the table in the Appendix, but in order to give few examples of impacts,
tsunamis are mentioned for the nuclear industry because of the associated risk of flooding for the nuclear platform.
Extreme snow is a relevant hazard in transmission and distribution sector because of the risk of having sticking snow on the
electric wires, potentially leading to breakage of the wires. Extreme wind is mentioned for renewables in terms of
damaging the wind turbines. Earthquake is the hazard which is covered in the largest number of sectors (essentially all of
them). According to AIR Worldwide, as reported in the attached table (see Appendix) “all insurable property lines of
business can be affected by earthquake.”

Table 4 presents the list of hazards in combination with the number of sectors they impact; the complete information is
available in the table in the Appendix.
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It is useful to note that a small number of hazards are considered in almost every sector (at least 5 sectors). These are
rainfall, wind, snow, extreme sea level and storm surge, and earthquake. This allows for the definition of a short list of
particularly relevant hazards, which are basically the traditional hazards largely considered in scientific literature. This point
confirms as well that the list proposed in the previous section is relevant, that the main hazards have been mapped
together with more specific hazards, and that it is now possible to converge towards a systematic and common approach.

A specific comment must be made for hazard combinations. Even though few sectors (nuclear and renewable in our
survey) are already considering this emerging hazard, it is clear that the consideration of the simultaneous occurrences of
extreme phenomena for design purposes has been introduced across the energy industry.

The impact and, as a consequence, the return level of the hazard considered depends on the sector. Again, one can
observe that the nuclear industry is leading the exercise because of the need for estimating extreme events associated with
a 10" annual probability, while in other sectors (e.g. renewables) the estimation usually stops at 10 annual probability. 10*
seems to be a kind of maximum extrapolation limit. In the insurance sector, for example, AIR Worldwide’'s stochastic
modelling techniques can estimate events up to probabilities of 10™.

Among the example of industrial applications, we have references to the safety cases produced for nuclear safety,
insurance series studies, and commissioned studies for different sectors. For example, for the nuclear sector the Met Office
produced reports for the EDF Energy nuclear fleet for the estimation of extreme rainfall and other meteorological hazards,
while EDF Energy produced periodic safety reviews studies for the characterisation of several natural hazard
characterisations. The insurance sector produced series of industrial facility codes, the 400-series that can be used to assess
the vulnerability to several natural hazards of over 60 different large industrial facility types. (see the Appendix of this
document for complete information). Other mentioned industrial studies are, for example, (i) the DEFRA (Department for
Environment, Food & Rural Affairs) Report on the threat posed by tsunami to the UK and (ii) the Royal Academy of
engineering report on the extreme space weather impact on engineered systems and infrastructure.

Literature Review of the Available Methodologies Including Expert Judgement
Depending on the class of natural hazard and on the sector, different methodologies have been suggested for hazard
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characterisation in the past. In the attached table (see Appendix) (columns “Available Mature Methodologies” and “Expert
Judgement”), these methodologies are reported together with expert judgement on their robustness.

The methodologies mentioned for characterizing the hazards in the list are presented below:

e Extreme Value Analysis (EVA), [5], stationary and non-stationary versions

e Statistical Methods based on EVA (EVA with salinity, linear method for tornadoes, JPM (Joint Probability Method),
[6])

e Regional Frequency Analysis (RFA), [7]

e Spatial distribution analysis and geospatial studies

e Deterministic approaches (PMP (Probable Maximum Precipitation),[8], maximum scenarios)

¢ Numerical modelling (Finite element analysis, weather, climate and atmospheric models, hydrodynamic and ocean
models, tsunami models, hydrological models, hydraulic models)

e Stochastic modelling (Monte Carlo)

e Laboratory testing

e Use of international codes, catalogues, or standards

The traditional application of the EVA has been distinguished from the application of the EVA within more complex
statistical frameworks (Statistical Methods Based on EVA). For example for the estimation of extreme sea level EVA is used
within the Joint Probability Method for characterising the probability of occurrence of extreme surges. Technically speaking
the “Use of international codes, catalogues or standard” is not a methodology itself, because the results contained in these
catalogues are obtained using specific methodologies, often EVA. However, the use of these codes reflects a very common
engineer practice, thus it was decided to list it independently.

The use of some particular methodologies for a given sector may be driven by existing guidelines or regulatory frameworks.
For example, in France, for the estimation of the extreme sea level for the protection of nuclear power plant, the security
authority, in a regulatory document dating back to 1984, [9], (in French and now updated by [10]) suggested the use of
the EVA. This has been driving the use of such an approach for several years in this domain.

Two main classes of methodologies were defined to analyze the results. One is the class of purely statistical approaches
similar to Extreme Value Analysis (EVA), including extensions such as statistical methods based on EVA, RFA, and geospatial
studies. The other is the class of numerical (often stochastic) approaches, including deterministic approaches and numerical
modelling. Almost all the mentioned approaches belong to one of these classes. Note that both classes of approaches are
theoretically able to deal with the spatial extent of the hazard characterisation: purely statistical approach via technigues
like geostatistics or RFA, numerical approaches because of the spatial extent and resolution of the available numerical
models. Obviously each specific phenomenon is characterized by specific spatial variability and extension, which can be
more or less difficult to take into account (i.e. strong spatial variability for convective rainfall versus smooth spatial variability
for temperature).

In Table 5, the methodologies used for hazard characterisation are shown in relation to the number of hazards to which

each methodology applies; the details being available in the attached table (see Appendix). For example, 17 individual
hazards are characterised using EVA in the current practices across various sectors.
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Number of Hazards Where Methodologies Apply

m Extreme Value Analysis (EVA)
W Statistical methods
Probabilistic _|
modelling ) )
® Regional Frequency Analysis (RFA)
Spatial distribution analysis [ geospatial studies
m Deterministic approaches (PMF, max scenario)
Mumerical
modeling | ® Numerical modelling {finite element analysis,
physical models)
W Stochastic modelling
W Lab testing
Other 4

Use of international codes / standards

Table 5. Main methodologies for characterisation

A first general comment on the reliability of the existing methodologies is the warning on the difficulty of observing and
correctly measuring some extreme phenomena. Some examples are the difficulty on measuring lightning intensity or the
lack of data for extreme rainfall at few minutes’ resolution.

The collected expert judgements on the robustness and reliability of the different methodologies show a low degree of
confidence on the traditional purely statistical approaches, such as EVA, which are defined as having poor robustness for
extreme extrapolation, particularly when relying on short series of data. A mentioned limit for these approaches is the
underuse of physical knowledge of the phenomena, indeed the choice of the probability law traditionally used to estimate
the probability of occurrence of the extreme values are not based on physical arguments, neither are the estimated
parameter of this laws. Another limit is linked to the underuse of available data (at different location and from different
sources).

Some methods are mentioned which can be applied to increase their robustness. Concerning the underuse of physical
knowledge, the law parameters could be linked to physically based co-variables, for example. In order to use more available
data methods such as Regional Frequency Analysis (RFA), or the use of historical data were applied in the past. Historical
data refers to measures of intensity of extreme events occurred in the past which were not measured using standard
techniques but which can be reconstructed by alternative approach. For example, it is possible to estimate the discharge of
a flood occurred centuries ago studying historical documents describing the flood or analyzing sediments layers on the river
bed. This data may be used in cases such as flooding risk estimation, while RFA is more frequently used when classifying
cases such as extreme storm sea surges or extreme rainfall.

Statistical models with physical constraint and approaches relying on the use of Numerical modelling (i.e. Stochastic
simulations) seem to be judged as more robust even though they can be difficult to apply for very complex systems (i.e.
biological hazards or tsunamis).

Finally, during the discussion within this project, it has been stressed that “confidence in numerical models can be high, if
the appropriate model is being used. [...]. EVA can also yield useful results if the extremes are not extrapolated too far [...].
Both methods are models, not reality, and should always be treated as such.” according to AIR Worldwide.

Comments on Existing Guidelines and Regulatory Frameworks
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Regulatory frameworks, guidelines, standards and reference maps of hazard intensity were widely developed and used
across the sectors and for different natural hazards. The term “guidelines” indicates suggested engineering guidelines
advising on the methodology to use for the characterisation of a given Natural hazard, while a “regulatory framework” is a
compulsory regulation indicating the return level to be estimated and sometimes the methods to use for characterising the
hazard. “Reference maps” of hazard intensity such as Eurocodes contain the estimation of the intensity for given hazards
and given return period. Eurocodes exist, for example, for snow, extreme wind or earthquakes. For the sake of simplicity all
these documents are listed together here. The goal is to provide a large list of sources suggesting approaches and
methodologies. The huge amount of codes and guidelines are grouped here based on the institutions producing them.

