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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS -
Part 31: Siting risk assessment

FOREWORD

e International Electrotechnical Commission (IEC) is a worldwide organization for standardizationom
national electrotechnical committees (IEC National Committees). The object of IEC is to promotelintern
operation on all questions concerning standardization in the electrical and electronic fields. To this er
hddition to other activities, IEC publishes International Standards, Technical Specifications, Technical R4
blicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC Publi¢cation(s)").

ndardization (ISO) in accordance with conditions determined by agreement betWeen the two organizat

e formal decisions or agreements of IEC on technical matters express, as neafly as possible, an intern
hsensus of opinion on the relevant subjects since each technical committee has representation fr
erested IEC National Committees.

C Publications have the form of recommendations for international®use and are accepted by IEC N
blications is accurate, IEC cannot be held responsible forthe-way in which they are used or fi
binterpretation by any end user.

order to promote international uniformity, IEC National\Committees undertake to apply IEC Publid

IEC Publication and the corresponding national or rfegional publication shall be clearly indicated in the

C itself does not provide any attestation of conformity. Independent certification bodies provide conf
Eessment services and, in some areas, access, to IEC marks of conformity. IEC is not responsible f
vices carried out by independent certification.bodies.

users should ensure that they have the latést edition of this publication.

benses arising out of the pubhication, use of, or reliance upon, this IEC Publication or any othg
blications.

C draws attention( to the possibility that the implementation of this document may involve the use
ent(s). IEC takés no position concerning the evidence, validity or applicability of any claimed patent ri

ps://patents.iec.ch [and/or] www.iso.org/patents. [IEC/IEC and ISO] shall not be held responsible for iden
y or alLsuch patent rights.
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systems — Part 31: Siting Risk Assessment, of IEC technical committee 88: Wind energy
generation systems. It is a Technical Specification.

The text of this Technical Specification is based on the following documents:

Draft Report on voting

88/936/DTS 88/956/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.
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A list of all parts in the IEC 61400 series, published under the general title Wind energy
generation systems, can be found on the IEC website.

The language used for the development of this Technical Specification is English.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

The committee has decided that the contents of this document will remain ||nr‘hnngnd until the
stability date indicated on the IEC website under webstore.iec.ch in the data related*p the
specific document. At this date, the document will be
e rgconfirmed,
e wjthdrawn,
e rgplaced by a revised edition, or
e amended.
IMPORTANT — The "colour inside" logo on the cover page of this document indicates
thaf it contains colours which are considered to be useful for the correct understanding

of it

s contents. Users should therefore print this document using a colour printer.
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WIND ENERGY GENERATION SYSTEMS -

Part 31: Siting risk assessment

1 Scope

This part of IEC 61400, which is a Technical Specifiation, establishes a guideline for the

asse
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Esment of the risks which a wind turbine may pose to the general public.

ents in wind farms causing harm to the general public are very rare events. However,
equirements to cover this topic in the permitting procedures of several .countries.
ment aims to facilitate a uniform scope and a uniform use of methods in.wind turbin
Esments.

Hocument covers harm to the general public. It does not cover occupational exposure]
rsonnel involved in the operation and maintenance of the turbihé,/since occupational
sually dealt with in occupational health and safety regulations. The risk of dama
ures or other objects is also not part of this document urless such damage in turn
to the public.

according to this document can be direct harm orjindirect harm via damage to buil
rastructure, e.g. gas pipelines, nuclear facilities/dykes, rail infrastructure or roads.

Hocument covers risk due to internal or external causes, such as technical failures, h
5, extreme wind conditions, turbinejieing, lightning strikes, earthquakes, flog
lides or fire. However, the specific cause of an incident (e.g. an incident such as a tu
pse) is irrelevant to the assessment,0f the consequences. The only relevant factor
cted probability of occurrence for<the incident considered.

ms of transmission of the chazard to the people affected, this document describes
pbses, shedding of the nacelle, blade failures, falling or throwing of ice pieces an
d.

Hocument does, noet/cover risks from visual distraction and environmental risk such as
adow flicker.

turbines may pose a hazard to aviation through incidents such as collisions with air
turbance of air traffic control radar. These hazards are not covered in this docume
tormitigate the hazard of aircrafts colliding with wind turbines, aviation lights are ins

onw

there
This
b risk

, e.g.
risks
ge to
oses

Hings

iman
ding,
rbine
s the

ower
H fire

noise

crafts
nt. In
alled

nd-turbines as covered in IEC 61400-29[1]".

Risks connected to terrorist attacks and other malicious actions are not covered by this
document.

T Nu

mbers in square brackets refer to the Bibliography.
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This document covers only onshore wind turbines with a horizontal axis and a swept area
greater than 200 m2. Substations and other external structures are excluded. Other tall
structures associated with a wind farm or wind turbine (e.g. temporary or permanent
meteorological masts) also introduce risks related to their possible collapse or failure. Such
structures are not covered by this document. Guidance on the risks can be inferred from the
reliability classes of the tall structure as determined with reference to EN 1993 Eurocode 3:
Design of steel structures [2], including the national annexes where local design requirements

are s

pecified.

As to the extent of the harm, this document is limited to the immediate, potentially lethal,
physical harm. Non-lethal harm is indirectly covered as described in Clause 6.

This

idlind and standstill. It does not describe risks during construction, civil works, crane opera

asse

Riskq according to this document are assessed by prescriptive and/or risk-based method

In ey

peop
risk d

This
tolera

2 N

Theré are no normative references in this doc¢ument.

3 1

For t

ISO 4
addré

3.1
3.1.1

document describes risks during operation of the wind turbine including mainten

mbly or decommissioning.

aluating risk, the risk is first expressed as a localized risk. Along-with the probabil
e being present at the location, a risk of lethal harm per yearKwill be used to quantif
f harm to people.

document covers risk reduction measures that mightibe necessary to reduce risk
ble level.

lormative references

erms, definitions and symbols
e purposes of this document; the following terms, definitions and symbols apply.

nd IEC maintain terminological databases for use in standardization at the follg
pSses:

C Electropedia:._available at http://www.electropedia.org/

O Online/rowsing platform: available at http://www.iso.org/obp

Terms.and definitions

ance,
ions,

ity of
y the

to a

wing

risk

combination of the probability of occurrence of harm and the severity of that harm

[SOURCE: IEC 60050-903:2013, 903-01-07]

3.1.2

harm

physical injury or damage to persons, property, and livestock

Note 1

[SOU

to entry: Harm to property and to livestock is excluded from the scope of this document.

RCE: IEC 60050-903:2013, 903-01-01, modified — addition of Note 1 to entry]
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3.1.3

hazard
potential source of harm

Note 1

to entry: In English, the term "hazard" can be qualified in order to define the origin of the hazard

or the

nature of the expected harm (e.g. "electric shock hazard", "crushing hazard", "cutting hazard", "toxic hazard", "fire
hazard", "drowning hazard").

[SOURCE: IEC 60050-903:2013, 903-01-02, modified — deletion of Notes 2 and 3 to entry]

3.1.4

risk assessment

overd
[SOU

3.1.5

Il process comprising a risk analysis and a risk evaluation

RCE: IEC 60050-903:2013, 903-01-10]

quangtitative risk assessment (QRA)

techn
quan

[sou

3.1.6

iques which allow the risk associated with a particular activity to be estimated in abg
itative terms rather than in relative terms such as high or low

RCE: ISO/TS 16901:2015, 3.24, modified — deletion of Nete 1 to entry]

risk management

coordg
[sou

3.1.7

risk
syst

[sou

3.1.8

inated activities to direct and control an organization with regard to risk

RCE: ISO 31000:2018, 3.2]

nalysis
matic use of available information\to identify hazards and to estimate the risk

RCE: IEC 60050-903:2013;,903-01-08]

risk evaluation

proce
[SOU

3.1.9
risk t

proc

dure based on therisk analysis to determine whether the tolerable risk has been ach

RCE: IEC/60050-903:2013, 903-01-09]

reatment
s8.0f selection and implementation of measures to mitigate risk

[SOURCE: ISO 13824:2020, 3.17]

3.1.10
tolerable risk
risk which is accepted in a given context based on the current values of society

[SOURCE: IEC 60050-903:2013, 903-01-12]

olute

eved
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3.1.11

ALARP (as low as reasonably practicable)
reducing a risk to a level that represents the point, objectively assessed, at which the time,
trouble, difficulty, and cost of further reduction becomes unreasonably disproportionate to the

additional risk reduction obtained
[SOURCE: ISO/TR 17177:2015]
3.1.12

safe life

prescribed service life with a declared probability of catastrophic failure

[sou

3.1.18

resid

RCE: IEC 60050-415:1999, 415-02-08]

ual risk

risk remaining after protective measures have been taken

[SOU

3.1.1
stak
indivi
Note 1

[sou

3.1.1p

risk
protg
meag

e b
n

[ ]
o =

S

RCE: IEC 60050-903:2013, 903-01-11]
holder
dual, group or organization that has an interest in an ofganization or activity

to entry: Usually a stakeholder can affect or is affected by\the organization or the activity.

RCE: IEC 60050-904:2014, 904-01-10]

eduction measure
ctive measure
ure intended to achieve adequate'risk reduction, implemented:

formation for use) and

[SOURCE: IEC 60050-904:2014, 903-01-17, modified — risk reduction measure has
specified as a synonym]

3.1.16

hub height

height*efthe centre of the wind turbine rotor above the terrain surface

the user (organization: safe working procedures, supervision, training; permit-to
stems; provision-and use of additional safeguards; use of personal protective equipment)

the designer (inherent design, safeguarding and complementary protective measjures,

work

been

[SOURCE: IEC 60050-904:2014, 415-05-06, modified — deletion of part of definition referring to
vertical axis wind turbines as these are out of scope for this document]

3.1.17

hazard log
document that records or references the identified hazards, the decisions made, the adopted
solutions and the status of implementation

3.1.18

prescriptive approach
method for controlling risks by prescribing rules reflecting industry experience, engineering
judgement, and conservative assumptions
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3.1.19

qualitative risk assessment method

method for assessing risk where experts decide on the acceptability of identified risks based
subjective judgement

Note 1 to entry: The outcome of a qualitative risk assessment method is a binary result acceptable/not acceptable.

3.1.20

semi-quantitative risk assessment method

method for assessing risk that involves a categorization of the likelihood of hazardous events
and a categorization of the associated consequences and the assignment of defined risk levels

h bi 11 fth t t i
to ea combination o ese-two categories

3.1.211
quanftitative risk measures
standard unit used to express the degree of risk

Note 1 to entry: The risk measures used in quantitative risk assessment relate to 2 objectives:
e  The protection of an individual person.

e The protection of a group of people.

3.1.2p
indiVlidual risk
risk measure for an individual person calculated for the (usually hypothetical) person with the
highgst exposure to the hazard

Note 1 to entry: This is an equity-based measure, which starts with the premise that all individualsl have
unconfitional rights to certain levels of protection. This leads to standards, applicable to all, held to be ysually
accepfable in normal life, or which refer to some other premise held to establish an expectation of protectjon. In
practige, this often converts into fixing a limit to represent/the maximum level of risk to which an individual npay be
exposed. If the risk estimate derived from the risk asséssment is above the limit and further control measures ¢annot
be intfoduced to reduce the risk, the risk is held to_be unacceptable whatever the benefits.

The measure is defined for a hypothetical most-critical individual, who is exposed to the risk. This hypothetical person
descripes an individual, who is in some fixed relation to the hazard and for whom it is assumed, that he/she i$ most
exposed to it. In this way his/her characteristics (time of exposure, place, etc.) make the risk to which shg¢/he is
subjedted over-arching for each possibte'realistic individual exposure. By using this approach, it will be guaranteed
that each individual person will be protected according to an acceptance framework.

