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As an extension to Horns Rev 1 and 2 offshore wind farms, Horns Rev 3 is currently under construction 30 km off Denmark’s western coastline. While installation of the actual wind turbines has not yet
commenced, pile driving for a substation jacket foundation (4 piles) was completed in April 2016. The Danish Energy Agency and Energinet.dk previously defined a set of guidelines for underwater
noise [1] in the context of Horns Rev 3 project. In accordance with these guidelines, Lloyd’s Register carried out in-situ measurement of underwater noise propagation by means of an air-gun
(December 2015), and measurement of the actual pile driving noise (April 2016). Furthermore, a prognosis of the cumulative Sound Exposure Level (SELc) was made. The present paper presents the
findings from these steps, including comparison to the noise limits stated in the regulation. Practical experience from the measurements as well as the application of the guidelines is presented.

The piles are located in a square pattern with a distance between each pile of approx. 20 m in shallow water area (15 – 17 m).

Compliance with Danish guidelines [1] was verified by performing two sets of measurements at the site:

• Sound transmission loss (TL) measurements along two transects up to 3000 m distance (Dec. 2015)

• Piling noise measurements at 750 m during substation installation (April 2016)

The output data of the measurements were respectively used to:

• Predict cumulative Sound Exposure Level (SELc) (prognosis)

• Determine measured SELc data

• Piling period identification turned out being crucial for measured SELc results. The situation
was agreed to be - calculation wise - reset after 60 minutes of piling inactivity for this project.

• Lowest SELc (176-178 dB) are for the initial piling period, i.e. driving of all 4 piles to mid depth

• Measured SELc exceed by up to 2 dB the stated limit (based on the use of scarers). The newer
version of guidelines [2] states an SELc limit value of 190 dB, i.e. 7 dB less strict
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The measurements were made in accordance with Danish guidelines [1] including hydrophone depths and ranges.

Both sets of measurements are based on the same hydrophone setup:

• Deployment/retrieving of autonomous recorder(s) off a survey ship at each target receiver location - GPS data is logged during each process

• Autonomous recorder positions are maintained using a ballast (100 kg) on seafloor combined with subsurface and surface buoys.
Hydrophone setup 

(piling noise, April 2016)

1. “Marine mammals and underwater noise in relation to pile driving – Working group 2014”. Version date: 01/2015. Web link: https://ens.dk/sites/ens.dk/files/Vindenergi/underwater_noise.pdf (accessed April 2017)
2. “Guideline for underwater noise – Installation of impact-driven piles”. Energistyrelsen document. Version date: 04/2016. Web link: https://ens.dk/sites/ens.dk/files/Vindenergi/guideline_underwater_noise_april_2016_0.pdf (accessed April 2017)
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Early version of guidelines [1] prescribed SELc limit of 183 dB for harbour porpoise sand 200 dB for seals.

TL parameters (X=14.72 and a=0.00027) from the air-gun study were used to predict cumulative SEL based on 1) a piling noise source level
(SEL1m) from a third-party empirical approach and 2) method in [1] assuming proportionally between SEL and hammer energy on pile top.
Predicted SELc was 182 dB based on an initial animal range r0 of 2000 m, i.e. in the case where scarers were used prior to piling

Results

Sound transmission loss (TL) measurements (Dec. 2015)

• Characterize sound propagation of the site.

• At 33% depth (5.6 m below sea surface)

• Single air-gun (Bolt 600B) fired at substation (centre) location – acting a an acoustic point source

• Air-gun chamber size (0.4 L) selected for high-frequency acoustic horizontal propagation

• Fixed air-gun pressure (120 bars) to maintain source characteristics.