In order to give an idea of the institution producing the guidelines and to suggest some relevant document to the reader, a
list including institutions, guidelines series and some stand alone guideline documents is given here:

e Nuclear sectors guideline including International Atomic Energy Agency (IAEA), tern European Nuclear Regulators
Association (WENRA) and the Office for Nuclear Regulation (ONR).

e  British Standards (BS)

e Solvency Il rules for insurance sector

e American Petroleum Institute (API) guidelines

e International Electrotechnical Commission (IEC) guidelines

e Lloyds Syndicates

e Eurocodes

e National Grid Technical Specifications

e Garrad Hassan (Off shore wind design) guidelines

e DNV Offshore Standard (DNV OS)

e Construction Industry Research and Information Association (CIRIA)

e Sewers for Adoption

e American Society of Civil Engineers (ASCE) guidelines

e Department for Environment, Food, and Rural Affairs (DEFRA) guidelines

e International Building Code (IBC)

e National Fire Protection Agency (NFPA)

e Planning Policy Statement 25 from UK government

e Uniform Building Code (UBC)

e The Flood Estimation Handbook (CEH)

e TORnado and storm Research Organisation (TORRO)

Some sets of regulatory frameworks and guidelines are designed specifically for a given industry. For example, the IAEA,
WENRA, and ONR guides are used by the nuclear sector. APl standards are used by the oil and gas sector, while the
Solvency Il Directive is used by the insurance sector. Other sets, however, may be used by a wide variety of sectors, such as
the Eurocodes, IEC, and British Standards. In Table 6, the number of hazard covered by each class of guidelines is reported.
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Number of Hazards Where Guidelines and Frameworks Apply

M Internaticnal Atomic Energy Agency (IAEA) (includes WENRA and ONR]
MW British Stendards (BS!
= Solvency |l
m American Petroleum Institute (APl
m [nternatianal Electrotechnical Commission (IEC)
® Lloyds Syndicetes
H Eurocodes
W National Grid Technical Specifications
H Garred Hessan
DNV Offshore Standzard (DNV OS)
Construction Industry Research and Information Association (CIRIA)
Sewers for Adoption
B American Society of Civil Engineers (ASCE)
B Department for Environment, Food, and Rural Affairs (DEFRA]
W Internaticnal Building Code (IBC)
Mational Fire Protection Agency (NFFA)
i Planning Policy Statement
& Uniform Building Coce (UBC)
i Centre for Ecology and Hydrology ICEH)
@ TORnado and storm Research Organisation (TORRO)

Table 6. Distribution of guideline and framework classes

The fact that the IAEA guidelines for the nuclear sector cover more natural hazard than any other guidelines is another clue
of the fact that the maximum number of natural hazards are identified in the nuclear sector.

Additionally, a wide range of standards may be applied to a given hazard. If we consider rainfall, relevant guidelines for its
estimation might be Planning Policy Statement 25 (PPS25), BS EN 752, BS 12056, Sewers for Adoption, CIRIA guides,
National Grid Technical Specifications, BS EN 50341, BS 61936, and BS 7671, and this list could perhaps be extended.

In the attached table (see Appendix) (column “Existing guidelines and regulatory frameworks"”), all the relevant guidelines
and regulatory frameworks documents are listed including the actual references.

Climate change impacts

Climate extremes are rare events which occur as a result of variability in the climate system. As such, natural climate
variability is an important factor governing extremes, and will continue to be so in the future. However, the available
evidence also indicates that climate change is modifying the frequency, intensity, spatial extent, duration and timing of
some extreme weather and climate events, and can result in unprecedented extreme weather and climate events.
Conceptually, changes in extremes can be linked to changes in a combination of the mean, variance and shape of the
probability distribution of weather and climate events. It is also important to note that some climate extremes are the result
of compound processes and accumulation of weather or climate events that are not extreme when considered
independently, [3]. An example was the stormy weather experienced by the UK during winter 2013/14, [11], the individual
storms were not necessarily particularly extreme, but the clustering and persistence of the storms was highly unusual.

The most recent set of climate change projections for the UK was produced for UKCPQ9 - the UK Climate Projections 2009,
[9]. This is the fifth generation of climate scenarios for the UK, and provides the most comprehensive UK climate change
scenarios to date, based on leading climate science (from the Met Office Hadley Centre), which, for the first time,
systematically incorporates and quantifies some of the key uncertainties associated with climate modelling. In particular,
whereas previous climate change projections have been based on the outputs of one model - giving a single projection for
a particular variable, time slice and emissions scenario — UKCPQ9 provides probabilistic climate projections for the UK.

The motivation behind this is to explore the uncertainty in climate projections which arises from the following:
e Uncertainty in future greenhouse gas emissions (we cannot know for certain our future greenhouse gas emissions,
therefore projections are produced under three different plausible emissions scenarios)

e Natural climate variability (natural factors, both internal and external to the climate system, can cause the climate
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to vary even in the absence of any human influence; some of these factors are included in UKCPQ9)
e Modelling uncertainty (sampled in part by using variants of the Met Office Hadley Centre’s climate model, and in
part by using information from other centres’ climate models)

By using our best understanding to incorporate and explore climate natural variability and modelling uncertainty in a
systematic way, UKCPQ9 provides probabilistic projections for a range of meteorological variables (e.g.
mean/maximum/minimum temperature, precipitation, and wind) at 25km resolution across the UK.

A detailed list of key findings from UKCPO9 is reported as a stand alone paragraph in the Appendix of this document.
Moreover, in the columns “Climate Change Impacts” and “Uncertainties on climate change impact” of the attached table
(see Appendix) some discussions are reported on the impact of climate change for each natural hazard.

Hazard Combinations

The subject of hazard combinations requires a special section. Historically and generally again today, the general practice is
to treat each natural hazard separately, in terms of both characterising its impacts and protecting against those impacts.

However, in particular after the Japanese tsunami in 2011, the consideration of hazard combinations is becoming more and
more of a requirement in terms of regulatory frameworks and guidelines. The specific combination observed during the
Japanese tsunami was the sequential occurrence of earthquake and a tsunami wave. It is worth to note that here we will
use the word “combination” to indicate not only the simultaneous occurrence of two or more different hazard but also the
sequential occurrence of different hazards (i.e. the Japanese tsunami)

Again, the nuclear industry is the leader in this field, with general requirements from ONR in the UK, [12], WENRA, [13, 14]
and IAEA, [15-17].

There is not yet a consensus within the scientific community regarding the actual degree of dependence between the
hazards mentioned in the list. This lack of agreement is holding back the definition of the most appropriate methodologies
to be applied for the estimation of the probability of occurrence of hazard combinations.

This issue is tackled in the insurance domain via numerical platform models where risk can be quantified for a location or
multiple locations across multiple perils, [18]. In the scientific community and in industry, the use of multivariate analysis is
being explored, [19, 20].

The lack of a systematic methodology for hazard combinations characterisation currently represents a major gap.

Trends in R&D

In order to capture the gaps and to anticipate the direction of future R&D development, an overview of the trends in R&D
is given in the attached table (see Appendix) on the column “trends in R&D" for each hazard in the list.

This includes general trends in shifting from pure probabilistic approaches to the use of numerical modelling and trends for
improving the robustness, reducing the uncertainty, and taking into account climate change in the EVA approaches. Just to
give few examples: a trend towards using meteorological parameters in addition to statistical techniques for the tornado
hazard characterization and a trend in coupling meteorological and hydrodynamical models for the simulation of storm
surges are mentioned. In the statistical approach side, Nonstationary EVA is mentioned as an emerging R&D trend for
extreme temperature characterisation, while RFA (Regional Frequency Analysis) is mentioned for extreme sea level.
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Gap Analysis

Exploring the existing gaps

A list of existing gaps in the currently available methodologies for natural hazard characterization has been drafted,
gathering together the experience and feedback from the partners, the interviews and the literature analysis. We report
here the gaps mentioned by the consortium partners and emerging from expert interviews and discussions. They are fully
reported in the attached table (see Appendix) in the column “Identified gaps”. For each gap, it is reminded (i) the impact of
the concerned hazard on high value infrastructures, (i) the nature of the gap, (iii) the consequences of the gaps in the
existing methodologies and the risks associated in not addressing the gaps.

The highlighted existing gaps are grouped depending on the hazard classes defined above:
Meteorological

1. High resolution rainfall. Within the Power industry there is an appreciation of the consequences to plant
operation that high intensity rain fall can initiate. An example of this would be conventional plant trip resulting
from water Rainfall on short duration may be critical. To enable design of suitable drainage to mitigate risk
further knowledge on frequency of events is required. Very few observations are available for high resolution
rainfall (1 to 15 minutes) indeed and the traditional methods, such as EVA, which strongly rely on observations
may produce very uncertain results fro very extreme (up to 10*annual probability) In particular, short duration
extreme rainfall is critical in urban hydrology and drainage system design due to their ability to cause flash
flooding. As long as this gap is not addressed the risk of over or under design of drainage system exist, leading
to potential cost for expensive mid-life drainage systems modifications.

2. Extreme winds may knock over trees which in turn damages power line. Moreover wind creates a load on the
structures and may generate projectiles potentially damaging the infrastructures. There is high uncertainty in the
estimation of extreme winds. Recent work has revealed inconsistencies between EVA estimations and Eurocodes
estimations. The available observed data series for wind are generally short. The impact of climate change on
extreme winds is also not very clear. The failure in addressing quickly these gaps may lead to over or under
design requiring expensive mid-life modifications.

3. Low water temperature. Low sea o river water temperature may lead to the formation of frazil ice and
floating ice which could damage the water infrastructure and clogging the heat sinks of power plants. A precise
judgement on the lowest possible values for sea temperature and on the ice formation mechanism on the sea
and the river should be sought. Addressing this gap would allow a more reliable forecasting of frazil formation,
reducing damages and probability of power plant shutdown. Leaving this gap open decreases the forecasting
capability and increase the probability damages and shutdown.

4. Lightning strikes may damages power lines, electric devices. The lack of reliable measure for lightning intensity
means that extreme lightning estimations are very uncertain. Not addressing this gap prevents an actual
estimation of the lightning maximum intensity and thus increasing the risk of over or under design.

5. Hailstones may damage building roofs and infrastructures. There is some uncertainty around the atmospheric
physics and formation of frozen precipitation; the fact that hail is an emerging risk, and the potential better
guantification of the size distribution of hail with better understanding of physics, highlight the lack of a robust
methodology for hailstone characterisation. Not addressing this gap prevents an actual estimation of the
maximum hailstones size and loads and thus increasing the risk of over or under design.