For indlividual risk, the unit of risk is the loss of life per year.

3.1.23
IRPA (individual risk' per annum)
probability that a‘specific or hypothetical individual will be killed due to exposure to the hazards
or aclivities duting one year

Note 1 toentry: To be able to determine this value, quantitative knowledge is needed about the use of the hazardous
area bly.indjviduals. In the population that uses the area, a hypothetical individual is defined such that the assdciated
risk islconservative for all individuals-in-the nvnnenr‘l Group This selected h\/nnfhnfmal person iscalled-the tritical
individual. When the critical individual is deflned as a person who is permanently Iocallzed at a given point his IRPA
equals the LIRA-value at this location. This can thus be written as

IRPA [fatalities yr''] = LIRA [fatalities yr''] - probability of occupancy [-].

3.1.24

LIRA (localized individual risk per annum)

probability that an average unprotected person, permanently present at a specified location, is
killed during one year due to a hazardous event

Note 1 to entry: This value is independent of any specific individual and is defined locally. This probability is defined
for the locality in which the exposure is present. Since this value is determined for a specific location, it is possible
to draw contours of equal LIRA-values (LIRA-contours) on a map. These LIRA contours are expressed in units of
[fatalities yr! m™2].
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3.1.25
societal risk
collective risk measure for a group of people exposed to the hazard

Note 1 to entry: Societal risk reflects the society’s point of view. In this perspective, very unlikely hazards with
widespread consequence become important. For societal risk, the unit of risk is the loss of life per year. Societal risk
is generally expressed by f-N curves

3.1.26

domino effect

cumulative effect produced when one primary undesired event sequentially or simultaneously
triggers one or more secondary undesired events in nearby installations

Note 1 to entry: The domino effect can lead to overall consequences that are much more severe! than the
consefiuences of the initial incident. Due to the domino effect, the overall risk of close-by installationsccan’be greater
than the combined risk of each of the installations individually. The word domino in this context refers tothe triggering
of secpndary incidents, not to a long chain of subsequent events.

3.1.2¢
f-N curve
relatipnship between frequency and the number of people suffering from a specified leyel of
harm(in a given population from the realization of specified hazards

Note 1 to entry: An f-N curve plots the annual frequency f of events which catse at least N fatalities against the
numbgr N on log-log scales.

3.1.28
ice throw
ice detaching from the rotor with an initial velocity

Note 1 to entry: The motion of the rotor blade of an operating wind turbine will impart a significant initial veldcity to
ice pigces shedding from the blade surface. This initiahvelocity affects the ice pieces’ trajectory and their {mpact
positign on the ground.

3.1.29
ice fall
ice detaching from a turbine with no-or very little initial velocity

Note 1 to entry: Ice shedding from the rotor blades of a stopped or idling wind turbine will have no or littld initial
velocify. The ice pieces’ trajectories thus result solely from gravity and wind drift.

3.1.30
effedt distance
maximum distaneeraround a wind turbine at which a certain hazard originating from the|wind
turbine can be‘expected to have a relevant effect

3.1.3(1
tip hFight
hub bfeightptustrat

foftheTotordiameter

3.2 Symbols used in this document

R Minimum endogenous mortality (MEM) rate [yr'1]
R; Maximum allowable additional mortality rate for hazard i lyr1]
p Policy factor for voluntariness and direct benefit [-]

f Cumulative frequency of N or more fatalities in an f-N plot [yr]
N Number of fatalities in an f-N plot [-]

a Risk version factor; slope in an f-N plot [-]

k Constant factor in a f-N plot [yr-"]
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Pdeat
S.

1

Pdeat

m

A
P
3.3

h,i

h,tot

Probability of lethal consequences from hazard i

Survival probability for hazard 7, S; =1 = Py, ;

Total probability of lethal consequences from several hazards
Mass of an ice piece

Frontal area of an ice piece

Ice density of an ice piece

Abbreviated terms

[yr-]
[yr-]
[yr]
[kg]
[m?]

[kg m-3]

EMR
MEM

4 R

4.1

A flo
Figun

e 1.

endogenous mortality rate

minimum endogenous mortality

Risk assessment process

Overview

S

!

Define objectives, scope and
requirements*(Clauses 6 and 7)

Hazard identification (Clause 9)
|

¥

Choosing an assessment
method (Clause 8)

!

| Estimation of risk (Clause 10)

Risk analysis

-
-t}

Risk redtctionh
medsures |
(Clatse 12)

Evaluation of risk (Clause 11)

Risk assessment

w chart of the risk assessment, modified from ISO/IEC Guijde, 51 [3], is illustrated in

No /\
Is the risk

Yes

| Documentation (Clause 5.2)

[ Complete ]

Figure 1 — Flow chart of the risk assessment process

(Modified from ISO/IEC Guide 51 [3])

IEC
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Some more details regarding the activities in the risk assessment process are given in Figure 2.
In this illustration, motivated by the Norwegian standard NS 5814 [4], the risk assessment
process is structured in four main steps.

. Objectives, scope and requirements
. Define values to protect

Step 1:
Boundaries of the . Safety goals and risk acceptance criteria
assessment . Description of wind farm and systems

to be evaluated

. Selection of a risk assessment approach

oeClUONsS 010 ©

(2}
‘©
>
Step 2: . Hazard identification, description of threats, [
Hazard identification and oceupancy of people N
. i £
Section 9 List of hazards to be assessed ¥
c
[J]
S
- Evaluation of probability %
Step 3: «  Evaluation of consequences %
Risk estimation . Description of uncertainties ®
14

. Description of the result of the risk estimation

Section 10 Y
. Correlation between asseSsed risk and risk
acceptance criteria
Step 4 +  Consideration of alternative solutions
Risk evaluation + Do the uncertainties'and the quality of risk

assessment meet'the requirements?

. Implementation’ and maintenance of risk

. reduction measures
Sections 11 to 13

IEC
Figure 2 = The risk assessment process

4.2 | Documentation requirements in the risk assessment process

A risk assessment precess shall as a minimum cover all four steps as shown in Figyre 2.
Depending on the (results and information obtained throughout the process, it might be
necesgsary to reiterate’ one or more steps in the risk assessment process until the risk is within
acceptable limits.

The result"of*the risk assessment process shall be documented in a risk assessment rgport.
The rleport-shall at least cover these four steps and make it possible to follow the reasoning in
the risk.assessment. The choices made in the process shall be accounted for. Any nedd for
further work shall be pointed out.

Any deviations from the requirements in this document shall be described and justified.
If other documents and literature are referenced, these shall be stated.

4.3 Involvement of stakeholders

The scope and purpose of the assessment determine the stakeholders that need to be involved
in the siting risk assessment. Examples of stakeholders in the risk assessment of a wind farm
include developers, investors, original equipment manufacturers, landowners, operators,
constructors, neighbors, communities and authorities. This list is non-exhaustive and the
relevant stakeholders can be very specific to a particular site.
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To perform a siting risk assessment, one should strive to involve all relevant stakeholders in
the process of managing risk from a wind farm. The purpose is to ensure that all relevant
stakeholders understand the risk and the decisions that are made regarding risk mitigation.

This communication shall support an adequate understanding of all relevant risks and how the
risk is mitigated and controlled.

5 Risk management throughout service life

5.1 Overview

In order to maintain the objectives of the risk assessment during the lifetime of theyprpject,
regulprly scheduled activities might be needed. Such activities can include upholding of certain
risk leduction measures, monitoring for changes regarding the occupation and usage in the
envirpnment of the wind farm, and the identification of newly emerging hazardous ‘situatigns.

Ther¢fore, a risk management process shall be in place throughout the lifetitne of the wind farm
that at minimum executes the risk management tasks identified in the specific project.

Risk [management is the identification, evaluation, prioritization, and treatment of riskg (as
defingd in 1ISO 31000) followed by coordination of resources to,minimize, monitor, and control
the probability or impact of unfortunate events. ISO 31000, identifies key risk concepts, [roles
and responsibilities that should be considered when developing risk management guidelines.
For g wind turbine project, the risk management process«uns through all of the various project
phases:

e Pre-construction, planning and wind farm layott design phase
e Building phase
e QOperation phase
[ ]

fe extension and upgrading phase

L
e Decommissioning phase.

The preparation of risk assessments can be a part or a step within a risk management progess.

Methpds, definitions and goals vary widely according to whether the risk management m¢thod
is in the context of project management, security, engineering, industrial processes, fingncial
portfolios, actuarial @ssessments, or public health and safety.

Stratgegies to~manage risks typically include avoiding the risks, reducing the nedative
consequences-or probability of occurrence for a risk, or accepting some or all of the potential
or adtual(consequences of a particular risk. This document covers potentially lethal physical
harm|toeople. Risk transfer to another party (e.g. insurance) is therefore not an option.

5.2 Reviewing, documenting and reporting of the risk management process
The risk management process should be reviewed regularly to ensure that the risk management

process lives up to its purpose to maintain the risk objectives and to keep up with changing
conditions.

The risk management process shall be documented.

Policies and procedures for managing risk shall be updated when operational data, reporting of
incidents or near misses at facilities suggest a need for doing so.
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A dedicated system, often described as the hazard log, can be used for the documentation and
follow-up of hazards and thus form the basis for the on-going risk management process. The
log represents a tool to list hazards, how they are handled and followed up. Typical contents of
a hazard log are:

e Description of hazard including cause(s), likely consequence, and frequency of occurrence.
e The risks related to the hazard.

¢ Risk reduction measures implemented or planned to be implemented.

e Date for implementation and responsibility for implementation. This can include regularly
scheduled actions.

6 Harm to people

6.1 Overview

Diffefent wind turbine failure modes, determined by external conditions and factors of influgnce,
can dause immediate potentially lethal injury to people or cause damageio’structures, whjch in
cons¢quence can also cause potentially lethal harm to people.

Whether the risk is acceptable shall be determined by a risk assessment based on an evaldation
of the risk of death. This document does not cover non-lethal €isks and near-misses. Notg¢ that
injuries are not ignored but are covered in a conservative way“as described below.

The most severe harm to a person is death. Becausé 'of its overwhelming and irrecovefrable
impact, the limits for the acceptable risk of death are/the most stringent ones. The acceptable
limitg| for lesser harm such as injuries are, by comparison, much higher (see EN 50126-2,
Annex A.4 [5]). Thus, even though the probability of occurrence for incidents causing lesser
harm|will in general be higher than for fatalities$“this is more than compensated for by the much
highgr societally accepted limits for injuries.In the scope of this document, the risk of death is
therefore adopted as the relevant variable*for risk assessment.

If there are good reasons to assume that a particular case deviates from this general
obsefvation, EN 50126-2, Annex'A.4 [5] can be used to derive acceptable risk limits for|non-
letha| harm.

6.2 Direct harm

Diredt harm is indicated as an immediate effect of a hazardous incident caused by a wind tufrbine
in operating or maintenance mode to one or more people. Direct harm includes all potentially
fatal |njuries and-excludes non-lethal and mental consequences or near misses.

An example*of direct harm is a detached blade tip that directly strikes a person who is wglking
near thelwind turbine on a public path.

Direct harm shall be taken into account in the risk assessment.

6.3 Indirect harm

Indirect harm refers to incidences where turbine failure, collapse or falling debris cause damage
to an enclosure or infrastructure, such as cars, buildings, dykes, nuclear plants, overhead power
lines, fuel lines, or fuel storage that then subsequently causes harm to one or several persons.
Long-term effects and environmental consequences such as pollution are not in the scope of
this document.

An example of indirect harm is a detached blade tip that hits a car on a public road and, while
not directly harming the occupants, distracts the driver causing him to veer off the road leading
to a traffic accident.
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Indirect harm shall be taken into account in the risk assessment, if the indirect harm is
potentially lethal.

