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The goal of the project is to prepare easily understood
and relevant advise for wind farm concessionaires
(owners/operators) and to the general public:

* 1) How to communicate the risk of injury and damage to the
general public caused by ice throw and ice fall.

* 2) Relevant measures handling the risk of injury and damage.

* 3) Clarify the criminal and compensatory liability for
incidents involving injury.

* The Norwegian Guideline is meant as a supplement to the IEA
Wind Task 19's internationally harmonized guidelines
regarding ice throw risk assessments

08.02.2019 Winterwind 2018 Are, Sweden



ummary of available backgroun .
knowledge and guidelines

Wi Conference & Exhibition 2017 10P g
IOP Conf. St.nu Journal of Physics: Conf. Series 926 (2017) 012001 doi:10.1088/1742-6596/926/1/012001

* New studies

* IceThrower!
[ ] E n e rco n St u dv ! Understanding and acknowledging the ice throw hazard

consequences for regulatory frameworks, risk perception and
risk communication

e Austrian study!

R. E. Bredesen', M. Drapalik®, B. Butt®

! Kjeller Vindteknikk, Norway
2 University of Natural Resources and Life Sciences, Vienna,
The Norwegian Water Resource and Energy Directorate

rolv.bredesen@vindteknikk.no, markus. ik@boku.ac.at, bubu@ .no
* Current knowledge and the way forward e il g e ey el
s i y informed ing the saic(y ications of ice throw. The framework

elaborates on how to cope with uncertainties, and how to describe results in a meaningful and

. .
useful manner to decision m;.\kers Morcover. it poinlc out the moral, judlcml and economxcal
in state-of-the-art risk assessments has e

much as possible. Building on lhu strength of knowlgdgc as well as accounting for uncertainty

are also essential in enabling clear ion with on the most

hd itical/vital issues. With i i irical evidence, one can assign a higher

ee n reV'I ewe confidence level on the expert opinions on safety. Findings regarding key uncertainties of ice
risk assessments are presented here to support the ongoing IEA Wind Task 19's work on

: creating the interna on ice risk due in 2018 (Krenn et al. 2017)[1-

6]. In addition the study also incorporates the findings of a Norwegian information project,
which focuses on the ice throw hazard for the public (Bredesen, Flage, Butt, Winterwind
2018)[7-9]. This includes measures to reduce damage and hazard from wind turbines for the
general public. Recent theory of risk assessment questions the use of risk criteria for achieving
optimum risk reduction and favours the use of the ALARA (as low as reasonably achievable)
principle. Given the several practical problems associated with the ALARA approach (e.g.
judicial realization), a joint approach, which uses a minimum set of criteria as well as the

e Peer-reviewed article
e WindEurope presentation

obligation to meet ALARA is ( iated with cost). The actual decision
about acceptance criteria or obhganons is a societal one, thus s\lsz;:csnons can be made at best.
Risk risk and risk are icably linked and should
. . thus never be Risk can shape risk perception, which
[ ] W'I n E u ro De a u 'I O i Sy ttal foe it s acceptance. Moreover, risk communication should be seen as an
t© tr and an open, and caring attitude. It is
important for the wind industry to avmd accidents: In Winterwind 2017 (Ronsten)[10], ‘hL
importance for the wind power to proactively take safety for pass
and service was i ishing good practices and communication
routines is key to avoid Visually ways of p the risk of ice throw

are recommended

“ontent from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
f this work must maintain attribution to the author(s) and the title of the work. journal citation and DOI
Published under licence by IOP Publishing Ltd 1