6. Extreme winds generated by a Tornado may knock over trees which in turn damages power line. Moreover
wind creates a load on the structures and may generate projectiles potentially damaging the infrastructures.
Some uncertainties exist around the formation and recording of Tornadoes; for example there could be an
under-reporting effect producing a mismatch of tornado frequency between urban and countryside areas. As for
the extreme winds estimation, the failure in addressing quickly this gap may lead to over or under design
requiring expensive mid-life modifications. However, the probability of Tornados occurrences is lower than
extreme wind occurrences in the UK.

Marine
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7. Tsunami may damage coastal infrastructure, including power grids, power plants and other infrastructures. Very
limited data and knowledge exist around tsunami modelling, in particular on the coupling of geological
earthquake models and hydrodynamic models. If these gaps are not addressed, design of coastal protection
structure may be inadequate and fail in case of extreme tsunami event. However, the probability of occurrence
of a Tsunami on the UK coast seems to be low.

Hydrological and hydrogeological
Volcanic, seismic, and geological

8. Earthquake may damage the structural integrity of a large set of infrastructures. Ground motion: improvements
to the deterministic methods are being investigated by European partners, but would not be readily transferrable
to the UK context. Moreover, there is a lack of UK ground motion prediction equations — but, due to the UK's
low seismicity, this is unlikely to be resolved. In this framework this gaps may be unresolved for a while in the
UK. Current practice seems to adequately cover the hazard and the risk of not addressing this gap in Phase 2 of
this project seems low.

9. Liquefaction, sinkholes and ground motion may damage a large set of infrastructures. There is a lack of
geological mapping of the potential for these phenomena in the UK. Note that some related information may be
collected from the British Geological Survey, http://www.bgs.ac.uk/products/geosure/home.html.

10. There is a lack of knowledge on potential Volcanic ash effects on the UK due to volcanic eruptions elsewhere
in Europe. Volcanic ash may impact several sectors including air transportation. The impact on Energy sector will
be limited to the occlusion of filter on the air filtering machine. The actual impact of volcanic ash should be
demonstrated and thus the risk of not addressing this gap in Phase 2 of this project seems low.

Biological

11. Biological materials may clog up the water intake of power plants. However, the blooming of marine biological
species and the actual parameters driving this phenomenon are not completely understood. Moreover, the
transportation of biological species by waves and currents is complex and would benefit from in-depth
modelling. The development of suitable biological models is thus needed, together with hydrodynamics models.
If the bio and physical mechanism should turn out to be too complex, a stochastic modelling of the probability
of occurrence of this hazard depending on meteorological variables is a promising way to be explored.
Mitigation measures are also poorly known; for example, alternatives to chlorination for biofouling control
would be welcome. If not addressed the risk of observing clogging of power plant water intake and damage on
off shore infrastructure can not be reduced by early warning, appropriate mitigation measures and adapted
design.

Electromagnetic

12. Electromagnetic inferences generated by Space Weather event may have an impact and damage micro
electronic control system and thus damage engineered systems and infrastructure A gap exists regarding the
estimation of the intensity of an extreme space weather event and providing a methodology to assess the
sensitivity of the electronics and/or EMI (Electro Magnetic Inferences) protection systems against it. This need is
pushed by the increased use of microprocessors in safety systems. If not addressed the existing risk of damage
on electric control system can not be reduced by appropriate mitigation measures and adapted design.

Combinations

13. Hazard combinations may generate a large range of issue to high value infrastructure and power plant. The
nature of the issue will depend on the nature of the hazards that will be occurring together. However, a clear
understanding of the actual probability of simultaneous occurrences of coupled hazards (e.g. low water
temperature and extreme wind) is not always available. Moreover there is no one widely accepted approach, in
particular for characterizing hazard combination associated to very extreme (up to 10™ annual probability of
exceedence) probability. Some numerical modelling techniques can account for hazard combinations such as
wind and surge. The risk for not address this gaps is that potential combination of natural hazard may remain
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unknown, preventing to reduce the risk by mitigation measure or appropriate design. The failure in addressing
quickly this gap may lead as well to over or under design requiring expensive mid-life modifications.

Other
General Gaps

14. Numerical modelling could be used instead of or in conjunction with EVA when a physical knowledge of the
phenomena could yield a better prediction (i.e. snow simulation, storm modelling or extreme wind simulation).
The introduction of more physical knowledge of the process in the probabilistic approach, (for example see
weather type approaches, [21], for rainfall) could be very beneficial in some sectors. The risk of not taking into
account this gap is to miss some useful information for the characterization of some natural hazards.

15. The impact of climate change on some hazards (in particular meteorological hazards) may change the
probability of occurrence of some extreme events. However, the scenarios simulated by the global circulation
models are manifolding and uncertain. This science topic definitely needs more investigation and the actual
impact of climate change of some specific hazard is not yet known (for example, biofouling, high resolution
extreme rainfall). The risk in not addressing this gap is that important uncertainties in the impact of climate
change may lead as well to over or under design requiring expensive mid-life modifications.

Prioritization of the existing gaps
These gaps will be prioritized following a list of common criteria. A preview of this list is given here.

e Industrial prioritization (i.e. is the gap important from an industrial point of view? What is the prioritization of this
gap from the industrial partners?)

e Scientific community prioritization (i.e. does the gap represent an important lack of scientific knowledge in the
understanding or modelling of the phenomenon in question? Is the scientific community already carrying out
research on that gap?)

e Urgency (Does the gap need to be solved quickly in order to avoid industrial risk or in order to optimize industrial
procedures?)

e Feasibility of the project duration (Is it reasonable to address the gap within the timescale and the budget of the
ETI Phase 2 program?)

e Transferability to the “how to” guide (Is it reasonable to suggest a “how to” procedure and to make the results
available for industrial applications within the timescale and the budget of the ETI Phase 2 program?)

A prioritization exercise with all the partners (except the Met Office, given its TQA role in the project) assigning values
varying from 0 to 10 for each of these criteria and for each of the listed gaps has been carried out. A simple exercise is also
carried out assigning a given number of points to each gap depending on the rank occupied in each partner’s classification.
For example, one should assign, for each partners ranking, 10 points to the first gap, 5 to the second, 3 to the third and so
on. Summing the points obtained by each gap on the different partners ranking, one could obtain a final gap ranking.

This simplified exercise is most robust, smoothing the different significance that the partners associated to the absolute
notation.

Prioritization results

The results of the exercise are shown in Table 7. Following the prioritization exercise 5 major gaps relevant to be
addressed in the Phase 2 of the project are suggested at the end of the session.

The choice of the number comes for the detailed analysis of the prioritization results. A clear difference in the gap
classification may be seen in the Table. Hazard combination is first (1) in the ranking no matter the ranking method
adopted. Behind this the list of the following six gaps (2-7) is found having similar notes: biological, wind, lightning,
hailstones, rainfall and space weather. Note that their actual relative positions depend on the ranking criteria. Among the
first 7, Rainfall and Wind were dismissed and the details are given in the following paragraphs.
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1 Hazard combinations 203 50 34 45 34 40
2 Extreme winds 202 30 42 50 30 50
3 High resolution rainfall 195 38 28 42 42 45
4 Hail 188 42 40 40 32 34
5 Ligthning intensity 187 45 36 38 38 30
6 Biological 184 38 45 32 45 24
7 Space weather 180 40 50 36 26 28
8 Low seatemperature 158 32 38 34 28 26
9 Earthquake 142 28 32 50 32
10 Climate Change 128 22 30 40 36
11 Numerical modelling 82 18 26 38
12 Volcanic ash 70 38 32

13 Tornadoes 26 26

14 Liquefaction 24 24

15 Tsunami 20 20

Table 7. Hazard prioritization results. P1 to P5 represents the 5 consortium partners involved in the exercise.

Details on the reason why the top 5 gaps got better score that the others are given here. These considerations are
extracted from the detailed analysis of the prioritization exercise done by the partners.

The “hazard combination” gap is on the top of the list for both cases. It is put in top places but almost all the partners. It
is explained by the fact that there is lack of common methodologies on this topic, and by the fact that the recent
Fukushima incident considerably raised the profile of this issue. A first hazard combinations screening would be very useful
for industrial application. The hazard combination got indeed high notes in “transferability to the industry” item. One of
the partners stated that “the output should be readily easy to apply” and “a shot term resolution of the question would be
appropriate”. The definition of a better knowledge on the probability of hazard combination will allow delivering and
operating high value energy infrastructure assets more cost effectively and more reliably with greater overall system
resilience.

The biological hazards gap is an emerging risk with a considerable lack of knowledge on how relevant phenomena occur,
and on the potential effect of climate change on these phenomena. It is identified by two out of five contributors as the
second most important hazard. Note that, however, energy infrastructures located far from the sea shore may not be
affected by this hazard. The

Lightning and hail are, relatively speaking, also emerging hazards for which common approaches do not exist, but where
fruitful transfer of knowledge form one sector to another could deliver high quality results at the project timescale (i.e.
from insurance to industry). They got good notes in the “transferability to the industry” criterion, showing that a focused
and short R&D effort could delver ready to use results on these topics. The definition of a specific approach for the
estimation of lightning intensity and hailstones size is an important step in the definition of an overall methodology
allowing delivering and operating high value energy infrastructure assets more cost effectively and more reliably with
greater overall system resilience

Space Weather is also an emerging hazard; although its impact on energy sector infrastructure has been assessed at a
high level, see [22], it has not yet been examined in detail. For Space Weather as well, addressing the gaps in their
characterization methodology will allow to deliver and operate high value energy infrastructure assets more cost effectively
and more reliably with greater overall system resilience.