6.4

Domino effect

A domino effect is a scenario in which an incident in a wind farm (e.g. the breakage of a rotor
blade) causes the failure of another hazardous installation (e.g. a chemical storage tank) in its
vicinity, resulting in a major accident (e.g. the release of hazardous substances). The distinction
from indirect harm is that the secondarily affected installation is itself a source of significant
hazards. Usually, this hazardous installation will thus be subject to a specific risk assessment.
Because of the severe consequences they might cause, domino effect scenarios can be

I i ' H | " bl I} 1 4 14 I} Il I} o
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When applicable, domino effects shall be taken into account in the risk assessment!
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Consequences of impacts of objects

nding on the hazardous scenario and the bodily injuries under(eonsideration, diff

ts. This includes u (impact velocity), m x u (momentum of the\projectile), m x u2 (in
y) and other numerical fitting parameters (for details on,types of projectiles, their
pplicability ranges, see [6] [7]). In many cases the kinetic’energy of the fallen or th
t at the moment of impact will be an appropriate measurfe to define whether a direct in
he potential of lethal consequences for a person. The scope of this document is limi
tially lethal physical harm. Depending on the mass of the projectile, a HSE (Healt
y Executive) study [8] defines two different kinetic energy thresholds for a high proba
ality. In the case of smaller, lighter objects, injuries are characterized by penetrati
g where the object has relatively high velocity. Conversely, larger, heavy objects are

to cause blunt trauma injuries causing fatal, internal damage without neces
icant penetration. The numbers from (8] given below can thus be used for the estim
 likelihood of lethal consequencesdrom the impact of objects.

br objects less than or equal te® kg mass, the impact energy threshold is 100 J for a
obability of fatality and a pekson occupying an area of 0,25 mZ2.

br objects greater than 5‘kg mass, the impact energy threshold is 1 000 J for a
obability of fatality and a person occupying an area of 1 mZ2.

numbers given above relate to direct impacts only. Thresholds for indirect impactg
forms of harm.such as poisoning, burning, or crushing shall be determined on a

mination-of possible harm from many different hazards, including impacts of objects
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are, however, not in the scope of this document.

7 Risk assessment approaches and associated acceptance criteria

7.1

Risk assessment approaches

During the first step of the risk assessment process (uppermost box in Figure 2) a risk
assessment approach shall be chosen.

Risk assessment approaches can either be prescriptive (i.e. rule-based) or risk-based (i.e.
based on probabilistic assessment of consequences).
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Prescriptive approaches represent industry experience and practices and use conservative
rules, engineering judgement, checklists, standards and guidelines. They are relatively quick to
execute and economical. Prescriptive approaches lead to a binary result (conform/non-conform)
and do not provide a view on the residual risks and are not suited for risk-based decision
making.

Risk-based approaches can be separated into:

e Qualitative risk assessment methods: Qualitative risk assessments provide a single point
estimate of risk at a site of concern. Qualitative risk analysis is subjective since it makes
use of subjective judgement to determine the acceptability of identified risks. They lead to

abimary resutt{judged-acceptabternotacceptabte)anmddo ot provide a view o thetegidual

5ks. As these methods rely on judgement, it is essential that a high level of expertis¢ and
perience is available. Therefore, these methods use participative approaches” where
ulti-disciplinary teams of experienced experts employ structured brainstorming techn|ques
hsed on guidewords of potential safety issues. The applicability of guidewaords is assgssed
5 well as the level of acceptability of the related risk. A typical example @f\such techn|ques
the HAZID-methodology (see, e.g., [9]).

uantitative risk assessment methods: Quantitative risk assessment methods aim to
ovide a realistic estimate of the risk presented by the facility.CQuantitative methodps are
bjective since they make use of statistical data to define the probability (e.g. failures/year)
an event, empirical or theoretical models to calculate the consequences of the event{(e.g.
imber of victims), and quantitative risk measures to calculate the associated risk [evel.
herefore, these methods need in-depth knowledge of\the underlying mechanismq that
bntribute to the risk such as failure scenarios and4heir probability distributions, physical
odels describing the failure dynamics and assotiated consequences. The assessments
llow a well-established methodology and providé a level of residual risk that can be|used
5 a basis for risk decision making. These methods can thus be time consuming which has
n associated cost. Clause 9 is dedicated tosuch quantitative risk assessment methods.
uantitative risk assessment methods .are"the most precise methods but also the |most
bmplex ones.

‘Y T3 @ 3

7

emi-quantitative risk assessment methods: Semi-quantitative methods combine elements
qualitative and quantitative methods and are semi-objective in that way. These methods
e categories to estimate both probability and consequences by:

COWMW OV FPIOA4300T O

Grouping the range of\frequency of occurrence of an event in a series of qualitafively
defined categories for.the frequency of occurrence.

—| Grouping the range of possible consequences of an event in a series of qualitafively
defined categories for the severity of the consequences.

These categaries are defined such that personal appraisal to which category an ¢vent
belongs/is\possible (e.g.: very improbable to occur, likely to occur during the lifetifne of
an asget, is unlikely to cause severe harm, is likely to cause a fatality, etc.).

The combination of a category for the frequency of occurrence and of a category fgr the
severity of the consequences together define a risk level. If for example 5 categories of
frequencies and 5 categories of consequences are used, this results in a matrix pbf 25
risk levels, which then can be assigned to different regions of risk acceptability (e.g.
broadly acceptable, tolerable, or unacceptable, see 7.3)

In Figure 3, the different types of risk assessment methods are ordered from left to right with
increasing level of fidelity. Figure 3 can be associated with the box labeled "Choosing an
assessment method" within the flowchart in Figure 1. In general, a more refined assessment
type with acceptable risk levels can supersede a less refined risk assessment with a less
favorable risk assessment result. In turn, lower fidelity risk assessment criteria must be set to
be conservative so worst-of-worst conditions still yield an acceptable risk level.

More refined methods yield more detailed and accurate results but require more information
and a more elaborate analysis.

Risk based approaches shall not be used to deviate from good engineering practice.
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Figure 3 — Flow chart ofithe selection of risk assessment

methods with-different levels of fidelity

Risk acceptance criteria

efinition of risk acceptance criteria as part of the risk assessment process shall

IEC

ctivity is possible withodt accepting the risk associated with it. Complete avoidance df risk
possible and everyone has to accept some risks in everyday life. It is thus most impd
aluate the risk asSociated with certain activities and compare it with what is gen
d acceptable. As/illustrated in Figure 2, the definition of risk acceptance crite
therefore an essential element in the risk assessment process. Risk acceptance criteria
a comparison of,the result of the risk estimation with what is considered as a tolerable ris

rtant
brally
ia is
allow
K.

Ke'place during the first step of the process in which the boundaries of the assesgment

are determined.

approach.

acceptance of the residual risk. These stakeholders are:

be defined for the purpose of the assessment and in line with the chosen risk assessment

be based on the inputs of stakeholders that have a responsibility in relation to the

Governmental authorities that by defining national or local regulations take into account
the acceptance of risks towards the general public.

The operator/owner who is responsible for managing the risk during the operational
phase of the asset he operates. This can be based on company risk governance/policies

to comply with.
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The supplier of the wind turbine who has a product responsibility in relation to the

supplied asset. This can be based on company risk governance/policies to comply

with.

If the input of the different stakeholders gives rise to different acceptance criteria, the

most stringent one shall be used.

If the risk acceptance criteria are not defined otherwise, this document offers state of the art
guidance for defining risk acceptance criteria that may be used to evaluate the calculated risk
levels as obtained from the risk estimation process as described in Clause 9.

NOTE The factors and processes that ultimately decide whether a risk is unacceptable, tolerable or broadly
acceptable are dynamic in nature and are sometimes governed by the particular circumstances, time and environment

in whi
with ti
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ne, what is unacceptable in one society or organization may be tolerable in another.
Risk regions
mework for judging the tolerability of risks should be defined considering:

broadly acceptable region.
tolerable region.

h unacceptable region.

istrated in Figure 4, these three regions are separated by two boundaries that are d¢
o risk level criteria:

he broadly acceptable level criterion.

he unacceptable level criterion.

st two regions shall be defined: an unacceptable region and a (broadly) acceptable re
rated by the unacceptable level criterion:

\4
BT e D
o\

Tolerable region
(ALARP region)

Broadly acceptable Unacceptable

level criterion level criterion
IEC

Figure 4 — Risk regions

The tpree regions are defined as follows:

hange

fined

gion,

e The unacceptable region: Risks in this region, whatever the level of benefits associated with
the activity, will, as a matter of principle, be ruled out, unless there are exceptional reasons
for the activity or practice to be retained. Risk reduction measures shall be defined and

pl

anned to achieve a lower level of risk.
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e The tolerable region: Risks in this region are commonly accepted in a society, in exchange
for the many benefits the activity can provide, such as clean energy, creating employment,
the maintenance of electrical infrastructure etc. This is based on the presumption that the
risks are properly assessed, and the results are used properly to determine control
measures and also that the residual risks are not unduly high and kept as low as reasonably
practicable (ALARP principle). This risk region is therefore sometimes called the ALARP-
region. The ALARP approach involves weighing a risk against the effort, time and money
needed to control it. Thus, ALARP describes the level to which we expect to see risks
controlled. This is a challenging definition since it requires duty-holders to exercise
judgement. In most cases, one can decide by referring to existing 'good practice' that has

been established to achieve a consensus about what is ALARP. An ALARP
notrato that ol |28 ho ol Cd tO

d mabateatiopnlatification ooy, bha raciead 0 A A oa ricla VLA an—radi
PTIToTTIStrat o oSt ot o oy o T equmCttoO— G CTmoTrTstatCctrat rrioRkoS mav e oCTTTTootT

Ap Low As Reasonably Practicable.

NOTE| An ALARP demonstration is a requirement under national law in some countries.

e The broadly acceptable region: Risks in this region are generally regardedras-insignificant
and adequately controlled. The levels of risk characterizing this region_ar€ comparahle or
smaller than risks that people regard as insignificant or trivial in their gveryday live. In this
rggion, it is not necessary to consider risk reduction measures.

7.4 | Types of risk criteria

The type of risk acceptance criteria shall be based on the choseh risk assessment appfoach
(see[r.1).

Table 1 gives a brief overview of different kinds of risk,assessment criteria in function gf the
risk gssessment approach used (prescriptive, qualitative, semi-quantitative, and quantitafive).

Table 1 — Examples of risk acceptance criteria
for different risk assessment approaches

Risk assessment approach Risk acceptance criteria
7.5 Observationof minimum standoff distances that can be defined either in
o absolute 'units (meters), as a multiplier to turbine dimensions such as total
§ | Prescriptive height,_or with reference to an assumed, worst-case effect distance for the|
© considered hazard.
o
k] 7.6 Qualitative judgement by an expert panel during a participative structured
S L brainstorming (e.g. HAZID-methodology) using guidewords or checklists.
S Qualitative
b 7.7 Categorization of likelihood, consequence and risk level (see example in
® . NS Figure 5).
o Semi-Quantitative
(&)
= 7.8 Individual risk, e.g. IRPA or LIRA Risk to Society, e.g. f-N curve (see exdmple
see 7.8.2.1 in Figure 7
v Quantitative ( ) 9 )

7.5 Prescriptive risk acceptance criteria

At wind energy sites where ample space is available, the use of prescriptive siting criteria is
often considered to be an appropriate and conservative approach for assessing the siting risks
of wind turbines. Globally, there are several countries or jurisdictions that provide prescriptive
criteria for the siting of wind turbines to ensure the protection of the safety of the public (e.g.
United States, Canada, Germany, Denmark and others).