Piling noise measurements (April 2016)

• At 33% and 66% depths (5. 6 and 11.2 m below sea surface)

• At 750 m (+/- 3%) range (North-West transect)Air-gun

• Two flat transects (17 m): North-West and East

• Air-gun shots recorded at ranges 325, 500, 750, 1000,
1500 and 3000 m along each transect

• Single Sound Exposure Level (SEL in dB) of air-gun shot is
calculated for each range

• TL (dB) describes here SEL attenuation vs. range

TL data are fitted to an X·log10(r)+a·r expression

• Single SEL750 of each piling strike is
calculated vs. time

Measured cumulative SEL (SELc) is
calculated for each identified piling
period containing N strikes:
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For an animal fleeing at vf speed (assumed 1.5 m/s) from an initial
distance r0. Dti is the time from the onset of piling of the i’th strike

𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚𝑖𝑖 = 𝑆𝑆𝑆𝑆𝑆𝑆750𝑖𝑖 + 𝑋𝑋 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10 750 + 𝛼𝛼 ∙ 750

Measured SELc ranged from 176 to 185 dB for the 3 identified piling periods and 2 hydrophone depths and based on r0=2000 m.

A total number of 11993 strikes were recorded. Single SEL ranged from 155 to 165 dB re 1µPa2.s with higher SEL data for the shallower receiver.

Examples of measured acoustic pressure time series (piling noise)

• The prognosis method from [1] seems well functioning with predicted SELc in the right range

• The non-use of scarers on site has a great impact on SELc results since a shorter initial
distance should then be used. An r0 of 100 m for this project leads to SELc up to 9 dB higher

• Initial high-energy strikes should be avoided since they are the strikes contributing most to
the SELc formulation

Acknowledgments: the authors would like to thank Thomas Thinggaard and Jan Havsager from Energinet.dk for their contribution to this pioneer work.

The substation is installed on a jacket structure, grounded in sandy bottom with 4 piles (Ø1.5 m, 64 m long, 1200 kJ hydraulic hammer). The last part of
the piles is driven using a pile follower and therefore piling consisted of 2 main sequences: to mid depth (no follower) and to full depth (follower).
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An extension to Horns Rev 1 and 2 
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currently under construction 30 km off 
Denmark’s western coastline. While 
installation of the actual wind turbines  

has not yet commenced, pile driving  
for a substation jacket foundation  
(4 piles) was completed in April 2016.  
The Danish Energy Agency and  
Energinet.dk previously defined a set  
of guidelines for underwater noise [1]  
in the context of Horns Rev 3 project.  
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Lloyd’s Register carried out in-situ 
measurement of underwater noise 
propagation by means of an air-gun 
(December 2015), and measurement of 
the actual pile driving noise (April 2016). 
Furthermore, a prognosis of the cumulative 

Sound Exposure Level (SELc) was made. 
This paper presents the findings from these 
steps, including comparison to the noise 
limits stated in the regulation. Practical 
experience from the measurements as  
well as the application of the guidelines  
is presented.

Measurement site and 
objectives

The substation is installed on a jacket 
structure, grounded in sandy bottom 
with 4 piles (Ø1.5 m, 64 m long, 1200 
kJ hydraulic hammer). The last part of 
the piles is driven using a pile follower 
and therefore piling consisted of 2 main 
sequences: to mid depth (no follower) and 
to full depth (follower).

• The piles are located in a square pattern 
with a distance between each pile of 
approx. 20 m in shallow water area  
(15 – 17 m).

• Compliance with Danish guidelines [1] 
was verified by performing two sets of 
measurements at the site: 

• Sound transmission loss (TL) 
measurements along two transects up 
to 3000 m distance (Dec. 2015) 

• Piling noise measurements at 750 m 
during substation installation  
(April 2016)

• The output data of the measurements 
were respectively used to:

• Predict cumulative Sound Exposure 
Level (SELc) (prognosis)

• Determine measured SELc data

Methods

The measurements were made in 
accordance with Danish guidelines [1] 
including hydrophone depths and ranges.

Both sets of measurements are based  
on the same hydrophone setup:

• Deployment/retrieving of autonomous 
recorder(s) off a survey ship at each 
target receiver location - GPS data is 
logged during each process

• Autonomous recorder positions are 
maintained using a ballast (100 kg)  
on seafloor combined with subsurface 
and surface buoys.

Conclusion

• Piling period identification turned 
out being crucial for measured SELc 
results. The situation was agreed to be - 
calculation wise - reset after 60 minutes 
of piling inactivity for this project. 