Concerning Rainfall, Wind and the gaps from (8-15) positions, note that these gaps definitely exist and deserve to be
solved in the next future. However, (i) the impact of the next future infrastructure design for non solving these gaps are
lower than for other gaps, (ii) the Phase 2 timescale is not the appropriate timescale for these gaps resolutions or (iii) the
Phase 2 of this project may not be the most appropriate framework for the resolution of these gaps, because of on-going
works in scientific community. In particular, following on of the partners “Earthquake is adequately covered by current
practice”. There was consensus on the fact that Climate Change is widely investigated by the scientific community and
that the Phase 2 of the project will not bring extra knowledge compared to the existing reports. Numerical Modelling is
too generally defined and not identified as a single appropriate hazard, thus it could be out of the scope of the study.
Volcanic ash dispersion was identified as a gap potentially impacting other industries out of the Energy sectors (e.g.
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aviation), but with the actual impact on the energy sector must be still demonstrated. Tornadoes, Liquefaction and
Tsunami get little attention from the partners. Tornadoes and Tsunami characterization techniques exist and this hazard
may be less relevant for the UK compared to the other. Gaps in Wind estimations caught the attention of the consortium
partners because of the lack of long data series for use in EVA and the uncertainty around how climate change could affect
wind, as well as for the potentially important impacts of wind on various aspects of the energy sector. Gaps on wind
characterization, in particular, lack of coherence between different sources of extreme wind estimations are highlighted as
a main gap by several partners. However, it is also mentioned that several R&D programs are going on in the scientific
community on this point. At the same time the estimation of extreme Rainfall at very high resolution may be challenging
and the existing methodologies based on EVA show some limitations. As mentioned for wind, other research programs are
ongoing in this area and methodologies are available, (e.g. [23]) even if it is conservative and sometimes inappropriate for
use in particular analyses.

We, therefore, suggest the following five main gaps could be addressed in Phase 2:

e Hazard combinations
e Biological

e Space Weather

e Lightning

¢ Hail

Conclusions

This report introduces the context and relevance of existing design guidelines, industry specifications, reference studies and
regulatory frameworks. In particular, the following aspects have been analysed:

e Alist of natural hazards which are relevant across the energy sector

e The available mature methodologies for their characterisation, as well as expert judgement regarding these
methodologies

e A high-level assessment of the projected impacts of climate change on natural hazards

e Alist of sectors for which characterisation of each natural hazard is relevant, including several example of industrial
applications

e Alist of existing guidelines and regulatory frameworks affecting the UK

e Some comments on the recent trends in R&D projects for the characterisation of natural hazards

e Gaps in natural hazard analysis and prediction

e The priority level of the gaps to be addressed with justification for why these gaps should be addressed

The main conclusions are the following:
a. It was possible to define a common list of natural hazards relevant across different sectors in the energy domain

b. Even though sectors may traditionally look at different return levels and specific natural hazards, depending on the
impact, the methodologies used are generally consistent across sectors

C. Some gaps exist and need to be addressed

d. Given the solution of some existing gaps, the final goal of the project (namely to have a common and systematic
approach for the characterisation of natural hazards across the energy sectors) can be achieved.

In particular, we suggest researching 5 main potential gaps to be addressed in Phase 2: hazard combinations, biological
hazards, space weather, lightning, hail.

It is shown how addressing these gaps in the Phase 2 will permit to define a high quality, systematic approach to the
natural hazard characterization. This approach will be illustrated in Phase 3 and it will allow delivering and operating high
value energy infrastructure assets more cost effectively and more reliably with greater overall system resilience

We are confident that in the following phases of the project, these gaps can be addressed and a “how to” guide for
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supporting future studies in the energy sector can be delivered.
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Appendix

Table

Hazard

Class

Extrarne Rainfall

Frazil

Extrerme and veny rapid changes
in temnperature

High extrerne amblent air
temperatures

Low extreme ambient air
temperatures

Extreme high water temperature

Extreme low water temperature

Extrame show (including
sticking show, show
avalanches, icing, hard rime)
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Pamers with skills

uopelauag 3NN 403

plIng map 1eapny

89130 19 1|

PleucgoRp Bop

Available Mature Methodologies

BPIMPHOM HIV

(1) PMP {Probable Maximum
Precipitation); Regional Analysis
Paoaling and Intensity duration
curves method [32]; (2) Stationary
E%A; (3) Coupled Glabal Circulation
hiodel with WMeoscale Mumerical
Weather Prediction Models [15], (4)
Wlonte Carlo Approaches [33]

(13 Finite Element Analysis; (2)
Cormptuational Methods for lce Flow
Simulation (Kallen-Brown, J., 2011)

[26]; (3) EVA on low temperature

Stationary and non-stationary EvA
for air ternperature (4.4 1AEA [7])

EWA, for air temperature(d.4 1AEA
7

Stationary and non-stationary EWA

Stationary EVA with due account of
salinity

(1) Stationary EVA for snowpack
(4.4 TAEM [7]); (2) Mumerical
YWeather Prediction Models, (3)
eurocodes

Expert judgements on available
1l 11 J- . i“cl 'H 1]
associated uncertainties,
credibility limits

(1) PMP: Mature methodology, large
subjectivity, large uncertainties,
usually associated with the 10-4
annual frequency event; (2] EVA:
Mature methodology, not adapted

for high resolution rainfall, does not

use physical knowledge, huge
uncertainties due to the small
armount of data at the local scale,
need to allow for different
characteristics of site location
comparad to weather station
location

Wethodology (2) provides a means
of modelling ice flows taking density
variations into account.

Stationary EVA (see comment given
for %A on rainfall)
Mor-stationary EVA can provide
unrealistic projections when the
trends detected on the past series
are projected too far in the future

Stationary EVA (see comments
given far EWA, on rainfall)

Stationary EVA (see comments
given for EWA on rainfall)
Mor-stationary EVA can provide
unrealistic extrapalation when the
trends detected on the past series
are extrapolated to the future
Recent reports cannot confidently
fix a value for extremne low sea
termperature. Only an upper bound
10-4p.a. value can be provided.

Stationary EVA (see comments
given for EVA on rainfall)
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Uncertainties on climate change

Class Hazard Climate change impacts .
impacts

“ery uncertain, may change
regionally, natural variability makes
it hard to predict [14], influenced by

seasons and Morth Atlantic

Oscillation [15], Mot currently
enough data to estimate degree of

impact especially regarding

frequency

Possible increase in extreme rainfall
gince a warmer climate halds mare
Extreme Rainfall water., Increase in frequency (Tab V-
T IAEA), increase in annual maxima
and decrese in return period [15]

Faossible increase [17]; Decrease in
Frazil ice duration and seasonal ice cover
[22]

Uncertain due to limited available
data [22]

Extrame and veny rapid changes | Impossible to guantify form climate | Impossible to quantify form climate
in termperature madels models

Warrmer and mare frequent hot
days/nights over most land areas 7 Wirtually certain Mwery likely (Tab WS
High extreme ambient air warm spells and heat waves (Tab 1 IAEA), Lower confidence in model
temperatures W1 IAEAY, Increased average capability at regional scales ((PCC
annual ternperature and daily ARS [13]); 445 stars confidence [14]
average maximurm temperature [14]

Decreased frequency of cold winters Lower confidence in model
Low extreme ambient air and coaler springs (but severe cold | capability at regional scales (IPCC
temperatures seasons can still occur) [14] ARS [13]); 3/5 stars confidence due

to natural variation [14]

Projected increase in global mean

Extreme high water temperature temperatures [23]

Mot regionally uniform [23]

Clirmate change projected to warm | Changes in transport currents may

the sea temperature in future (but result in local cooling even if the

cold sea termperatures could still | global mean heat content is rising
oceur) [12] (IPCC ARS)

Extrame low water temperature

Climate change projected to warm

the air temperature in future, but

severe cold spells with the risk of
snow could still ocear [12]

Insufficient timeseries of data to be
able to identify trends rather than
natural variability

Extrame anow (inchuding
sticking snow, snow
avalanches, icing, hard nime)
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Hazard

Class

Extreme Rainfall

Frazil

Eitrame and very rapid changes
in temperatire

High extreme ambient air
termpearatures

Low extreme ambient alr
termperatures

Extreme low water temperature

Extrarme snow {including
sticking snow, snow
avalanches, fcing, hard rime)

Extrame high water temperature

mapny

flooding of the
platfarm, 10-4

clogging of the
heat sink

temperature-
related aging of
infrastructure

cooling is less
efficient as
temperature
increases

surge in demand

leading to

overload of
generators and
cable damage,

excessive thermal

contraction of

overhead power

lines

water intake -

cooling is less
efficient as

temperature
increase

frazil ice and
clogging of the
heat sink

load on buildings

1amodoipfy

darn safety due to
flooding

UORNGUISIP 3 UCISSIWISURT ]

ternperature
increases could
potentially lead to
more incidences
of de-rating of grid
netwarks

ice on power lines
(naticeable
problem in the
[BR=H]

potential consequences and return level by sectors

aoueInsu|
UONEIBUAL) [PWIBY |

All property lines
of business can
be effected by
extreme rainfall
although damage
tends to be
restricted to
ground floars and

flooding of the
platfarm

basements
clogging of the
heat sinks
may decrease
peformaces
all insurable
property lines of
business can be X
effected by

extreme snow

seg pue 1o

ajqemauay

load an pile for
offshoe ind farms

load on blame of
offshore wind
farms

EDF Energy R&D UK Centre Ltd. Registered in England and Wales. Registered No. 02948613. Registered Office. 40 Grosvenor Place, Victoria, London, SW1X 7EN Page 26 of 22



ETI “Review of Natural hazard” project Phase 1
D1 Review of Natural hazard characterisation methodologies

Existing Guidelines and
Class Hazard regulatory frameworks impacting Example of industrial application trends in R&D
the UK

The Flood estimation Handbaoak
[32]; Flood Risk statement, H124;
Models require validation far use in
Solvency Il and Lloyds synidcates
rust report exposuare in relation to

Realistic Disaster Scenarios,

Muclear: Met Office reports for EDF
Eneryy, Established Flood Risk
Aszsessment techniques across NG

600, BO2 AND BO7 .