If a prescriptive approach is used, it shall be demonstrated that the associated prescriptive
criteria are conservative and that the assumptions used for defining these criteria are valid for
the project under consideration.
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Prescriptive criteria for wind turbines siting risk can take the form of a set of distance criteria
that turbines must be set back from protected objects (e.g. roads, railways, property lines,
homes or other buildings). This setback then applies for all hazards and no specific assessment
is needed when the criteria are met. Progress in wind turbine technology has led to ever larger
and taller turbines. Therefore, fixed setback distance criteria may become outdated or may
need to reference the range in turbines that they cover to ensure they are not outdated and
continue to align with the risk assessment objectives. Some countries establish setbacks based
on fixed multipliers of turbine dimensions, e.g. hub height or total height. These multipliers
typically vary depending on the object to be protected.

Another way to define prescriptive criteria is reference to assumed, worst-case effect distances
for th .g- ) )

Pres¢riptive setback distances can also involve determining the maximum number of pgople
present within the area.

Exanpples for prescriptive risk acceptance criteria are:

e Npo permanent presence of people within a defined distance (e.g{cthe effect distange for
tqwer failure).

o property lines or roadways within distance of a multipliertimes the total height.

N

N storage of dangerous goods within a defined effect distance (e.g. the effect distange for
blade failure).
M
N

o aximum number of people allowed to be presentwithin a defined distance.

. o public access to the wind turbine site up to a. défined distance in units of the rotor rgdius.
The yse of prescriptive criteria is a one-step or screening level approach that allows for an|easy
yes/rlo decision for turbine siting. The risk assessment will be very conservative with the risk
level|being placed in the broadly acceptable risk region.

However, the use of prescriptive criteria will not be practicable in highly populated or confined
areasg, since the very conservativé.approach would unduly restrict the siting options of|wind
turbines. If the prescriptive criteria are not met or are inapplicable for an individual turbipe or
project, a more detailed, sisk-based assessment method (qualitative, semi-quantitative,
quantitative) can be employed to obtain a risk level in the tolerable region or the brpadly
acceptable region. The result of such a more refined, site-specific, risk assessment me¢thod
would then supersede the more simplified prescriptive criteria (see 7.1).

7.6 | Qualitative-risk acceptance criteria

In a qualitative’risk assessment, subjective, non-quantified expert judgement of the likelfhood
of a hazardous events and their possible impacts is used to decide on the acceptability ¢f the
ident|fied, risks. The criteria of risk acceptance thus lies in the collective expertisg and
expeHences—assembledinthe groupof expertsthat isdecidingonthe acceptability df the

proposed project.

7.7 Semi-quantitative risk acceptance criteria

For semi-quantitative risk assessment methods, a level of acceptability of the risk shall be
assigned to each combination of the categories for likelihood and consequences. Using, e.g.,
the three distinct risk regions described in 7.3 (broadly acceptable, tolerable, and
unacceptable), such an assignment would lead to a risk matrix as illustrated in Figure 5.

NOTE The categories and the assignment of acceptance levels in Figure 5 are an example only and are not intended
by any means to be a recommendation or suggestion for the implementation of a semi-quantitative risk assessment.
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RISK LEVEL CATEGORY OF CONSEQUENCES
CATEGORY Class 5 Class 4 Class 3 Class 2

Class 1

Range 1 Level 11

Level 12

Range 2 Level 7

Level 13

Range 3 Level 8

CATEGORY OF
LIKELIHOOD

Range 5 Level 10 Level 15
CATEGORIES FOR LIKELIHOOD AND CONSEQUENCES O
Category of Description Category of Descriptich/J
likelihood consequences ‘L
Range 1 Is likely to occur on an Class 1 More thanpy10.fatalities
annual basis (or more
often)( More than_100 people injurgd or
’ impact on health
Range 2 Is likely to occur several Class 2 1-10 fatalities
times during service life. . .
10599 people injured or impact
on health
Range 3 Is likely to occur once Class 3 2-9 people injured or impag¢t on
during service life. health
Range 4 Not expected to occur Class 4 1 person injured or impacf on
during service life. health
Range 5 Extremely unlikely. Never Class 5 None or only minor injury| or
observed in the industry impact on health
DEFINED RISK REGIONS
level category n$ Description
Situation which is\undesirable and must be avoided. Remedial action is requireg
(unacceptable)
isk region 2 Situation whichlshall be improved. A level at which it shall be demonstrated that the{ risk
is made As Low As Reasonably Practical (tolerable)
Broadly acceptable situation that should only be monitored for change

Figure 5.+ Example tables for a semi-quantitative risk assessment

7.8 | Quantitative risk acceptance criteria

7.8.1 General

Quarttitative—risk—aceeptance—eriteria—are—used-when—guantitative—risk—estimation—methods are
employed. These methods quantify risk through the numerical combination of probabilities and
consequences of the hazards at hand. The result is one or more quantitative risk values that
have a physical meaning and thus can be compared to a criterion that is defined as acceptable
from that point of view. Numerous risk quantities and corresponding criteria have been defined
throughout industries. The most used quantities and corresponding criteria in the
(petro-)chemical industry, which are also used for assessing the risk of wind turbines, are
explained in this document.

Quantitative risk assessment methods assess risk to people in two categories:

e Individual risk to a single person (7.8.2)

e Societal risk to a group of people (7.8.3)
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When using quantitative risk assessments, both the individual and societal risk acceptance
criteria shall be applied and satisfied.

Subclauses 7.8.2 and 7.8.3 give guidance on defining risk measures and associated criteria for
both individual risk and societal risk.

7.8.2 Quantitative risk criteria for individuals
7.8.2.1 Risk measures for individuals

To quantify the risk for an individual two types of risk measures are commonly used in risk
asse§sments:

LIRA Localized individual risk per annum [yr' 1

IRPA Individual risk per annum [yr‘1]

The LIRA-value is the probability that an average unprotected person, permanently pres¢nt at
a specified location, is killed in a one-year period due to a hazardous \event. This value is
indegendent of any specific individual and is defined locally. Since thispvalue is determingd for
a specific location, it is possible to draw contours of equal LIRA-values (LIRA-contours)(on a
map.|These LIRA contours are expressed in units of [fatalities yr=T' m=2)].

The |RPA-value is the probability that a specific or hypothetical individual is killed dpe to
exposure to the hazard. To be able to determine this valué, quantitative knowledge is needed
about the use of the hazardous area by individuals. la<the population that uses the arga, a
hypothetical individual is defined such that the associated risk is conservative for all individuals
in thg¢ exposed group. This selected hypothetical person is called the critical individual. |f the
hypothetical individual is defined as a person whé:is permanently localized at a specific location,
his IRPA equals the LIRA-value at this locationz, This can thus be written as

RPA [fatalities yr~1] = LIRA [fatalities.yr~1] - probability of occupancy [-].

The LIRA measure for individual risk is‘*very easy to use, since one does not need to consider
real pxposure and abstraction is<made from the way the environment is being usgd by
individuals. Hence, this approach is conservative but in general is considered as a |good
meadure for low probability events related to hazards that are continuously present (su¢h as
risk gf tower breakage, etc.)-For hazards such as ice fall and ice throw, that are only prgsent
during a limited timeframe, the LIRA measure can be too conservative to be a usefuIa risk
criterfon in a siting risk assessment. In this case, the use of the more complex IRPA-measure
would be more appropriate.

7.8.2{2 Risk(criteria for individuals

Oncg the~value of the risk measure is known, it needs to be compared with a value that is
considered as being broadly acceptable/tolerable.

One way to define the acceptability is to compare the value with the Endogenous Mortality Rate
(EMR) of an individual. The EMR is the mortality rate focusing only on natural causes of death
without any kind of accidents and native malformation influences. In the range between 5 years
and 15 years of age for humans, the natural death rate in industrially developed states reaches
a minimum for human individuals called the minimum endogenous mortality (MEM) rate. This
minimum is defined as R,,. EN 50126-2, Annex A.4 [5] gives the following figure for this rate:

R, =20x10-4yr"

Based on this value the broadly acceptable level criterion and the unacceptable level criterion
can be chosen.
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Broadly acceptable level criterion

We live in an environment of appreciable risks of various kinds which contribute to a background
level of risk — typically a risk of ~0,01 per year averaged over a lifetime. Based on this it is
accepted that an individual risk of death of one in a million per annum (1076 yr=1) due to hazards
related to a technology for the public corresponds to a very low level of risk and could be used
as a guideline for the boundary between the broadly acceptable and tolerable regions.

This statement is also very apparent when looking to the MEM value above and other causes
of death such as the following examples [8], [10]:

e Smoking 9,00 x 1073 yr~1
ancer 2,58 x 1073 yr1

| types of accidents 2,46 x 1074 yr

| form of road accidents 5,98 x 1072 yr~1

C
A

e Minimum endogenous mortality (MEM) rate 2,0 x 1074 yr1
A
General air traffic 7,5 % 1077 yr1
L

. ghtning strikes 1,0 x 1077 yr=1
A redidual risk of one in a million per year is small when compared to these levels since many
of the activities entailing such a low level of residual risk also bring benefits that contribyte to
loweling the background level of risks. Individual couqtries or regulatory jurisdictions [often
estaljlish their own broadly acceptable risk region. This pegion typically varies from 1074 yr~1 to
1076 yr=1. The risk assessor should ensure that the-broadly acceptable and tolerable risk region
for w|nd turbine siting align with the country/jurisdiction in which the project is being sited

It is also possible to assess the risk of a wind farm against the existing risks that are soially
accepted at a site prior to the wind farm_-being build. An example is the socially accepted risk
from |road traffic on public roads. In that-case, the acceptance criterion then shall be that the
addit|onal risk from the wind turbines-only adds a comparatively insignificant contribution gn top
of the pre-existing risks. The valug 47100 can be used to determine the allowed additional risk.
Note|[that this criterion refers i@ Jocations, and not to individuals with pre-existing risks.| Pre-
existing, socially accepted risks of individuals (e.g. smoking) must not be used to conlstrue
highgr permissible risk levels for these individuals.

A possible application-could be a risk assessment on a section of a public road: Erectipn of
wind [turbines next to"the road may cause an additional risk from machine failure for pgople
travelling on the road. This risk is required to be much smaller than the pre-existing risk|from
road |traffic. (The total risk, combining traffic accidents and wind turbine incidents, is|then
essentiallysunchanged from the previous condition without wind turbines.

If a rlsk.assessment determines a risk to be lower than the broadly acceptable level critgrion,
the risk assessment needs no further effort to quantify the risk.

Unacceptable level criterion

Risks above the broadly acceptable level criterion can still be acceptable, though it needs a
more careful investigation. The definition of the unacceptable level criterion is more complicated
because elements of voluntariness and direct benefit play a key role in defining what is still
acceptable in a particular situation.

Different environmental aspects will play a role in defining the boundary such as: the
characteristics of the exposed population (workers, public, children, etc.), the extent to which
the exposed population is able to influence and/or accept the risk, and the direct benefit from
the wind farm compared to the risks it brings along with it.
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A way to define the unacceptable level criterion is to assume that the additional overall hazard
death rate caused by all technical systems a person is exposed to shall not exceed the minimum
endogenous mortality rate R,. If we assume according to EN 50126-2, Annex A.4 [5] that no
more than 20 systems impose fatal hazards on a specific group of people at the same time,
then the maximum allowable additional rate for a single system should not exceed 5 % of R,

Based on this, the boundary between tolerable region and unacceptable region would be:

R <0,05-Rpy =0,05-2,0-10"yr 1 =107 yr’

This [value does not consider the benefit that the risk presents or the voluntariness ¢f an
individual. This is the case when persons are exposed to the risk during their work. Inthis|case
the acceptance limit can be multiplied by a certain factor known as the policy factor)  yhich
depepds on the voluntariness and direct benefit.