http://proceedings.windeurope.org/confex2017/proceedings/120_Nina_WEBER.pdf
http://proceedings.windeurope.org/confex2017/proceedings/120_Nina_WEBER.pdf
http://proceedings.windeurope.org/confex2017/proceedings/120_Nina_WEBER.pdf
http://iopscience.iop.org/article/10.1088/1742-6596/926/1/012001/pdf
http://iopscience.iop.org/article/10.1088/1742-6596/926/1/012001/pdf
http://iopscience.iop.org/article/10.1088/1742-6596/926/1/012001/pdf
http://iopscience.iop.org/article/10.1088/1742-6596/926/1/012001/pdf
http://iopscience.iop.org/article/10.1088/1742-6596/926/1/012001/pdf
http://proceedings.windeurope.org/confex2017/proceedings/119_Rolv_Erlend_BREDESEN.pdf
http://proceedings.windeurope.org/confex2017/proceedings/119_Rolv_Erlend_BREDESEN.pdf
http://proceedings.windeurope.org/confex2017/proceedings/119_Rolv_Erlend_BREDESEN.mp3
http://proceedings.windeurope.org/confex2017/proceedings/119_Rolv_Erlend_BREDESEN.mp3
http://iopscience.iop.org/article/10.1088/1742-6596/926/1/012001/pdf
http://proceedings.windeurope.org/confex2017/proceedings/119_Rolv_Erlend_BREDESEN.pdf

Official Norwegian Documents

KJELLER

VINDTEKNIKEK

* Norwegian guideline:
https://www.nve.no/nytt-fra-nve/nyheter-konsesjon/ny-
veileder-for-handtering-av-faren-for-iskast-fra-vindturbiner/

* Norwegian Framework for wind power, report on icethrow:
https://www.nve.no/Media/6951/iskast.pdf
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k1o - New IEA Wind (task 19)
[ guideline:

IEA Wind TCP Task 19

https://community.ieawind.org/task19/home INTERNATIONAL

RECOMMENDATIONS

for Ice Fall and Ice Throw
Risk Assessments

-\

ieawind

08.02.2019


https://community.ieawind.org/task19/home

IceRisk assessment -Are the relevant risks controlled?

Evaluate the extent of icing KJELLER

Assess the risk of icethrow/fall

Evaluate the identified risk with acceptance critera

VINDTEKNIKK

Register the use of area that may be exposed to ice throw in the area
Who is at risk?
Describe the causal and consequence picture
» Relevant initiating events, causes and consequenc
« barriers mitigating the risk, barrier failure
Describe the uncertainty
» e.g. likelihood of described event and associated consequence occurring
» Probability maps
Assess the confidence in and the quality of the performed analysis
» e.g. using strength of knowledge indices: (high/medium/low),
» e.g. Sensitivity on critical assumptions (NUSAP elements with radarcharts)

O
)
®

Assess whether and what measures should be taken

08.02.2019 Winterwind 2018 Are, Sweden
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Task 19 ’ 2

Prevalent approach for ice risk assessments

* 1) Mathematical trajectory/calculation model

* Turbine parameters:
« Hub height
» Rotor diameter

« Operational mode / /
* Topography , |
* Physical parameters | ]
e Air density : ;
» Vertical wind profile e = = !f
« Radial distribution of ice on blades
» No. of relevant fragments

IceRisk| g Sy

3) Risk assessment

» 2) Wind and Icing data * Probability of Persons present
- Wind statistics representative for periods when ~ ° Calculation of actual risk level
icing and melting may occur * Threshold for accepted risk levels
* Estimation of amount of ice fragments » Safety measures

* Consideration of uncertainties

08.02.2019 Winterwind 2018 Are, Sweden



It is recommended to make realistic assumptions
on the input parameters

* mathematical trajectory model
* wind speed data

@ shape of used ice@

* Unless the uncertainty is specified it is recommended to make
conservative assumptions for the following parameters:
* Number of ice fragments
* Likelihood / exposure of people
* Vulnerability / probit function
* Thresholds for accepted risk level
« Effectivity of measures Task 19

08.02.2019 Winterwind 2018 Are, Sweden
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"""""'J’:-qngmng cross comparison of the Icethrower database
L""}-10lf,years of SCADA and meteorological forecast data.

i Rolv Erlend Bredesen ~
rolv bredesen@vindteknikk.no ai 49
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Task 19

What and why

e A cross comparison of the IceThrower database with 10 years
of SCADA and meteorological forecast data.

* The aim of this presentation is to increase the strength of
knowledge and to describe key uncertainties in ice risk
assessments.

* |Ice Thrower database compiled by Poyry
* SCADA data courtesy of Dala Vind
* Meteorological simulation and analysis by Kjeller Vindteknikk

08.02.2019




Thorough IceThrower collection study performed in 2

forrested terrain (Event A-H), Report by Poyry.