B for air ternperaturad. 4 [AEA,
[7T), BS B399, BS 5400, BS EN
50341, BS 61936, BS 7671; EDF MG PSR studies
Eurocodes ; Mational Grid Technical
Specifications

High estrame amblent air

temperatures SCenarios improvement

E'A for air ternperature (4.4 [AEA,
[7I; BS 6399, BS 61938, BS 7671
BS 5400, BS EN 50341; Eurocodes EDF MG PSR studies
: Mational Grid Technical
Specifications

Low extreme ambiant alr
termperatires

Established Flood Risk
Exirame high water tamperature Assessment technigues across NG
fleet

Muclear studies for MPP in France

Extrame low water temperatre
and LK

EWA for snowpack (4.4 |AEA [7]);
British Standards: B36393-3 (now

withdrawn), BS EN 1991-1-3: EDF NG Commissioned Studies

with Met Office, Hazard Safety

Extrame snaw {including Eurocodes, BSl Codes, Models o -
o ; T A Casges, Periodic Safety Reviews,
sticking show, show require validation for use in Solvency resiliences defence in denth and the
avalanches, 1cing, hard rirme) II, Mational Grid Technical pin,

continual managerment of the overall

Specification, EM 50341, BE7354, . :
commercial and nuclear safety risk.

CP 3, ONR Safety Assessment
Principles

EDF Energy R&D UK Centre Ltd. Registered in England and Wales. Registered No. 02948613. Registered Office. 40 Grosvenor Place, Victoria, London, SW1X 7EN

Stochastic Modelling [34], Weather

Extieme Ralnial |AEA™ Planning Policy Statament uﬂse:; 'tDFlf?jorC,I,Degitér:j::neHarr;'dehcothEr type approaches [33]
25 [PP525), BS EN 752, BS Hartlepool and He S?]ari aner
1205665 EN 50341, BS 51536, 53 o ¥
7671, Sewers for Adoption, CIRIA ’
guides, Mational Grid Techical
Specifications
Frazil
BS 5399, BS EN &0241,
Extreme and very rapid changes | Eurocodes, MNational Grid Technical . Mar-stationay EVA, Climate models
in temperature Specifications, APl STD 520, 594, EDF NG PSR studies scenarios improverment

Mon-stationay EWA, Climate models
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Class

Hazard Identified gaps
“ery few observation available for
. high resaolution rainfall (15 minutes),
Bxreme Rainfal available methods not adapted, new
RE&D needed .
Frazil

Extreme and very fapid changes
in temperature

High estrame amblent air
termperatures

Low extreme ambiant alr
termperatires

Extreme high water temperature

A more precise judgement on the

Extreme low water temperature lowest valus should be sought

Extrame snaw {including
sticking show, snow
avalanches, 1cing, hard rirme)

todelling moving towards nurmerical
due to greater computing power,
The effect of combined hazard

Prioritisation and justification
why the gaps should be
addressed

Short duration extreme rainfall
estimation are critical in urban
hydrology, drainage systerm design
and they can cause flash flood.
They cause huge damages. Pluvial
flooding can be more damaging than
fluvial

Sorne uncertainty around
atrmospheric physics and formation
of frozen precipitation; Mediom
priarity Existing safety cases are
based on the conseguences of
failure being tolerable
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Hazard

Class

Extrame wind

Tornadoss

Lightning

Haillstones

Humidity (tncluding mist and
fog)

High tide - extreme sea level -
extreme sea flooding- storm
surges
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Available Mature Methodologies

(17 Stationary EVA (Pareto,
YWeibull); (2) Eurocodes; (3)

Probabilistic Monte-Caro simulation

approach deriving a stochiastic
catalogue of parameters from
scientifically adjusted histarical

distributions. Mumerical models and

climate models can also be used

(17 Stationary EVA (Pareta,
Weibull), (23 Linear methods
(observations per area etc in Met
Office reports) utilised to estimate

frequencies; (3) TORRO estimation
of return period vs intensity (tornado

inventary) based determination af
the freguency of occurrence for

stated levels of tarnadic wind-force

in particular nominated zones

Estirnated annual frequency of
exceedance (calculating lightning
strike frequency) (4.35 LAEA [7])

(17 Probabilistic Monte-Carlo
sirnulation approach deriving a

stochiastic catalogue of parameters
from scientifically adjusted historical

distributions; (2) Met Office work
[16]

EA of extreme wet bulb
ternperature available

17 Stationary E%A - Direct Method;
(21 JPM (Joint Probability Method);

(3) Mumerical model - Princeton

ocean model, SLOSH, Deltares for

the Morth Sea as examples; (4)
Regional Frequency Analysis

Expert judgements on available
methodelogies, including
associated uncertainties,

credibility limits

(11 Huge uncertainties due to the
small amount of data at the local
scale, not adapted for short series,
does not use physical knowledge,
up to 10-2; (3) Robust methodology
far characterizing hazard over an
extended period of time

{17 Huge uncertainties due to the
small amount of data at the local
scale, not adapted for short series,
does not use physical knowledge,
up to 10-3

Strike intensity is a very uncertain
measure to be used cautiously

Yes, methodology produces
scientifically plausible hail stone
swathes for characterizing hazard

over an extended period of time

Do ot cambine the outpot from
extreme air temperature with that of
the wet bulb. Taking the extreme
values from both and assuming that
they could occur at the same time
is not necessarily an appropriate
approach

7, (2} see comment given for EVA
on rainfall; (3) Warious numerical
models can represent water levels
due to storm surge with good
accuracy, (4) mare robust than EWA
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Uncertainties on climate change

Class Hazard Climate change impacts K
impacts

Patentially yes - Warmer oceans
are likely to alter tropical cylone
formation. Changes in atmospheric
heating are likely to impact Wery uncertain; Insufficient
extratropical cyclone intensity and timeseries of data to be able to
tracks, similarly they are likely to | identify trends rather than natural
impact severe thunderstorm variability
farrnation. Howewer, there is [ow
confidence in projected changes in
storminess, [12], [14].

Extrarne wind

It is currently not possible to make
a link between climate change and
tornado activity, Climate change
may have a number of effects on
atmospheric conditions that may or
may not favour tormadao formation,
the relatively shart and unreliable
Tornadoes record of tarnado activity makes it Wary uncertain

difficult to determine a definite trend
in this. Climate rmodels are currently
unable to resolve small-scale
phenomena such as tormadoes, and
no models exist which can use
climate model data to predict future
torado activity.

Uncentainties fram modelling (maodel
convective available potential energy
[CAPE) and use empirical formula
to relate to flash frequency], varies
across regions [24]

Lightning Increase in num}[Jzesr]ofllghtnmg days

Potentially yes - due to |mpa;ts " Insufficient timeseries of data to be
severe thunderstorm farmation.

Hailstones - ) able to identify trends rather than
Howeaver this is wery uncertain and -
natural variahbility

any projected trands are small, [30].

Reduced relative hurmidity over land
(higher temperatures over land than
ocean) [23], may nat apply to the
UK {maritime island not continental
landmass)

hedium confidence that RH
reductions over land are likely [23]

Huridity (fncluding rist and
fag)

Yes, increased incidence (Tab W-1 | Uncertainties on the magnitude of
IAEA), Sea level rise from melting of| the sea level rise (scenarios H++),
large ice sheets and vertical land  |Likely increased incidence (Tab v
High tide - extreme sea Jevel - movement (UKCPOS [12]), Since the,  |AEA), Hard to predict regional
extrame sea flooding- storrm | storm surge is related to the wind influences (changes in ocean
sUrges events, an increase in circulationfternperature/salinity...)
intensity/frequency of wind events | (UKCF039 [12]), Impact of sea level
could cause an increase in storm change will automatically impact
surge events starm surge severity/impacts
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Class Hazard potential consequences and return level by sectors
—'
=
2
z g
z g
= wm - =
= @ 5 H
= = -, = &
£ 5 s 2 =
& = = H [l
@ = -] 2 il
2 s H
= - = ] ]
H = 2 Z
= w 2
= =)
= =
=3
z
=

All insurable

winds knocking praperty lines of

over trees which

Extreme wind load, proiectiles ; business can be
inturn damages
) effected by
power line )
extrerne wind
Totmadoas load, proiectiles ¥
Lightning kS ¥
All insurable
property lines of
business can be
Hailstones ¥ eﬁ'gcted by
hailstones
although damage
tends to be
restricted to roofs
Hurpidity (inchuding rmist and fag worst .
fog) CONSEHUBNCE is
the zero visibility
All insurable
praperty lines of
business can be
High tide - extrerme sea level - . effected by
. flooding of the extreme sea
exirame sea fooding- storm ¥ .
sues platform, 10-4 flooding although
g darnage tends to

be restricted to
ground floars and
basements

segy pue 1o
ajqemauay

equipment failure
on wind farms,
a0y return period

equipment failure
on wind farms

hail can cause
significant
damage if the hail
is of sufficient
sizefguantity on
wind farms