R; < ,b’-10’4 yr’1
Somg¢ considerations about this policy factor according to [11] are given'in Table 2:

Table 2 — Policy factor according to\[11]

Pol|cy factor Voluntariness Benefit Example Rationale
100 Entirely voluntary |Direct benefit Mountaineering
10 Voluntary Direct benefit Motor biking

1 Neutral Direct benefit Car driving

0,1 Involuntary Some benefit Factory This corresponds to the 107 yr-"
boundary between tolerablg
region and unacceptable rejgion
defined above.

0,91 Involuntary No-benefit Fuel station Same as the boundary betWeen
broadly acceptable and tolgrable
risk.

NOTE|1 The results of the generally adopted risk analysis procedure as well as the common risk acceptance ¢riteria

are giyen as average valug€s'on a yearly basis. Yet, the sources of risk vary over time and in turn so does the risk
imposed on individuals. Depending on the context, it can thus be useful or necessary to assess the risk in ref¢rence
to different time bases, In“particular when risk reducing measures are only activated under certain conditiops, for
instanfe when ice accretion is detected by ice detection systems or forecasted by meteorological simulations. The
procegs of risk analysis remains the same, aside from being referenced to a suitable time base, e.g. days or hours.
For the process\ofirisk evaluation it is however necessary to define reasonable action thresholds on the samle time
base tp be usedtin place of the yearly-based risk acceptance criteria.

NOTE|2 Many other individual risk limits are known, underlining the fact that setting guidelines is not univo¢al nor
4F 3 |-h a ntahl an

aEEeptant Sae

consistert—As—anr—example F—risk—from—airpetution—-orecentaminated—sites—the—EU and

Americas accept values from 107 to 1076 yr=1 [12].

7.8.3 Quantitative societal risk criteria

7.8.3.1 General

The risk measures and associated criteria outlined in 7.8.2 guarantee that no individual is
exposed to undue risk due to the hazard under consideration. They do not say anything about
the acceptability of a group of individuals being exposed to the same risk. Government agencies
are particularly concerned about infrequent, large fatality events as these cause major
disruption to the community. Individual risk does not convey this information and thus decisions
based only on individual risk do not address potential disaster scenarios where many may be
killed by a single event.
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Although the risk of everyone in the group is governed by the criteria related to the critical
individual, the risk of an incident with one or more people in a group will increase when the
number of exposed persons increases.

7.8.3.2 Risk measures for societal risk

To evaluate the societal risk an additional and different kind of risk measure and associated
criterion are needed.

The analysis of the societal risk has to be complete, i.e. all combinations of hazards and groups
of people exposed to the hazards shall be covered in the assessment. The range in hazards to
be cqnsidered depends on the scope of the assessment and shall be based on the outcoine of
the hpzard identification step.

An example for a compilation of different hazards and groups of people affected.by the hazards
is illustrated in Figure 6.

Turbine n
Turbine 2
Turbine 1
Impacted locations A i =] E ow
Event
Ice drop @ L J
Ice throw O @ @
Blade throw ; O @
Turbine half tower collapse |
Turbine full tower collapse @ @ @ o

IEC
Figure 6.— Combination of hazards and impacted persons.

Based on the formal statement which defines societal risk as "the relationship betweep the
frequency and thesnumber of people suffering a given level of harm from the realizatipn of
specified hazards” the risk quantification called the f-N curve is commonly used. This is dne of
the most refined quantitative expressions developed for regulatory control purposes. It is Hased
on a |og-leg-plot of frequency against number of fatalities. The frequency axis is cumulative and

is expressed in terms of "N or more". Although the f-N plot is not as easily understood &s the
individual risk measure, it does present a form of risk measure that is very impottjnt to

regulators.

Figure 7 gives an example of such an f-N plot.
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Figure 7 — Example oftan f-N plot
To construct an f-N diagram, first plot all events, indifferent of type of hazards and catedories
of people. Cumulation is performed by starting at the frequency of the event with the highest
number of casualties, then draw a horizontal line to the next one down in terms of number of
casualties. There, the frequency of that\event is added to the previous sum, etc.
7.8.3|3 Risk criteria for societal risk
To evaluate the societal riskkmeasure against respective criteria, boundaries corresponding to
the bfroadly acceptable and.the unacceptable level criterion, separating the 3 risk regiofps as

defin

Thes

ed in 7.3, can be entered into the f-N diagrams.
b criteria are 'defined as lines in the f-N plot that are mathematically represented as:

f=k-N

the cumulalive frequency of N or more fatalities
the number of fatalities
the aversion factor

a constant factor
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The slope —a of the societal risk criterion plotted on a log-log scale is called the risk aversion
factor and represents the degree of aversion to multi-fatality events embodied in the criterion.
When the slope of the f-N curve is equal to -1, the risk criterion is termed ‘risk neutral’. In this
case, the risk criterion requires that the frequency of an event with 100 or more fatalities must
be 10 times lower than the frequency of an event with 10 or more fatalities. A risk criterion with
a slope of the f-N curve below -1 is said to be more risk averse to single events with large
number of fatalities; i.e. the risk criterion reflects a greater concern for events causing larger
numbers of fatalities in one event. If, for example, the slope of the f-N curve is equal to -2, the
risk criterion requires that the frequency of an event with 100 or more fatalities must be 100

(102)

times lower than the frequency of an event with 10 or more fatalities.

By u{
o T
e T

An e

In g€

Ing this detinition, the criteria are detined by

ne definition of k, and a, for defining the broadly acceptable level criterion.

ne definition of k, and q, for defining the unacceptable level criterion.

ample for an f-N plot including these criteria is illustrated in Figure 8,

neral, there is no international consensus about the criteria to be used for evaly

societal risks. Both k- and a-values differ significantly among different-countries so that deg

which
shou
stake

To ill
an oy

Cumulative probability (1/year)

values are to be embodied in a societal risk criterion is(a,choice that an organiz
d make, ideally with regard to societal values and in coordination with regulators and
holders.

strate the range of different concepts and risk acceptance criteria in use, Annex B
erview of risk acceptance criteria from different<ountries.
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Figure 8 — Example of societal risk criteria
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8 Hazard identification

8.1 General

This clause describes different wind turbine failure modes and other non-failure related
scenarios (e.g. ice throw), which constitute potential hazards and therefore shall be considered
in a risk assessment using the methods and criteria described in this document.

8.2 General principles of hazard identification

As far as possible, hazard identification shall be based on operational data, reporting of
incidénts or near misses at facilities. Such information can be facility-specific or gathered] from
a brojader (e.g. regional) data basis. Hazard logs (see 5.2) can be a useful tool in thisfpreress.

8.3 Wind turbine failure modes
8.3.1 General

The risk from structural failures of wind turbines or wind turbine components shall be consigered
in the hazard identification phase of a siting risk assessment.

Wind|turbines, in general, are safe machines and a mature technology. Major structural faflures
are thus very rare events with return frequencies on the order’of 104 per year [13], i.e| one
incidént in about 10 000 years of wind turbine operation. The,causes of failures of wind turpines
or wind turbine components are diverse and can include:

e Wear and material fatigue as well as general technical malfunctions.

e Ekternal influences such as extreme wind canditions, which can lead to excess loads on

sfructural components, or lightning strikes, Which can trigger a structural failure directly|(e.g.

delamination) or indirectly (through turbine fires).

e Fhulty fabrication or erection including faulty mechanical or electrical execution.

e Efrors in wind turbine design.

e Efrors in operation and maintenance (human failure).
E

. frors in the assessment of*site conditions (e.g. wind conditions or soil properties).

The gpecific causes of a.furbine or component failure are however irrelevant to the assesgment
of thé consequential tisk. The only relevant factor is the expected probability of occurrence.
The g¢xpected probability of failure is determined on the basis of statistics of actual incidepts.

8.3.2 Tower'collapse

Towqr callapse includes foundation failure, failure of the tower wall (including buckling|as a
resulf «0f the impact of a rotor blade) or breakage at one of the flanges between the fower
segntents:

8.3.3 Shedding of hub or nacelle

Shedding of the hub or nacelle includes breakage of the rotor shaft or the hub, causing the
entire rotor to fall to the ground, and breakage in the area of the uppermost tower flange/yaw
bearing, in which case the nacelle including the rotor will fall to the ground.
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8.3.4 Rotor blade failure
8.3.4.1 General

Rotor blade failure can refer to breaking or fracturing of the blade at any point along the length
of the blade, whereby blade fragments of different sizes (a few centimeters to whole blades)
can fall to the ground, or failures in the area of the pitch bearing or of the blade bolts, causing
the loss of the entire rotor blade. In addition, smaller components such as blade tips or lightning
receptors can detach from the rotor blade.

Depending on the operational state of the wind turbine, blades and blade fragments can be

th r throvain from tha rototine rotnr (tnnlidinas ~Avar oA Ay At~ Aeans A from tha r~ t
eithethrewnfrem-therotatingreter{including-overspeederbeing-dreppedfrem-the—roior a

lockeld rotor or idling.

8.3.4{2 Classification of blade failures

Bladg failures shall be classified according to the rotational speed at failure. Kurthermore, blade
failures shall be classified by the percentage of the blade length that has.broken off. In this
defin|tion, parts that are still attached to the rotor are an elevated danger,’as they may fdl off,
whereas in the failure statistics these would not qualify as having fallen.

8.3.4{3 Rotational speed classes

The evaluation of hazards due to blade failure shall considér operation at the rotational gpeed
for rpted power. For variable speed turbines, a more’ sophisticated evaluation of the
representative rotor speed may be justified and can be used to avoid over conservatism.

An over-speed/runaway condition of the wind turbine can be considered in the evaluatipn of
hazafds due to blade failure. Where data, exist on the speed attained during pver-
speed/runaway of the specific turbine model,then this rotational speed should be used.|If no
such|data exists, an over-speed of two times the rated speed, as suggested by [14], can be
used

8.3.4/4 Length of failed blade

Failufre at the blade root shall'be”assumed (i.e. the entire blade is being lost).

Partial breakage of the<blade along its length should be assumed. If no other information is
avail@ible, breakage at structural joints or at 1/3 of the blade length from the blade root should
be agsumed.

Furthermore,if\the blade is not a continuous structural element but has smaller attaghed,
movegable erxremovable components (e.g. blade tips, root extenders or blade tips which can be
pitched far control purposes), those components falling or being thrown on failure shall eagh be
considefed as a separate hazard.

8.4 Ice fall and ice throw

If the climatic conditions on a site do not exclude the occurrence of icing, the risk of ice fall and
ice throw shall be considered in the hazard identification phase of a siting risk assessment.

Under certain meteorological conditions, atmospheric ice may form on the surface of wind
turbines and, in particular, on the rotor blades of wind turbines. Ice forms from atmospheric
water: i.e. water droplets of different size, from fog to freezing rain. The build-up occurs either
when super-cooled water droplets instantly freeze when hitting a surface. This process yields
amorphous, milky white ice (rime ice) which exhibits a low density and low mechanical strength.
Ice can also form when liquid water droplets hit a surface with a surface temperature below the
freezing point. In this case, liquid water will have some time to flow and spread on the surface
leading to the formation of solid clear ice which is characterized by a higher density and higher
mechanical strength.
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Icing can also often occur in non-pure forms and mixed forms may be produced when the ice
formation conditions change over time.

Hazards related to wind turbine icing can be separated in two distinctive categories:

e Ice throw refers to the situation where the motion of the rotor blade of an operating wind
turbine imparts a significant initial velocity to ice pieces shedding from the blade surface.

e Ice fall refers to ice pieces dropping off a turbine in standstill or idling mode.

Because of the initial velocities, ice pieces can reach larger distances for ice throw than for ice
fall. For operating turbines, the rotation of the rotor also causes an additional motion of the
bladg surface relative to the air-suspended water droplets thus significantly affectingthle ice
formation process.