Klicka pa ett verk i kartan for att komma till respektive verk
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Wind Power Sustainable Solutions

THE FIELD STUDY - RESULTS (CASE STUDY)

Ice lumps fall in the wind ward direction.

All ice lumps were found within 2 RD

7 L— 1 ~—

C @ @ Ikkesikker | windren.se/WW2017/3 2 13 Lunden ICETHROWER - mapping_.. @ ¥ »n e e @

Wind speed between 4.5 — 13 m/s
at the time of ice release

Large scatter e
Availiable data:419 4+ U=54m/s
4 U=68m/s
4 U=T.0m/s | 160 -
* UsBdmis | )|
U=8.9m/s 3
4 U=11.000s | 0l ¢
+  U=13.1m/s ¢
— 100 &
E |
East g ol $ ‘} * ‘
8 § ¢ ﬁ
3 i f
a0 : g g
of ’ [ I |
® &
. Sk . . o 45 5,’4 68 T,'I] B'ﬂ B’B 11.0 13:,1
The blue circles show one, two respective three rotor diameters Wind speed [mis)
(e.g. 90, 180 and 270 m)
Turbine in the case study had 90 m rotor and 95 m tower (no de-icing system) r
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417 ice pieces collected within 140 m from the IceThrower | &
database for the considered V90 turbine (tipheight of 140 m)

Wind direction KJELLER

VINDTEKNIKEK

B
»

IceThrower database on collected ice debris:
lenght,width, mass, position, time and
meteorological conditions
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Mass of uncrushed pieces vs distance

At distance H+D/2=140 m the
likelihood of finding 0.5 kg pieces
are reduced by 1 order.

Sharp gradient in range outside 150
m. Decadal decay contours in grey.

Histogram calculated using kernel
density estimation (KDE)

Mass [kg]

10

6}

H+D=185m

50 100 150 200
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1998-2018

Density estimation and uncertainty, episode E.

20 strikes in a 40 m x 40 m region at 120 m distance:
strikes per square meter for the episode

KJELLER
KDE averaging reduces upper limit to: 0.0064 strikes/square meter/episode, but 'shows "

uncertaintv

E 2013-12-10 07:40

52 # 8.4 m/s 238 °

135¢ : ! ] 0.0064
Wind direction 71(0] S O ¥ .
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~ e p— — —EE— BN
E ; :
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0 | 0 E : =
E 0 ..... ............. ................. E 00032
2 U=4 5m/s E :
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+ U=7.0m/s —-100} - PRI AN R ] et —
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4+ U=110m/s ] : :
& U=134m/s BTy o | M. ............. ............. ...................... 0.0008
i i i 0.0000
-200 =100 0

270°
along-wind distance [m] ~ considered V90 turbine with a tipheight of 140 m.

417 ice pieces from the IceThrower database for the

100

200




Strike
probability
map of 417
# collected
pieces

Only C, D, and E
exceed 200 m.