Impact on
offshore wind
farms, S0y return
period
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Class

Hazard

Extrame wind

Tormadoes

Lightning

Hailstones

Huridity (including mist and
fog)

extreme sea flooding- storm
sUIges
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High tide - extreme sea level -

Existing Guidelines and

regulatory frameworks impacting Example of industrial application
the UK

trends in R&D

Oy [1,2 9], British Standards
BS6399-2 (now withdrawn), BS EN
1991-1-4; Engineering Science Data

Unit (ESDOLY Wind Engineering

Series guides, BSI Codes,
Eurocodes, Mational Grid Technical
Specification, EN 50341, BS 61936,

BS 7671, IEC 61400, Models
reguire walidation for use in Solvency
Il'and Lloyds synidcates must report

exposure in relation to Realistic
Disaster Scenarins, BE7354, CP 3,
CP 3-2, ONR Safety Assessment
Principles

Hazard Safety Cases, Periodic
Safety Reviews, resiliencel defence
in depth, and the continual Moving to numericalfphysical based
management of the overall madelling rather than statistical
commercial and nuclear safety risk. based modelling due to the increase
EDF NG Commissioned Studies in computer power, Regional
with Met Office ; AIR 400 series Frequency Analysis
occupancy coding using component
based damage functions

oWy [1,2,8], TORRO Guidelines,
IAEA Safety Guides IEC 51400, AP
STD 600, Models require validation
far use in Salvency |, ONR Safety
Assessment Principles

Trend towards using metearological
parameters in addition to statistical
techniques. Increasing use of
nummetical methods for vulnerability
analysis. Ey Computational fluid
dynarmics

Hazard Safety Cases, Periodic
Safety Reviews, resiliences defence
in depth, and the continual
rmanagement of the averall
commercial and nuclear safety risk.

Estimated annual frequency of
exceedance (calculating lightning
strike frequency) (4.35 1AEA [7]),

B 6651, BS 62305, BS 61936, BS
7671, BE7354;
IEC 51400, |EC 61400, IEC B007S;
API STD 607, AFPI RP 2003

AIR 400 series occupancy coding
using camponent based damage
functions

Madels reguire validation for use in
Saolvency |l

O 1,2 8] Models reguire
validation far use in Solvency Il and
Lloyds synidcates must report
exposure in relation to Realistic
Disaster Scenarios; United Kingdom
Climate ImpactsProgramme,
UKCIP, BS PD 8010

Established Flood Risk
Assessment technigues across NG Storm modelling coupling
fleet - embedded into safety cases | metearological and hydrodynamical
and covered under PSR; AIR 400 models; Increase in the use of
series occupancy coding using Mumerical madelling; Paleodata
component based damage functions
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Class

Hazard

Extreme wind

Tornadoes

Ligghtning

Hailstones

Hurnidity (including mist and
fog)

axtrame sea flooding- storm
SUIGES

High tide - extreme sea level -

Prioritisation and justification
why the gaps should he
addressed

Identified gaps

May be included in hazard
combination; High Priority:An under-
estimation of extreme winds (and
hence wind pressure loads) could
undermine nuclear safety cases and
challenge the claimed lines of
protection e.g. in the event of partial
collapse of buildings, loss of
cladding, interaction threats, the
farmation of wind-blown missiles
etc.

The effects of the Narth Atlantic
Oscillation (MADY and jet strength
on extreme winds; The effects of
climate change on extreme winds;
Is there a theoretical upper limit to
extrerne wind speeds due to
atmospheric characteristics?
Investigation on the applicability of
EWA results, and how to compare
thern with the equivalent values
derived in the Eurocodes

High Priority:An under-estimation of
extreme winds (and hence wind
pressure loads) could undermine

nuclear safety cases and challenge

the claimed lines of protection e.g.
in the event of partial collapse of

buildings, loss of cladding,
interaction threats, the farmation of
wind-blown missiles etc.

Sorne uncerainty around formation
of tormadoes; The effects of under-
reparting. Due to the effects of
mismatch of population between
urban and countryside areas.

E%A not applied to the existing data

Sorme uncertainty around
atmospheric physics and formation
of frozen precipitation, Emerging
risks, very little knowledge

Could better quantify size
distribution of hail with better
understanding of physics

Lack of high resolution input terrain
data and computational power
required to utilise high resalution
data. Poor understanding of
scouring of foundations and debris
effects

Placement, construction and
impacts of flood defenses could be
better understood
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Class Hazard Parmners with skills Available Mature Methodologies
m
=2 m
m [} =
m M =
i ¥ 2 : z
£ & g = 3 Z
= @ = =3 = E
= g = =) 2 5
2 ] 2 = =
o 9 0= = 5 =
= 2 @ & = £
E . g =
o B = = ®
] s
g |3
Wind generated waves (long or (1).Stat?0nary EVA; 2) )
shont Tetch) X X X Hydradinamical modelling using
extrerne wind as input
Ernhanced TUNAMI model used by
Tsunami X X X X kS AlR. Report on threat posed by
tsunami to the UK by DEFRA [18]
1) stationary EVA - Direct Method;
Extreme | Jevel { -
reme jow 588 Ieve X X (2)JPM (loint Prabability Method)]
(11 EVA, (21 Coupled Glabal
Circulation Model with Mesoscale
Mumerical Weather Prediction
C-Hydrological, Hydrogeological Rivar fiood X X X X ¥ Models [19] Hyrological and run off
geenration with flood routing models
(3) Statistical Stochiastic
Simulation Approach
C-Hydrological, Hydrogeological Flood due to dam failure X X X Hydraulic modlling of the ﬂD.Dd
conseguence of a dam breaking
C-Hydrological, Hydrogeological Drowght ® X ® X Stationary EWA
C-Hydrological, Hydrogeological — Extreme Groundwater level X X hydrogeological modelling
coupling landslide and
hydrodyrnamic models at this
Offshore and onshore landslide X X continental scales semms ta be
vaty complex and time consuming
far the moment
Regional Ocean Model System
General Length Scale Approach
. (Tidal Asymrmetry and Residual
Sediment trasport and X X Circulation Cwer Linear Sandbanks

Sandbank

EDF Energy R&D UK Centre Ltd. Registered in England and Wales.

and their Implication on Sediment
Transport: A Process-Oriented
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Expert judgements on available
methodologies, including
associated uncertainties,

credibility limits

{17 Huge uncertainties due to the
small amount of data at the local
scale, not adapted for short series,
does not use physical knowledge,
up to 10-3; (2) Depending on the
methodology used for the wind
estimation
Existing numerical models can be
very accurate in their prediction of
water levels from tsunami
inundation. However, this is very
dependant upon the guality and
accuracy of the underlying digital
terrain model! bathyrmetry.

“alidations based on field-measured

water velocities are limited in
number.
(13, (23 Huge uncertainties due to
the small amount of data at the
local scale, not adapted for short
series, does not use physical
knowledge, up to 10-3, not valid for
sites with large tidal range

{17 Huge uncertainties due to the
small amount of data at the local
scale, not adapted for short series,
does not use physical knowledge,
up to 10-3, not valid for sites with
large tidal range; (2) uncertainities
on the parametrization and link
between the hydrological cycle and
the atmosphere

Well assessed modeling. However,
the estimation of the probability of
dam breaking is a uncertain
exercise

Huge uncertainties due to the small
amount of data at the local scale,
not adapted for short series, does

not use physical knowledge

Unpredictable

Used separately ROMS and GLSA
provide horizontal and vertical
mavements, respectively.
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Uncertainties on climate change

Class Hazard Climate change impacts K
impacts

Wery uncertain and linked to the
Wind generated waves (long or o wmd evolution, very var_|ah|e across
short fetch) Potential impact [11] regions and need long time series to
differentiate hetween change and
annual variability (UKCPOZ [12])

Yes - rising sea levels will enhance
Tsunami Tsunami hazard, by increasing the
baseline sea water level

Uncertainties as to magnitude of
sea level rises

Extreme low sea level

‘fes, climate change could lead to

mare frequent and intense rainfall Uncertainties on how climate
C-Hydrological, Hydrogeological River fiood events. Sea level rise will affect the | change will effect rainfall patterns.
lower tidal reaches of rivers making “ery local effect

fluvial flooding moare likely

Uncertainty from dependence on
projected increases in frequency
and rmagnitude of extreme
precipitation events [29]

Fossible increase in failure
C-Hydrological, Hydrogeological Flood due to dam failure occurences due to increasing in
extreme rainfall [29]

Area affected by drought increases
(water availability decreases) (Tab
C-Hydrological, Hydrogeological Dirought -1 IAEA); Projected increased
frequency of extremely dry
surnrmers [14]

Likely (Tab -1 IAEA), 2/ stars
confidence due to low resalution of
projection models [14]; local and
regional effects

Patentially yes, due to the potential Dependent on climate change

. ) ’ effects on amount/ftiming of
increase in extreme rainfall.