In some countries, it is not permitted to operate wind turbines once atmospheric.ice‘has fofrmed
on the blades. In geographical areas where ice accumulation on the rotor blades might dccur,
ice detection systems can be installed which will cause the turbines to shatjdown under|icing
condijtions. In such cases, ice throw conditions can be largely avoided.

8.5 Fire

The hazard from wind turbine fires shall be considered in the/hazard identification phaseg of a
siting risk assessment.

Fire pn a wind turbine may cause direct or indirect harm to people. For example, a firgl may
cause structural failure, resulting in collapse of thedurbine or blades. Fire in the nacellg may
cause burning debris or embers to fall to the ground, setting fire to objects in the surrounfings
and thus causing harm to people.

8.6 | Occupancy

In the context of this document, a hazard can only cause potentially lethal harm if a perspn or
people are present in the affectedCarea. Therefore, the identification of hazards shallf also
inclugle documenting and quantifying:

e The locations where people'could be present such as fields, roads, paths, houses, etg. and
i what situation, e.g..on. foot, on bicycle, or in a vehicle or building.

e The frequency, how'often are people present. This frequency of presence can apply to the
same person or toydifferent persons.

e The duration,“how long are people present; e.g. are people walking past, driving past at a
certain speed or stopping for a certain period of time.

e The density, how many people are present at any one time.

The extent of the area to be investigated for occupancy is determined by the nature gf the
hazard, e.g. the maximum calculated effect distances or upper estimates thereof. If the extent
of the area is unknown at the beginning of the assessment, a conservatively large area shall be
assumed and verified at the end of the assessment.

Information on the above parameters can be obtained from various sources, such as inspection
of detailed maps showing public roads, footpaths and cycle paths, road authority statistics,
showing usage and average speeds of specific roads, facility operators such as ski slope
operating companies and local councils. Where details are lacking and occupancy is expected
to be critical, a specific usage survey shall be conducted. Furthermore, different countries can
have different levels of protection (and thus identification) based on any of the above four
characteristics. For example, some countries do not evaluate risks on passers-by or roads or
outdoor presence.
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8.7

Project relevant hazards

When initiating a project risk assessment, all potential hazards that are relevant for that project
shall be identified. However, not all conceivable hazard scenarios will be relevant for a given
project. The required level of detail for the risk assessment may also vary.

Criteria for the identification of relevant hazards can be:

The above lists are not exhaustive and each ‘project shall be considered in its own right.

9.1

Site-conditions such as temperature and climate, wind and icing conditions, ext
weather events, and earthquakes.

reme

National or regional regulations that include requirements concerning specific hazards.

stance to infrastructure such as roads, railways, paths, oil and gas pipelines),
erhead power lines.

D

o}

Djstance to facilities with hazardous substances.

Djistance to dwellings such as cabins, private homes, villages, and cities.
D

stance to public places, tourist attractions, and leisure areas.

Fpr a project in tropical climate, ice throw hazard can be.éxcluded without a dedicatg
throw risk assessment. However, some countries mightshave a low, yet non-negligib
throw risk. Here the IEA ice map [15] can serve as arguidance combined with other cr
slich as distance to infrastructure and dwellings.

Ifla wind farm is situated far (several kilometers)‘rom the nearest dwellings and ther|
np public roads or paths in the project area,.it*can be possible to exclude a hazard
tyrbine collapse and rotor blade failure to the public.

Estimation of the risk

General

and

nding on the situation on the project site, it can also be possible to exclude cegrtain
hazards, e.g.

dice
e ice
iteria

e are
from

This [clause describes methods to estimate the risks resulting from the hazards identified in

Claugse 8 from the frequency and the severity of hazardous events. This clause thus aq
only {o quantitative risk’assessments (see 7.1). Such methods shall include:

9.2

Approximation-'of the failure scenarios or incidents identified in Clause 8 in mode
assumptions:

Determination of the required information from measurements, observations from hist
incidents, design data, or estimation.

plies

Is or

brical

Calculation of the consequences of the failure scenarios or incidents in the vicinity of the

turbine (e.g. impact of machine components on the ground).

Wind turbine failures — tower collapse, shedding of hub or nacelle and rotor blade

failure

9.2.1 General

In the assessment of the effects of structural failure of wind turbines on their immediate vicinity,
the following three failure scenarios shall be considered:

Tower collapse (8.3.2)
Shedding of hub or nacelle (8.3.3)
Rotor blade failure (8.3.4)


https://iecnorm.com/api/?name=8732b18f45a477dc0564f920ff38f4ca

- 34 - IEC TS 61400-31:2023 © IEC 2023

The specific cause of a turbine or component failure is irrelevant to the assessment of the
consequential risk. Failure rates for a given failure mode will have to include all failure causes.
The expected failure rate for risk assessment shall be based on statistics of actual incidents.

One published source for failure rates is the Dutch "Handboek Risicozonering Windturbines"
[16], which has been updated in 2021 [13]. The failure rates of [13] are given in Annex A. Other
sources or data for failure rates can be used when available for a specific project. Such data
could, e.g., be provided by the turbine manufacturer.

Design requirements with regard to failure rates are part of design codes for wind turbines or
wind turbine components (e.g. IEC 61400-1 [17]). Such design failure rates shall not be used
for risk assessments and actual failure rates shall be used instead.

When there are reasons to assume that a published source of failure rates is ‘based [on a
statidtical ensemble that is not representative for the project at hand and that this*might Iead to
an underestimation of the risk, additional safety factors should be applied.

Failure rates are likely not to be constant during the lifetime of a wind turbine. One might,|e.g.,
suspect higher failure rates in the initial operating phase after commissioning and towards the
end ¢f the machine lifetime. However, if there is no clear evidence{allowing a quantification of
this ariability, constant failure rates over the whole lifetime shalt be assumed.

9.2.2 Input information

The c¢alculation of the effects of failure scenarios offwind turbines should be based oh the
specific properties of the wind turbine and the conditions on the site, such as:

e Wind turbine characteristics such as turbine geometry, component masses, mass
distributions (e.g. for blades), construction{methods, and materials.

e Wind turbine operational characteristic§ such as cut-in and cut-out wind speeds, rotational
speed, etc.

e Sjte conditions such as orography, elevation, relative position of infrastructure| and
rqadways, etc. If there are indications that specific external influences are relevant on fa site
(g.g. earthquakes, floods, efC:), they should be considered in the assessment.

e Information on the historieal weather conditions on the site may include distributions ofiwind
speed and wind direction, the vertical wind profile, and possibly also probabilitigs for
extreme wind conditions. In many cases, information on the wind conditions will be avallable
from a wind site @ssessment.

9.2.3 Additional assumptions/models

Modglling effailure scenarios requires assumptions. These shall be decided upon based|on a
combination of available information, extrapolation of available information or experience in
similarSituations (see Clause 12 for details). Such assumptions can include:

e Failure modes
o External conditions at the time of failure (e.g. wind speed and direction)
e Wind turbine operation at the time of failure (rotor speed, pitch angle, etc.)

e Breakage points along the blade or along the tower (yielding lengths of blade or tower
fragments).

e Simplified geometry and properties (including aerodynamic coefficients) of full blades,
segments of broken blades, tower segments and other machine components.

For the estimation of the possible harm to people caused by wind turbine failures, it usually will
not be necessary to consider the impact energy or impact momentum of the machine parts.
Except for very small debris, these values will almost always be beyond the lethal thresholds
and lethal consequences should be assumed.
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9.24 Tower collapse

In a majority of cases, failure of the tower will not occur at the foundation but at some point
along its length. The impact position of the nacelle on the ground may thus be at any point
between the tower foundation and a distance of the hub height. In order to obtain conservative
values, the calculation of maximum effect distances shall be based on the entire length of the
tower. For calculation of impact probabilities on the ground, a distribution of impact distances
of the nacelle from the tower base shall be assumed.

When tower collapse is caused by a failure of the foundation, the radius of the foundation shall
be added for the calculation of the maximum effect distance to allow for tilting the foundation
on itgouter cdgc.

The gdynamics of a collapsing wind turbine can be affected by the angular momentum af the
rotor(and by the elastic forces released, when heavy machine parts separate from €ach ¢ther.
A prediction of the direction of fall, solely based on the distribution of wind)directions, is
thereffore not possible. In the absence of numerical simulations reliably describing the dynamics
of a qollapsing wind turbine, calculations of impact probabilities on the ground-shall thus assume
a random distribution of the direction of fall.

Calcylation of impact positions on the ground or of maximum effect distances shall considgr the
dimepsions of the nacelle and of the rotor blades.

9.2.5 Shedding of hub or nacelle

Because of the large mass of these components, aerodynamic forces will only have a minor
effect on the fall trajectory and the impact positions.on-the ground will thus be close to the fower
base

Calcylation of impact positions on the ground.or of maximum effect distances shall considgr the
dimepsions of the nacelle and of the rotoriblades.

9.2.6 Blade breakage

Oncd detached from the blade,@n object or blade segment will travel through the air, starting
from [the initial conditions (position, velocity, rotation) and affected by the gravitational force
and the aerodynamic forces.and moments resulting from the action of the relative wind gpeed
on itp surface. The miotion of the object in its six degrees of freedom (3 translational,
3 rotational) is thereby.described by the equations of motion. Annex C provides an introdyction
to trajectory models for blades and blade fragments.

The gravitational force acts on the object’'s center of mass whereas the aerodynamic fprces
may |be séparated in drag (along the axis of the relative motion through the air) and lift
(perpendicular to the axis of the relative motion through the air). In general, the vectors of gction
of lift and drag will be offset with respect to the center of mass and thus impart aerodyrjamic
moments upon the object.

The position of the center of mass of the detached blade segment/object and the moments of
inertia shall be computed from its known or assumed geometry and mass distribution.

The initial position and velocity of a blade fragment or object detaching from the blade are given
from the geometry of the wind turbine, the radial position of its center of mass along the blade
at the time of separation, and the rotational speed at the time of separation. Pitch angle and
deflection of the blade under wind loads can be considered.

In a realistic scenario, one would assume that in the course of breaking up, forces are
transmitted between the blade or blade root and the detaching object or blade segment. This in
turn can also impart an additional rotational velocity on the detaching object. In simplification,
such forces can be omitted assuming a clean, force-free separation.
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To obtain the impact probability and the distribution of the impact energy at a certain point near
the wind turbine, a series of trajectories shall be computed through numerical integration of the
equations of motion.

This set of solutions shall cover at least:

e All relevant failure scenarios with their respective probability of occurrence (whole blade,
blade segments of different length, objects from the blade).
o Different rotational position of the blade at the time of breakage.

e A distribution of wind speeds and wind directions.

e The operational state of the turbine.

Overgpeed condition can be considered.

The ¢combination of the impact probabilities for the different scenarios then yields a statigtical
distripution of impact locations, from which impact probabilities shall ©e-computed.| The
coverage of different failure scenarios, initial conditions, and external*conditions can be
achidved, e.g., through a suitably set up Monte Carlo simulation. Singlé;worst-case trajecfories
may be used to compute a maximum physically possible throw distance but do not prpvide
statigtical information upon which impact probabilities or risk can.be*calculated.

A blalde segment falling on the ground affects, by its physicahsize, an area much beyond the
impact point of its center of mass, therefore when computing the impact probability at a ctrtain
pointlon the ground, the dimensions of the blade segment/detached object shall be considgred.

9.2.7 Summation of impact probabilities and risks

The ¢verall impact probability at a certain point on the ground resulting from different failure
scendrrios is obtained by summation of therindividual impact probabilities. When including
impact from low mass objects (e.g. ice pieces), impact probabilities shall refer only to impacts
of pafticles which potentially may havelethal consequences.

The maximum effect distance of\several failure scenarios is obtained as the maximum of the
individual maximum effect distances.