4 episodes from
2013/2014 winter

08.02.2

200

100

-100

-200

200

100

-100

-200-

417 #

-200

71‘00 6 160 260
C 2014-03-04 10:00
79 # 6.8 m/s 132 °

-200

-100 0 100 200
F 2016-02-20 21:00
37 #8.9m/s 170 °

=200

-100 0 100 200

0.00008

0.00007

0.00006

0.00005

0.00004

0.00003

0.00002

0.00001

0.00000

0.0054

0.0048

0.0042

0.0036

0.0030

0.0024

0.0018

0.0012

0.0006

0.0000

0.0135
0.0120
0.0105
0.0090
0.0075
0.0060
0.0045
0.0030
0.0015

0.0000

200

100

-100

-200

200

100k

-100

A 2014-02-12 07:50
54 # 4.5 m/s 119 °

-200

71‘00 ] 160
D 2015-01-08 01:30
78 # 7.0 m/s 200 °

200

=200

200

100f i

-100

-200

-100 0 100
G 2013-12-11 11:50
9 #11.0 m/s 274 °

200

=200

=200

-100 0 100

200

0.032

0.028

0.024

0.020

0.016

0.012

0.008

0.004

0.000

0.0225
0.0200
0.0175
0.0150
0.0125
0.0100
0.0075
0.0050
0.0025

0.0000

0.0105

0.0090

0.0075

0.0060

0.0045

0.0030

0.0015

0.0000

200

100

-100

—200

200

100}-

-100

B 2016-03-09 09:30
64 # 5.4 m/s 220 °

—200

71‘00 0 160
E 2013-12-10 07:40
52 # 8.4 m/s 238 °

—200F -

200

200

—200

-100 0 100
H 2016-01-28 08:20
44 # 13.1 m/s 350 °

200

100f i

-100

=200}

=200

=100 0 100

200

0.0105

0.0090

0.0075

0.0060

0.0045

0.0030

0.0015

0.0000

0.0064

0.0056

0.0048

0.0040

0.0032

0.0024

0.0016

0.0008

0.0000

0.0105

0.0090

0.0075

0.0060

0.0045

0.0030

0.0015

0.0000



20

Case E - downwind throw
E 2013-12-10 07:40

52 # 8.4 m/s 238 °

*  Only datapoins with detected ice

0.0064
shown
*  Wind speed was below 10 m/s 200 0.0056
*  Wind direction by proxy from '
KVTMESO simulation 0.0048
*  Wind direction increasing with time 100} :
and ”production loss”
*  Max deviation in production loss 10.0040
700 kW (of 2 MW) =
S (0] 0.0032
T
| 10.0024
s oo}
. 0.0016
D | z
%% 200 B 00008
é' | 0.0000

-200 -100 0 100 200
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Case C:

Wind speed around 8.5 m/s at period of highest |
production deviation (500 kW/2000 kW) KJELLER

. 2 C 2014-03-04 1000 VINNDTFKNIKK
* Left:Wind speed and 200 Do 0e 10
production loss signal ? ﬁ ,

—0.0054

200l 0.0048
: 10.0042
100}, 0.0036
1 40.0030

5 =
g 0.0024
: . :_ H10.0018
‘é ; 0.0012
: U 9 0.0006
) PSRN m_@_go & & as™ 1 D000

-200 -100 0 100 200
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Case D: minimal production loss

80 pieces thrown. 90 minute duration total.
KJELLER

VINDTEKNIKEK
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Scaling of number of pieces, and wind statistic

* ~1000-2000 ice pieces per year has been observed
from a turbine in a similar icing class (Guideline).

* Case E - 50 ice pieces over 9 hour episode?
* Case D - 80 ice pieces over 20-90 minutes?
* Case C - 80 ice pieces over 6 hour episode?
* Did ice accrete only during these hours?

Wind rose 2010/09/15 - 2016/02/26

Wind speed [m/s
0

* Even with missing documentation of episodes,

no ice piece has been found on surrounding ski-
track

* Task 19 ice loss method on SCADA data indicates
icing 9 % of the time. Weibull wind parameters
for instrumental icing is C=8.0, k = 2.7

* 2.8 % icing loss in total for this site.

270

180
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Meteorological simulation of ice accretion

shows maximum for 2014 winter.
* No calibration or sensitivity study performed on these results.

*No performance penalty on blade, repeated cycles:

Hogberget 426m.a.s.l. H=95m D=90m

250 T T T T T
Rotor icing height: 125m
200 Hub: 95 m
| — Blade (75 % length) )
r ___ Reference body * 10
;5, 150 F (including freezing rain) -
- — Reference body * 10
]
= 100f -
18]
©
50F E
| Iy | li

2001 2003 2005 2007 2009 2011 2013 2015 2017
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Quality of meteorological simulation using ROC metric:
80 % hit rate for all hours with icing
(20 % false alarm rate)

Task 19 IceLoss method as proxy
for hours with icing (production
loss from SCADA)

Area under curve score of 0.82,
Simulated ice amounts on a
reference cylinder

° 1:10g/m

e 2: 50g/m

e 3:100¢g/m

° 4:150g/m

 5:200¢g/m
Note that score is influenced by
duration of events
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Intermittent icing, 4 clear episodes, 4 barely
detected.
Not all episodes inspected

Hogberget 426m.a.s.l. H=95m D=90m
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Both shorter and longer periods, inspection
too early?