) ) However the link between extreme ) .prempNahon and
C-Hydrological, Hydrogeological — Extreme Groundwater level . humidity/temperature - hard to
rainfall and extreme ground water account for

lewel may be impacted by other topagraphyAregetation/sail

factors. properties in maodel [28]

Offshore and onshore landslide

Potential impact; Projected increase Wiodels are still uncertain and dant

Sediment trasport and in sediment yield due to rainfall tfor |/ snatial /
Sandbank amplification through catchment accountinrismparal / apatia
runoff [31] altitudinal variation [31]
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Class Hazard potential consequences and return level by sectors

wapny
1amodoipfy
UODNGLSIP § UOISSILISURT]
AIULINSU|
uoneIRuac) [eulay]
se0 pue |10
alqemausy

impact on waves
energy farms,

Wind generated waves (long or | flonding of the fish ind
short fetch) platform, 10-4 8 olshiore wir
power, S0y return
period

flonding of the wind power, S0y

7 .
Sunsmy platform, 10-4 return period
water intake stability of the pile
Extreme Jow e level acces to cooling for offshare wind
weater, 10-4 farms
All insurable

property lines of
business can be
effected by river
C-Hydrolagical, Hydrogeological Rivar flood ¥ flacding althaugh E kit
damage tends to
be restricted to
ground floors and
basements

C-Hydralogical, Hydrogeological Flood due to dam failure

C-Hydralogical, Hydrogeological Drought

C-Hydrological, Hydrogeological  Extreme Groundiwater fovel kS

Potential impact
of landslide on
offshare wind

farns pile stability

Offshore and onshore landsiide

potential clogging
of water intake by
sand

Sediment trasport and
Sandbank
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Existing Guidelines and

regulatory frameworks impacting Example of industrial application trends in R&D
the UK

Class Hazard

Established Flood Risk
Wind generated waves (long or

Assessment techniques across NG .Numerical modeling .
short fetch) OW [1.2.3]. Nuclear [7] fleet - embedded into safety cases Regional Frgquency Analysis
and covered under PSR (Weiss, 2015)

EDF MG Safety Cases and PSR,
AR 400 series occupancy coding
hModels reguire validation for use in | using component based damage

Solvency Il and Lloyds synidcates functions; Department for ) N‘:o;r.eme? to;va;ds;[;lm.enclalt.
Taunam! must repart exposure in relation to | Enwironment, Food and Rural Affairs S;mudathlr].d n?tn s Dr.f Slmlu @ |0ln
Realistic Disaster Scenarios; APl | (DEFRA) Report: The Threat Fosed or etared sie SpQCI.IC analyses,

=T 504 By Tsunami To The UK, Study Mumerical modelling, Paleodata

Commigsioned by Defra Flood
Wanagement, 2005

Extrome Jow soa level Studies for NPP alon.g France and
Uk shareline

Sewers for Adoption; CIRIA
Framewark for assessing
uncertainty in fluvial flood risk
mapping (7213, Culvert design and

AIR 400 sefies occupancy codin Increasing resolution of digital
) ) . operation guide (C639Y); Models A raney g terrain models and use of lower
C-Hydralogical, Hydragealogical River flood ) - / using component based damage
require validation for use in Solvency

functions resolution, higher extent global
Il and Lloyds synidcates must report models; Use of paleodata
exposure in relation to Realistic
Disaster Scenarios; APl STD 610;
BSIBS EN 12285-2
Sewers for Adoption; CIRIA
(Framework for assessing
C-Hydrological, Hydrogeological Flood due to dam fallure uncertainty in fluvial flood risk
! mapping (F21); Culvert design and
operation guide (CB39)); B3I BS EN

12285
C-Hydrological, Hydrogeological Diraught EDF NG Safety Cases and PSR
C-Hydrological, Hydrogeological — Extrerme Groundwater level SesﬁngsaflourlaEc‘I;ﬁatéog;E?\:ljlgaéF'l EDF NG Safety Cases and PSR
Offshore and onshore landsiide B3 PD 010

Sediment trasport and
Sandbant:
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Prioritisation and justification
Class Hazard Identified gaps why the gaps should be
addressed

Wind generated waves (long or
short fetch)

“ary limited validation data available
for inland flows and limited
understanding of the farces on
structures due to flow. Poor
understanding of scouring of
foundations and debris effects

Placement, construction and
impacts of flood defenses could be
hetter understood

Taunaral

Extreme low seg level

Placement, construction and
C-Hydrological, Hydrogeological River flood impacts of flood defenses could be
better understood

C-Hydrological, Hydrogeological Flood due to dam fatlure

C-Hydrological, Hydrogeological Drought

C-Hydrological, Hydrogeological — Extreme Groundwater leve!

Offshore and onshore landslide

Sediment trasport and
Sandbank
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Class

F-Electromagnetic Hazard

F-Electromagnetic Hazard

G-Combinations

Hazard

Geological instability,
sinkholes, iquefaction, land
slippage, etc

Sandstorm (including dust storm
and volcanic action)

Earthquake

Marine biological hazard

Animals (including, for example
rodent infestation)

Space weather (Including solar
fiares, Natural EMP)

Solar UV

Hazard Combinations

anue) yn agd Abeul 403

Pamers with skills

uopeIBURL) 132NN 403

plIng map espany

250 1PN

PAvailable Mature Methodologies

pleuogae now
apmpHopy HIY

Spatial Distribution Analysis (F/
Gutierrez, A H. Cooper, K.5.
Johnson, 'ldentification, prediction
and mitigation of sinkhole hazards
in evaparite karst
areas’, 2008)

Atmospheric modelling of volcanic
ash dispersion

Probabilistic Seismic Hazard
Assessment carried out in 4 steps:
(1) Earthquake catalogue / tectonic

review (2) Seismic source model
development (3) Ground motion
prediction egquations (4] Hazard
calculations. (5] In UK there are
established PSHA technigues used
to derive hazard. (B) Probabilistic
Monte-Carlo simulation approach
detiving & stochiastic catalogue of
parameters from scientifically
adjusted historical distributions [20]

(1) EDF NG Prediction and control
technigues; (2) Stationary EWA,

Peak aver threshold EWA using
(CLIMAX GLM?) pravide fluence
rates for return periods up to
10,000yr r.p.

X Labaoratory testing of panels

{17 AIR's Touchstone modelling
platfarm — risk can be guantified for
a location or multiple locations
across multiple perils; (2)
Geospatial studies — can use
shapefiles to represent regions of
unmodelled risks e.g. sinkholes,
where accumulating locations within
these shapefiles aids in the
guantificationf/identification of
potential risk

Expert judgements on available
methodologies, including
associated uncertainties,

credibility limits

Lirnited amounts of data (spatial and
ternparal distribution of sinkholes,
and conditioning factors). Assumes
future subsidence phenomena will
have the same probability and rate

as past activity. Areas of low
activity/no rmonitoring will not have
the capability to predict occurences

Large uncertainties on the
estimation of the return period of the
extraction

As with all hazards, there are large
uncertainties, but this is regarded
as best practice. A large reliance is
put on suitably qualified and
experienced engineers making
judgements on equation calibration
and source data, which could be
regarded as too subjective.
Uncertainties are covered by expert
illicitation and inherent conservatism
in methodology. Existing techniques
faitly well established, credible and
backed up by significant research in
the wider scientific community

(1) Complex physics including
biological behavior, hydrodynamics,
temperature and metearalogy, very

site dependent; (2) Huge
uncertainties due to the small
armount of data at the local scale,
not adapted for shart series, does
not ugse physical knowledge

Huge uncertainties due to the small

amount of data at the local scale,

not adapted for short series, does

not use physical knowledge, up to
10-3

Simulations run in labs are
dependent on using a variety of
lamps to provide similar U
exposure from the sun. Potential
impacts listed to the right may not
be directly from % exposure but it
is difficult to separate these.

To be investigated
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Uncertainties on climate change

Class Hazard Climate change impacts impacts

Patentially yes, due to changes in
extreme rainfall, there could be
changes in the occurrence of
landslides. Landslides are infact
trigerred by extreme or long duration
rainfall, [35].

Geological instability ,
sinkholes, iquefaction, land
shppage, etc

“ary dependent on climate change
effects on precipitation, wind, and
temperature, varies by location [27]

Sandstorm (including dust storm
and volcanic action)

Eatthquake

Patentially yes, changing and
increasing of marine species du to
the sea water temperature increase
(2]

Marine biological hazard Uncertain - ongoing data collation

and assessment

Aniraals (including, for example
rodent infestation)

Space weather (including solar
flares, Natural EMP)

F-Electromagnetic Hazard

Potentially yes, changes in the W
will depend on several factors
including relative humidity (the
change of which is extremely

F-Elect tic Hazard Sobar LY ) Wary Uncertai
ectromagnetic Hazan alar uncertain and expected 1o not ary Uncartain
change much, except over
continental land areas where water
is limited)
G-Combinations Hazard Combinations Potentially yes, depending on the Uncertain

single hazards involved
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Class Hazard potential consequences and return level by sectors

-
=
e
Z =
E 2
T 7 = | = F
= Z £ Z g = z
= = =] - =
a = = = @ H e
3 = 2o g e = H
s £ = 2 2 e =
g I g # ®
g ]
g.
Geological instabilty ,
sinkholes, liquefaction, land ¥ ¥ ¥ X
slippage, et
. block f ai
Sandstorm (including dust storm nekage of ar
o voloanic acti filetrs by valcanic
andf volcanic action) ash, 10-4
All insurable
property lines of
Earthruake structural integrity " " business can be " " X
effected by
earthquake

loadaon offshore
X wind farms
structures

water intake

Warine biological hazard acces to cooling
water

Animals (including, for example "
rodent infestation)

Transmission

F-Electromagnetic Hazard .S‘pac; weat.*;\?rr(.fnc;a;:_o:{;g solar electronic contral system, electric
ares, Aatura ) control systems)
Solar - browning,
F-Electromagnetic Hazard Solar UV adhegmn, and
debaonding of salar

panels

for offshare wind:
combination of
wave, tides and
wind, (50 years
return period +
marging

depending on the

G-Combinations Hazard Combinations 2
cornbination
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Class