The gverall risk to an individual person emerging from different scenarios is computed from the
prodict of survival rates Fyean tot =1- [ [S; where the individual survival rates are given by

1

S; =[1- Fyeath, i~ FOr small risks, this total risk equals to the sum of the individual [risks

Pyeafh, tot =25 ueatn, ; IN Very good agreement.

9.3 Ice fall and ice throw

9.3.1 Input information

The calculation of the effects of ice fall or ice throw from wind turbines should be based on the
specific properties of the wind turbine and the conditions on the site, such as:
e Wind turbine characteristics such as hub height, rotor blade size and shape.

e Wind turbine operational characteristics such as cut-in and cut-out wind speeds, rotational
speed, etc.

o If blade heating devices are installed, then extent, performance characteristics, and
operational mode of blade heating.

e Site conditions such as orography, elevation, relative position of infrastructure and
roadways, etc.
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e Wind conditions (distributions of wind speed and wind direction, vertical wind profile) and
icing conditions (number, duration, and severity of icing events). In many cases, information
on the wind conditions will be available from a wind site assessment.

The IEA Wind Recommended Practices 13 [15] give a scheme to assign icing conditions on a
site — expressed as number of icing events, duration of icing or production losses due to icing
— to a number of distinct classes (IEA Icing Classes | to V).

9.3.2 Additional assumptions/models

Modelling of ice fall or ice throw events requires assumptions. These shall be decided upon
based—en—a—ecombination—ef—avatable—nformation—extrapetation—of—avattable—infermatiopn or
experience in similar situations (see Clause 12 for details). Such assumptions can include:

e Aperage number of safety relevant ice pieces (i.e. above a certain mass thrésholdq) per
wjind turbine and year.

e Characteristics of ice pieces: mass distribution, size distribution, and jce)density. Typical
values for the ice density are p = 600 kg m~3 for rime ice and p = 900 kg m~3 for [clear
ide [18].

e Aprodynamic coefficients of the ice pieces.

o Dijstribution of ice along the rotor blade length.

The formation and shedding of ice pieces on wind turbines_depends on meteorological fgctors
of influence such as humidity, temperature, amount of precipitation, wind direction and|wind
speed. Other technical factors of influence are the presénce and characteristics of ice detgction
systems and de-icing or anti-icing systems. Though these technical systems are [often
implgmented in areas where a high risk of ice fall.and ice throw is expected, there is curfently
insufficient data available for a reliable quantification of their risk reducing effects.

Inforgation on the number of ice pieces fonr different IEA Icing Classes can be found in th¢ IEA
Wind| Task 19 Ice Fall Recommendatiens [19].

The mass m and the frontal area, 4.0f the ice pieces enter the equations of motion of the ice
piecqs only in the form of the fraction 4/m. Ice particles with the same A/m will therefore follow
the same trajectories andgive the same ice fall distances and impact distribufions,
indegendently of the size and’ice density of the ice pieces. Furthermore 4A/m also proved o be
a useful variable for combining data from ice piece collection campaigns from different|sites
[19]. [A/m should therefore be a main parameter to describe the characteristics of ice pigces.
Statigtical data for_typical A/m ratios are discussed in [19].

9.3.3 Calculation of trajectories of ice pieces

For the calgulation of a risk due to ice fall or ice throw, the trajectories of the ice pieces|shall
be computed. IEA Wind, Task 19 International Recommendations for Ice Fall and Ice Tlhrow
RISk Abbcbblllclltb [19] plUbUlltb d bct Uf cquatiunb fUl tlajcbtwy IIIUdU“lIy Uf ibU piUbUb Shed
from wind turbines. Due to the smaller size and the stochastic geometry of the ice pieces, a
solution in the three translational degrees of freedom is sufficient for the calculation of the
impact distribution of the ice pieces on the ground, i.e. the effect of the rotation of the ice pieces
can be omitted. Similarly, modelling of the aerodynamic forces perpendicular to the particles’
relative motion though the air (lift force) is not required.

2 Using conservative assumptions (spherical projectile, ice density of 900 kg m-3, terminal free-fall velocity) and
the impact energy thresholds from 6.5, one arrives at safety relevant mass threshold for ice pieces of around 80
Grams. Ice pieces less massive than that can thus be assumed not to pose a potentially lethal hazard.
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The initial position and velocity of an ice piece detaching from the blade surface are given from
the geometry of the wind turbine, the radial position of its center of mass along the blade at the
time of separation, and the rotational speed at the time of separation. Pitch angle and deflection
of the blade under wind loads can be considered.

For the calculation of the impact distribution of the ice pieces on the ground, a representative
coverage of the variation of all determining factors shall be obtained. This includes the:

e Distribution of wind conditions during the time where icing may occur.

e Distribution of ice piece characteristics (e.g. in the form of the A/m ratio).

e Dystributiomroficeatongthebiade:
e Wind turbine operation during icing conditions (idling, rotational speed, blade positipn at
time of release).

Impatt probabilities may be computed from the statistical distribution of impact lo¢ations. Jingle
wors{-case trajectories do not provide statistical information upon which impact probabilities or
risk dan be assessed.

9.4 | Wind turbine fire

In thé case of a wind turbine fire — probably different from the\hazards from ice fall/throw or
machine failure — the hazardous situation can be assumed, te‘be obvious for people nedr the
burning wind turbine. Accordingly, the exposure of people~to the hazard of wind turbineg| fires
depepds on the human error probability that either a pefson willfully and knowingly entells the
hazafdous area or underestimates the hazard. While if.can be assumed that there is usually no
direc] risk to people, this aforementioned human errot probability should be taken into ac¢ount
for thie risk assessment, specifically considering,the'situation on site.

If thefre are inhabited or frequently occupied\buildings in close proximity to the wind turljines,
the probability of a wind turbine fire spreading to these building shall be calculated and
evalyated.

If it is necessary to include the risk from wind turbine fires in the risk assessment, the risk
estimation of the fire hazard frém burning wind turbine fragments and flying sparks shall be
basefl on a calculation of the falling trajectories of the pieces under the influence of wind.

The Fisk estimation ef\wind turbine fires shall include burning or glowing particles |(e.g.
fragments of a nacelle-housing made from glass-reinforced plastic (GRP)) that are carri¢d by
the wind and potentially can set fire to an object where they meet the ground. For the siz¢ and
masg of the pieces, a distribution should be estimated, considering, very small particles
(< 1,% g, largé GRP fibers (> 30 g) as well as larger fragments and machine parts.

9.5 Calculation of the risk

9.5.1 General

As defined in 3.1.1, risk is defined as the combination of the probability of occurrence of harm
and the severity of that harm. This document only covers potentially lethal harm (see Clause 1).
The severity of harm is therefore a fixed quantity by definition. The remaining information
needed for the calculation of risks is thus the probability of occurrence of harm.

In the case of the hazards identified in Clause 8, the probability of occurrence of harm will be
calculated as the product of the probability of a hazardous scenario (impact of a machine part
or an ice piece on the ground) and the probability of people being present at this place at the
time of impact. The determination of the first factor is described above in 9.2, 9.3, and 9.4, the
second factor is discussed in 8.6.
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For simplicity, it is usually assumed that these probabilities are independent, i.e. the risk
reduction from the tendency of people avoiding dangerous situations or fleeing an immediate
threat is not taken into account.

9.5.2

Effective cross-section for people and cars

The vulnerable cross section for people depends on the hazard scenario and on the mass and
size of the impacting object. For impacts of small objects such as ice pieces, lethal
consequences are mainly to be expected for impacts on the head. In [19], an effective cross
section of a person’s head of 0,04 m? is suggested. In other scenarios, the combined area of
head and torso would be an appropriate cross sections for impacts with lethal consequences.

The

torso

of 0,1

Cars
prote]
migh

imensions of a 50th percentile male crash test dummy suggest a cross section of the
4 m2.

are designed to protect occupants in traffic accidents and thus offer some’ ley
ction, at least from the impact of smaller mass objects. On the other hand, impacts on

el of
cars

lead to secondary traffic accidents causing indirect harm (see 6.3). The main vulnegrable

area |of a car, also because of the forward motion of a car, is the front windscreen. In [19] an
area pf 2 m?2 is assumed for the dimensions of a vehicle’s windscreen.
9.6 | Analysis of domino effects
The first step in the analysis of a possible domino effect is/the identification of hazafdous
installations which are (1) within the maximum effect distances.of hazardous events at the|wind
turbiges, and (2) would be vulnerable due to these specijfic_hazardous events. For doing|so, a
maximum effect distance shall be calculated or defined-for each root cause. Likely root cguses
for dpmino effects triggered by wind turbines are machine failure scenarios: tower collapse,
shedfling of hub or nacelle, and rotor blade breakage. These maximum distances will depend
on the characteristics of the wind turbine and\on the conditions on site. Any hazaidous
installation identified in this way shall be recorded and further investigated.
In many cases, there will be an existing;risk assessment for this hazardous installation| This
risk assessment should be updated to~cover any new hazardous scenarios triggered bl the
wind [turbines. The methods for this risk analysis should be chosen specific to the nature ¢f the
affecfed hazardous installation.
Tablg 3 gives some examples.of relevant hazardous installations in relation to important failure
modgs.
Table 3 -(Examples for hazardous installations that could be affected
by domino effects triggered by wind turbine failures
Failure mode Separation distance Possible affected installations
Bladg breakage See calculated effect * Chemical plants.
distances.
+ Establishments containing large amounts of GH{3
Part 2 or 3.1 substances.
+ LPG/LNG/CNG/H2 filling stations.
* Above-ground pipelines containing GHS Part 2 and
3.1 substances.
* Pressure reducing stations.
Tower collapse and Tower breakage and * Underground pipelines with GHS Part 2 or 3.1
foundation failure foundation failure impact zone substances.
including vibrations. ) )
« Installations listed above for blade breakage.

3 GHS: United Nations (2019) GHS Globally Harmonised System of Classification and Labelling of Chemicals gth
revision 2019 New York and Geneva. Part 2 describes products which can cause physical hazards. Part 3.1
describes products with acute toxicity
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10 Risk evaluation

The purpose of risk evaluation is to support decisions using the risk acceptance criteria defined
in Clause 7. Risk evaluation is the procedure based on the risk estimation to determine whether
the risk acceptance criteria have been met.

If the results of the estimation of the risk meet the risk acceptance criteria, it may lead to a
decision to not take further measures or to maintain existing controls and to declare that the
risk evaluation procedure has been completed.

then
ed in

stepq of hazard identification, estimation of risk, and risk evaluation, to make sure |the rgsults
of the risk estimation reach the risk acceptance criteria. Alternative solutions te the project at
hand|shall be considered.

It shdll be considered whether the uncertainties and the quality of risk assessment are adequate
for thle purpose of the assessment.

Note[that the decisions at this stage should consider the broader context as well as actugl and
percgived consequences for external and internal stakeholders{All results of the risk evalyation
shall|be recorded, reported, and then accepted at the appropriate level of the organization.

11 Risk treatment

11.1 | General

The purpose of risk treatment is to ensure, that the best risk reduction measures are sel¢cted
and inplemented for the mitigation of risk;;eonsidering the interests of all stakeholders invdlved.

Hazards shall be identified and recerded when they become known, which can be in a| very
early|project development phase.Fhis ensures that associated risk reduction measures afne put
in plgce at the right moment during the project lifecycle. A hazard log (see 5.2) can be a yseful
tool tp record hazards, to doecument the selection of risk reduction measures, and to follqw-up
with the implementation_of the risk reduction measures in the project.

11.2 | Selection of risk reduction measures

Risk | treatmentinvolves balancing the potential risk reduction effect against cosfs of
implgmentation’ and operation. In general, the priority in risk treatment should be to

1) ayoid the risk by removing the hazard,

2) reduce theprobabitity of ameventto take ptace,

3) reduce the possible consequences.

Emergency preparedness planning should be based on the identified risk but should not be
accounted for as a preferred risk reduction measure.