KJELLER

* Mechanical shedding is not modeled S

Hogberget 426m.a.s.l. H=95m D=90m
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Hogberget 426m.a.s.l. H=95m D=90m
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Further work

KJELLER

* Extract wind conditions for each episode from both SCADA -
and KVTMESO

* Quantify the error for each episode, calibrate number, size,
and form factor distribution
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20
Form factor, Cd *A /M, using largest face is 250 %

higher than the average face

KJELLER

Histogram on largest face/average area of ice piece as function of distance
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Area ice piece distribution

250 # samples used

249 # samples used

140 " 60
scipy.stats.lognorm( scipy.stats.lognorm(
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Stopped turbine analysis T
Strong Breeze (Beufort 6)- 40-50 km/h at 10
m. CJELLER
15 J - Protection against Wind speed at 10 m.a.g.l. [m/s]
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Austrian field study:
Double detection system - idling turbine
Ice fall at (H+D) distance for 12 m/s wind

shed distances for WP 1, wind speed 12 m/s

shed distances for WP 4, wind speed 4 m/s 04
T T T T : 1 1
[ shed distances 0.35 | [ shed distances |
——fitted normal distribution | | : ! ——fitted normal distribution :
I )
- = rotor radius | 03} | - - rotor radius | \ J
Seifert formula I Seifert formula
- = new formula mean i 0.25F : - = new formula mean i ¥,
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shed distance (m)

Figure: lIce piece with the highest™
recorded shed distance of 225 m from a
turbine with 138 m hub height and 82 m
rotor radius. The length of this piece was
38 cm, the width 16 cm and the thicknes:
varies between 3 and 8 mm. It was pure
glace ice with a weight of 240 g.

shed distance (m)

Figure: Shed distances for 4 m/s Figure: Shed distances for 12 m/s mean
mean wind speed, 65 m hub height  wind speed, 138 m hub height and 82 m
and 70 m rotor diameter rotor diameter
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Comparison with Austrian study in Green, 3 20

standard deviations for IceThrower turbine

Wind speed at 10 m.a.g.l. [m/s]
0 2 4 6 8 10 12 14
P e £ A | 7 8 R
Compact (regular) ice piece released at 140 m.a.g.l.| & § :
300L — Impact kinetic energy: 40J
— 11 foot-pound rule: 15]
pof == safetyrue  f .

* Expected
distance for ice
shed from 100
m +- 30 m for
12 m/s hub
winds.

* Note that
turbines in
green is
supposed to
stop when ice
is detected!

200k et
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Safety distance downwind of stopped turbine [m]

- |dling+dual detection system (3 sigma)
50 . —— — . —— L :
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200 m is expected bound for stopped turbine for wind 2

1998-2018

speeds below 13 m/s. Winds speed below 20 m/s for iced
turbine conditions at this location

KJELLER
VINDTEKNIKK
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Comparison of A/M distributions

IEA Wind TCP Task 19

INTERNATIONAL RECOMMENDATIONS FOR ICE FALL AND ICE THROW RISK ASSESSMENTS

INTERNATIONAL
RECOMMENDATIONS
25% ; for Ice Fall and Ice Throw
Risk Assessments
20% 4o R [ Histogram of A/M ]
B + Average of each data set
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g .
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Figure 4: A/m histogram (columns) and average values for merged data set and individual data sets (cross).



Larger / more compact ice pieces in icethrower

KJELLER

Linear and log scale, same area under curve.
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Test of shape distributions

KJELLER

VINDTEKNIKK

for 4 representative long-term wind conditions (from KVTMESO)
Instrumental icing
Melting conditions
Meteorological icing

Strong meteorological icing




Simulated strikes of ice
pieces per 100 square meters

Guideline A/M flat
distribution (8000 pieces,

wind speed uncalibrated).

B

Average 8 episodes (per m2)
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Averge wind, and average
wind for instrumental icing

= u'C=10.03, k= 2.67, significance= 66.0%
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Fix the tail of the distribution
Form factor by largest face, 20 m/s wind
Guide line fit (left) , Ice Thrower fit (right)

Strike probability per released piece per 100 square meter KJELLER
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