F-Electromagnetic Hazard

F-Electramagnetic Hazard

G-Combinations

Existing Guidelines and
Hazard
the UK

Geological instabilty ,
sinkholes, liquefaction, land
slippage, et

APl STD 294; AP| STD 600

Sandstorm (including dust storm
and volcanic action)

SSHAC US guidance, Eurocodes,
UBC 97, ASCE 4-958, IBC 2000,
Muodels require validation for use in
Salvency Il and Lloyds synidcates
must report exposure in relation to
Realistic Disaster Scenarios, AR
STD 594, API STD 600

Earthruake

Weary little specific guidance -
averarching safety principles on
rnaintaining cooling water
availability; APl STD 594; AP STD
G00; AP STD G0Z; BS PO 8010

Marine biological hazard

Animals (including, for example

rodent infestation) BS 61936, BS 7671

Space weather (including solar
flares, Natural EMF)

Solar UV

OV sea combination in [1], ONR
requirerments in the UK, [3],
WEMNRA requirement, [4, 5] and
IAEA requirements, [6-8)

Hazard Combinations

regulatory frameworks impacting Example of industrial application

trends in R&D

Improverments to the deterministic
methods are being investigated by
European partners, but would not be
readily transferrable to UK context
Use of kinematic modelling to help
constrain tail of the gutenberg-
richter relationships. Use of next
generation attenuation relationships

AlR 400 series occupancy coding
using component based damage
functions

Development of biological models,
hydradynamics models, stochastic
models

Studies across EDF NG fleet &
global nuclear

Extreme space weather impact on
engineered systems and
infrastructure, Royal Academy of
engineer (2013)

Murnerical modelling
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S—
Prioritisation and justification
Class Hazard Identified gaps why the gaps should be
addressed
Genlogical instabilit . ) .
SeIogIcal inSLanity . Lack of liquifaction potential Understand locations with
sinkholes, lquefaction, land . T .
geological maps liguifaction potential

slippage, etc

Sandstorm (including dust storm
and volcanic action)

Lack of UK ground motion prediction
equations - but due to low
seismicity unlikely to be resolved.
Effect of groundwater changes on

existing fault reactivation? Better understanding of potential
Eanthquake Lack of histaric data far large range of ground mmotions for LK
earthquakes in the UK and UK sites would be desirable

specific ground motion prediction
eguations. Lack of understanding
how earthquakes effect tall
structures in the Uk

Lack of systematic understanding;
Jellyfish blooming phenomena not
really clear; Effect of climate change _— .
on marine biofouling; Alternatives to Emerging risk, very lttle knowledge
chlorination as suitable biofouling
contral ¥

Marine biological hazard

Animals (including, for example
rodent infestation)

A gap exists to confirm the extreme
fluence rates and provide a
A Space weather (including solar methodology to assess the N .
F-Electromagnetic Hazard flares, Natural ENP) sensitivity of the electronics and/for emerging risk, very litle knowledge
EMI protection systems against the
fluence rate]

F-Electromagnetic Hazard Solar UV
Lack of robust methodology; Covers
G-Combinations Hazard Combinations all the range ofngtural hazard;
Caused dramatic accidents
(Fukushima)
S—
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Expert judgements on available
methodologies, including
associated uncertainties,

credibility limits

Class Hazard Parners with skills Pvailable Mature Methodologies

anua’) M aey Aileug 4a3
uoneIBuaL) 33NN 413
plIng may 3PNy
2P0 1N
pPlreucgaep Bow
apMpIoAN HIV

Probabilistic Monte-Carlo simulation
approach deriving a stochastic
H-Other Forest fire ¥ catalogue of parameters from
scientifically adjusted historical
distributions

hiodel meets the wide spectrum of
forest fire risk management needs

(17 Estimates of frequency of
metearite impact causing Tsunami N

. ) SDES is still d d

to HFC is calculated linearly (area @) 15 St new anc nee

h improvernents, designed for
no of ocourrences. ), Estimated P : Y

o ; ) otential impacts in urbanized
H-Other Meteorite impact X X X average return period for given p P . )
o ; areas, warking on including
metearite diameter (2) Spacial . -~
- submersion waves from hitting the
Decision Support System ]
) ocean (tsunami) [24]
architecture (not very mature
though) [24]

Uncertainties on climate change

Class Hazard Climate change impacts K
impacts

Uncertainty from dependence on

) ) rojected ternperature increases,
Yes - warmer and drier weather will prol n

H-Other Forast fire ke forest fi P ¢ 130 varation in other contributing factors
make forest fires more frequent, [30] (ex. Relative humidity), and spatial
wariation [30]
H-Other Meateorite impact
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potential consequences and return level by sectors

Class Hazard
=
o}
g
= =
z E g s 2 g
S ) H o g z
z : > g g = H
g S a 2 2 o =
g : o s °
= B
All insurable
property lines of
H-Other Forast fire ¥ business can be ¥
effected by forest
fire
SBA WAVES
caused by
L metearite impact
H-Other Meteonte impact ; A
causing flooding
of the platfarm, 10-
7
Existing Guidelines and
Class Hazard requlatory framewaorks impacting Example of industrial application trends in R&D

the UK

MFPA for Fire Risk Assessment,
Wadels require validation for use in
. Solvency Il, APl RD520, API 5TD
Fi-Cther Forest fire £34, AP| STD 600, API STD 607,
|IEC 60531, IEC 60332, [EC BO0¥3,
hultiple NFPA standards.

H-Other Meteorite impact
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Prioritisation and justification
Class Hazard ldentified gaps why the gaps should be
addressed

Forest fire

Meteorite impact
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Detailed list of key findings from UKCP09

The key findings from UKCPQ9 are described below, for the 2080s, under the Medium emissions scenario, relative to a
1961-1990 baseline:

e Mean daily maximum temperatures increase everywhere. Increases in the summer average are up to 5.4°C (2.2 to
9.5°C) in parts of southern England and 2.8°C (1 to 5°C) in parts of northern Britain. Increases in winter are 1.5°C
(0.7 to 2.7°C) to 2.5°C (1.3 to 4.4°C) across the country.

e Changes in the warmest day of summer range from +2.4°C (-2.4 to +6.8°C) to +4.8°C (+0.2 to +12.3°C),
depending on location, but with no simple geographical pattern.

e Mean daily minimum temperature increases on average in winter by about 2.1°C (0.6 to 3.7°C) to 3.5°C (1.5 to
5.9°C) depending on location. In summer it increases by 2.7°C (1.3 to 4.5°C) to 4.1°C (2.0 to 7.1°C), with the
biggest increases in southern Britain and the smallest in northern Scotland.

e Central estimates of annual precipitation amounts show very little change everywhere at the 50% probability level.
Changes range from —16% in some places at the 10% probability level, to +14% in some places at the 90%
probability level, with no simple pattern.

e The biggest changes in precipitation in winter, increases up to +33% (+9 to +70%), are seen along the western
side of the UK. Decreases of a few percent (=11 to +7%) are seen over parts of the Scottish highlands.

e The biggest changes in precipitation in summer, down to about —-40% (-65 to -6%), are seen in parts of the far
south of England. Changes close to zero (-8 to +10%) are seen over parts of northern Scotland.

e Changes in the wettest day of the winter range from zero (=12 to +13%) in parts of Scotland to +25% (+7 to
+56%) in parts of England.

e Changes in the wettest day of the summer range from —12% (-38 to +9%) in parts of southern England to +12%
(-1 to +51%) in parts of Scotland.

e Relative humidity decreases by around -9% (=20 to 0%) in summer in parts of southern England — by less
elsewhere. In winter changes are a few percent or less everywhere.

Summer-mean cloud amount decreases, by up to —18% (=33 to —2%) in parts of southern UK (giving up to an
extra +16 Wm* (-2 to +37 Wm?) of downward shortwave radiation) but increase by up to +5% (zero to +11%) in
parts of northern Scotland. Changes in cloud amount are small (=10 to +10%) in winter.

e Projected changes in storms are very different in different climate models. Future changes in anticyclonic weather
are equally unclear.

e For some variables it was not possible to provide probabilistic climate projections. This includes snowfall, lightning,
and fog. In these cases, projections from the Met Office Hadley Centre regional climate model have been provided.

e There is no assessment in UKCPO9 of how the urban heat island effect may change.

e Itis very unlikely that an abrupt change to the Atlantic Ocean Circulation (Gulf Stream) will occur this century.

This statement has been used, together with other literature sources to fulfil the column “Climate Change Impacts” of the

table reported | the Annexe. In the table the impact of climate change are mentioned for every single hazard on the hazard
list.
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Glossary and List of Abbreviations

e EVA  Extreme Value Analysis

e RFA  Regional Frequency Analysis

e PSR  Periodic Safety Review

e EMI  Electro Magnetic Inferences

e NNB Nuclear New Build

e OW  Offshore Wind

e PSHA Probabilistic Seismic Hazard Assessment

e SSHAC Senior Seismic Hazard Assessment Committee

e HPC Hinkley Point C

e NG EDF Energy Nuclear Generation

e FEH  Flood Estimation Handbook

e TORRO TORnado and storm Research Organization

e ONR Office for Nuclear Regulation

e WENRA Western European Nuclear Regulators Association

e IAEA International Atomic Energy Agency

e Frazil: Frazil ice is a collection of loose, randomly oriented needle-shaped ice crystals in water. It resembles slush
and has the appearance of being slightly oily when seen on the surface of water.
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