11.3 Examples of risk reduction measures

Risk reduction measures for risk treatment can be separated in technical risk reduction
measures and organizational risk reduction measures.
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Risk reduction measures can be either implemented by the wind turbine designer (e.g. inherent
design, safeguarding and complementary risk reduction measures, information for use) or by
the user of the wind turbines (e.g. safe working procedures, supervision, training; permit-to-
work systems; provision and use of additional safeguards; use of personal protective
equipment; information and risk communication to the public; warning signs; temporary or
permanent access restrictions)

Typical technical risk reduction measures in wind farms include:

e Condition monitoring systems for early detection of failures of safety critical equipment.

e Systems such as fire detection system. overspeed protection system. blade position system,
Idak detection system, ice detection system, etc.

Blade anti-icing or de-icing systems, if configured for risk reduction (see 11.4)
Changed turbine operation based on signals from an ice detection system.

e Upe of failure detection systems.
Monitoring system to detect need for maintenance.
Measuring and alerting systems for environmental conditions.

¢ Inherently safe design of components.

Typidal organizational risk reduction measures in wind farms.include:

e Risk communication and information strategy and plan‘to neighbors and users of the|wind
fgrm area.

arning signs or information brochures.

estrictions in operation of the wind turbine“(e.g. by sectoral de-rating or wind speed cut-
its).

ocking access to roads or areas.

emporary restrictions in use ofcthe surrounding area (e.g. based on weather forecasts or

W
R
0
e Permanent or seasonal restrictions incuse of the surrounding area, e.g. by fencing, pr by
b
T
mleasured icing conditions).
S

fringent controlling and inspection routines.

e Preventive or predictive maintenance programs (see also IEC 61400-28 [20]).
11.4 | Ice detection-systems and rotor blade heating systems

Ice detection systems and rotor blade heating systems can be used to reduce the risk from ice
fall aphd ice throw:

Rotor blade heating can be operated either in de-icing mode, i.e. removing ice once it has
formefd on the rotor blade, and in anti-icing mode, referring to preventive heating under|icing
condition to inhibit ice formation In the 1irst place.

The presence of ice on the surface of the rotor blade can be detected with ice detection systems.
This information can then be used for the control of blade heating systems, to issue warnings
about the potential ice fall risk to people near the wind turbine (e.g. though warning lights), or
to stop the operation of the wind turbine in order to avoid ice pieces being thrown from the
rotating rotor.

Ice detection systems are usually designed for operational purposes and production
optimization. Therefore, they are usually not certified according to IEC 61508-1 [21] as a safety
function with an allocated risk reduction. Nevertheless, a shutdown caused by the ice detection
system can be used as a risk reduction measure. IEC 61508-5 [22] suggests the application of
a failure rate of 10 % for systems that are not certified safety functions.
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The failure rate of an ice detection system is not directly correlated with the risk reduction
obtained from the ice detection system. Instead, a risk profile might be modified: For example,
stopping an iced-up wind turbine transfers the risk from a point further away from the wind
turbine (no ice throw) to shorter distances (ice fall from the wind turbine in idling mode). In such
cases, it is not possible to calculate a quantitative risk reduction.

If there is evidence of the rate of risk reduction, it can be taken into account. For the application
of stopping wind turbine operation once ice has formed on the blades, the failure rate of an ice
detection system can be allowed for by assuming ice fall for 90 % of the time, and ice throw
(i.e. detection failure) for the remaining 10 % of the time.

If multiple ice detection devices are installed, it cannot be assumed that each extra deteetgr will
redu¢e the remaining failure rate by the reliability of the added detector. Instead, only’|f the
addit|onal detector is based on different physical principles and is located at a different pogition
on the wind turbine more than two meters away from the other detector, it can be assumled to
reduge the risk of the first sensor failing to detect ice.

12 Uncertainties in risk assessments

The assessment of hazardous events necessarily involves the simplification, idealization|, and
parametrization of actual processes and dependencies. Uncertainties in the results of risk
assessments can arise from each parameter, assumptionjof data entering the analysis.
Incomplete or erroneous hazard identification can also systematically affect the results of a risk
assessment.

Mathgmatical models used for the estimation of risks are always a simplification and idealization
of the real-world conditions. For example, the ¢rajectory of a detached rotor blade fragment
depepds on a myriad of factors and therefore individual trajectories appear to bdhave
chaofically and unpredictable. A mathematical model describing the main forces on such a
bladg fragment and reasonable assumptions for the wind field will in general be unahle to
predict the trajectory in an individual case; but nevertheless might be able to derive valid rgsults
for g4 large statistical ensemble of such trajectories. Mathematical models used in risk
assessments should be thoroughly‘teviewed before they are applied. When new knowledge or
data |emerges, the mathematicalmodels should be updated accordingly. Whenever possible,
modglling methods should be-Verified with observational data.

An important source of ttncertainties in risk assessments of wind farms are the uncertaint|es in
input| data and parameters. Hazardous events are usually also rare events and reliable
statigtical data (e.g."en failure rates) is thus often hard to obtain. Therefore parameters in risk
assessments often ‘have to be selected on the basis of reasonable assumptions or order-of-
magnitude estimates. Conservative assumptions should be made for parameters that have a
clear]y predietable effect on the overall risk (e.g. probability of occupation). For some of these
parameters)it is easy and useful to define an upper bound (e.g. a probability of occupation of
unity),~for other parameters such upper bounds are hard to deduce. Parameters that dp not
have T ctearty predictabteeffectomthe risk(eg—thecoefficient of drag=affecting thetransport
distance of an ice piece) should be estimated in the best possible way, based on available data,
literature or comparative calculations. Sensitivity analyses can be a useful way to estimate the
effect of parameters or modelling assumptions on the results of risk assessments.

Risk assessments usually describe rare events. Their results are therefore essentially statistical
statements and as such not directly applicable to each individual case. In particular, an
assessment will be based on plausible assumptions and existing data and experience.
Exceptional events and circumstances are therefore covered only to a limited extent.

The uncertainties discussed above may lead to significantly different results when risk
assessments for the same installation are performed by different people, using different
methods, data, and assumptions. It is thus the responsibility of the analyst performing an
assessment, to select appropriate methods, data, and assumptions.
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A pragmatic approach to treat uncertainties within a risk assessment report is for example the
Strength of Knowledge Index [23]. The following criteria can be applied to assess the strength
of knowledge regarding a certain aspect:

e The reasonability of the assumptions made

e Amount and relevance of data used

e Agreement/consensus among experts on the aspect

e How well the phenomena involved are understood

A scale to classify the strength of knowledge can be of the following manner

e Ppor background knowledge

e Medium strong background knowledge
e Sfrong background knowledge

This |approach enables also uninformed readers to easily understand thé confidence iph the

resulfs of a risk assessment report. Nonetheless, this or any other approeach for the treafment
of ungertainties shall be clearly motivated and described in the risk asséssment report.
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Annex A
(informative)

Summary of failure frequencies published by the Dutch RIVM

The publications of the Dutch Rijksinstituut voor Volksgezondheid en Milieu (RIVM) [16] [13]
are a well-researched and impartial source of failure frequencies for wind turbines. As these
publications are only available in Dutch language, Table A.1 summarizes the main results from
the 2021 update of the failure frequencies [13]. The information Table A.1 is not regularly
updated when the failure frequencies from [13] are supplanted by a newer document.

TleIe A.1 — Failure frequencies from [13] in units of failures per turbine and yeaf.

Blade loss4 Blade Tower Rotor NaceJIe

breakage failure collapse collapse
Expgcted value '2021' 1,1 x 1074 1,5 x 1074 4,5 x 1075 1,4 x(1Q=5 1,5 x 1078
95 % confidence value '2021' 1,4 x 1074 1,8 x 1074 6,1 x 107° 2.0X105 7.1 x 16

4 With unknown rotational speed, i.e. no differentiation between normal operation and overspeed.
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Annex B
(informative)

Overview of used risk criteria in different countries

Table B.1 gives an overview of different risk acceptance criteria from different countries. The
purpose of Table B.1 is to illustrate the range of different concepts and threshold values in use.
It does not constitute any advice on legal requirements and all information is given without
liability. The information in Table B.1 is not regularly updated in case of regulatory changes.

Table B.1 — Overview of used risk criteria in different countries
Used risk Nature of Used acceptance criteria Remarks Refergnce
assessment risk
method evaluated
> 3
Elle |52 .
° - - bt R
ol |28 |2
s | 5|5 |8 |2
o £ F] -
o € (¢}
[
%]
Prescriptive criteria
Separation distance to be respected
for housings, schools and vllnerable
locations, based on maximum’effect
distances for differentfailure modes
X X X
Quantitative criteria
LIRA: 1075, 107-8Gind 1077
£N with k =\102 and a = 2 A two-step approach is
£ used: in step 1 the location
E Prescriptive criteria is evaluated against
o calculated separation [24]
o Separation distance to be respected |distances. If these are not
@ forin relation to assets containing fulfilled a quantitative
dangerous goods (storage, pipelines, |approach is used
etc.).
X X X Quantitative criteria
Demonstrate that the new failure rate
of the asset is less than 10 % higher
than the initial.
Demonstrate that criteria valid for the
asset are met taken influence wind
turbine into account.
X X Separation distance to railways, highways > 1,5 |Minimum distances to [25]
times the falling tower distance. various objects (roads,
cables, facilities ...) are
determined based on a risk
© threshold. These risk
£ thresholds are determined
< from various international
o . h
guidelines and
experiences, there is NO
LEGAL FRAMEWORK IN
CHINA for individual or
societal risk.
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Used risk Nature of Used acceptance criteria Remarks Reference
assessment risk
method evaluated
> S
- ) - [
212|212 |, |3
o|l2| s |2 |8 |8
5 = g =
2| |8 |8 |2
il - = -
o £E| O
[
%]
X X Minimum separation distance to houses is 4 Minimum distance to [26]
fimes the tip height houses, does not apply to
o . . . wind turbine owners or in
Minimum separation distance to High -Voltage [industrial areas.
overhead lines is one tip height + 15m.
Minimum separation distance to underground
x cables is 50m.
©
£ Minimum separation distance to railroads and
S state roads is 1,7 times tip height.
(=]
1,0 to 1,7 times tip height can also be accepted
but will require further investigation and
dispensation.
For other roads, the minimum distance is
decided by the municipality, based factors such
as road occupancy and risk of ice throw.
X X A maximum localized risk (LIRA) is used (Ma% |*Vulnerable locations’ are: |[27], [14]
_6 . . . ‘
10" ° per year) as a risk criteria for ‘vulnerabile . . -
locations’ and ‘limited vulnerable locations’ Residential buildings
_5 of more than 2 per
(Max 107° per year). hectare.
* Large office buildings
(>1 500 m?).
¢ Buildings for
vulnerable people
(hospitals, elderly
homes, children's day
care ...).
¢ Any other buildings
where a large group of
people can remain
during a large part of a
day.
¢ Camp sites and other
2 recreational areas with
< more than 50 people
- during multiple days of
2 attendance.
§ ‘Limited vulnerable
o locations’ are:
=
¢ All other buildings
where people can stay
in / work in basically
X X For assets containing dangerous goods that can 271114
be hit by falling wind turbine parts the Hit
Frequency has to be calculated. This is the
yearly frequency that any part of the dangerous
installation can be hit. This frequency must be
implemented in the risk evaluation of the
dangerous good itself. These risk evaluations of
dangerous installations cause their own
localized risk contours and group risk
evaluations. If these increase due to the wind
turbine hit frequency until specific laws (per
dangerous installation) are broken than the
wind turbine cannot be placed. A maximum hit
frequency of 10 % from the wind turbine as
compared with the own specific failure
frequency of the affected installation is often
used as a safe cut-off criteria in which further
research is not needed.
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