• Lowest SELc (176-178 dB) are for the 
initial piling period, i.e. driving of all  
4 piles to mid depth

• Measured SELc exceed by up to 2 dB the 
stated limit (based on the use of scarers). 
The newer version of guidelines [2] 
states an SELc limit value of 190 dB,  
i.e. 7 dB less strict

• The prognosis method from [1] seems 
well functioning with predicted SELc in 
the right range

• The non-use of scarers on site has a 
great impact on SELc results since a 
shorter initial distance should then be 
used. An r0 of 100 m for this project 
leads to SELc up to 9 dB higher

• Initial high-energy strikes should be 
avoided since they are the strikes 
contributing most to the SELc 
formulation

Acknowledgments: the authors would 
like to thank Thomas Thinggaard and 
Jan Havsager from Energinet.dk for their 
contribution to this pioneer work.
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Results

Early version of guidelines [1] prescribed 
SELc limit of 183 dB for harbour porpoise 
sand 200 dB for seals.

TL parameters (X=14.72 and α=0.00027) 
from the air-gun study were used to 
predict cumulative SEL based on 1) a piling 
noise source level (SEL1m) from a third-
party empirical approach and 2) method in 

[1] assuming proportionally between SEL 
and hammer energy on pile top. Predicted 
SELc was 182 dB based on an initial animal 
range r0 of 2000 m, i.e. in the case where 
scarers were used prior to piling

Measured SELc ranged from 176 to 
185 dB for the 3 identified piling periods 
and 2 hydrophone depths and based on 
r0=2000 m.
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A total number of 11993 
strikes were recorded. 
Single SEL ranged from  
155 to 165 dB re 1µPa2.s 
with higher SEL data for  
the shallower receiver.

Sound transmission loss (TL) measurements (Dec. 2015)

• Characterize sound propagation of the site.

• At 33% depth (5.6 m below sea surface)

• Single air-gun (Bolt 600B) fired at substation (centre)  
location – acting a an acoustic point source

• Air-gun chamber size (0.4 L) selected for  
high-frequency acoustic horizontal propagation 

• Fixed air-gun pressure (120 bars) to maintain  
source characteristics.

• Two flat transects (17 m): North-West and East

• Air-gun shots recorded at ranges 325, 500, 750, 
1000, 1500 and 3000 m along each transect

• Single Sound Exposure Level (SEL in dB) of  
air-gun shot is calculated for each range

• TL (dB) describes here SEL attenuation vs. range

TL data are fitted to an X·log10(r)+α·r expression

Piling noise measurements (April 2016)

• At 33% and 66% depths (5.6 and 11.2 m below sea surface)

• At 750 m (+/- 3%) range  
(North-West transect)

• Single SEL750 of each piling strike is  
calculated vs. time

Measured cumulative SEL (SELc) is  
calculated for each identified piling  
period containing N strikes:

with:

For an animal fleeing at vf speed (assumed 1.5 m/s) from an initial 
distance r0. Δti is the time from the onset of piling of the i’th strike
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Examples of measured acoustic pressure time series (piling noise)

• The prognosis method from [1] seems well functioning with predicted SELc in the right range

• The non-use of scarers on site has a great impact on SELc results since a shorter initial
distance should then be used. An r0 of 100 m for this project leads to SELc up to 9 dB higher

• Initial high-energy strikes should be avoided since they are the strikes contributing most to
the SELc formulation
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As an extension to Horns Rev 1 and 2 offshore wind farms, Horns Rev 3 is currently under construction 30 km off Denmark’s western coastline. While installation of the actual wind turbines has not yet
commenced, pile driving for a substation jacket foundation (4 piles) was completed in April 2016. The Danish Energy Agency and Energinet.dk previously defined a set of guidelines for underwater
noise [1] in the context of Horns Rev 3 project. In accordance with these guidelines, Lloyd’s Register carried out in-situ measurement of underwater noise propagation by means of an air-gun
(December 2015), and measurement of the actual pile driving noise (April 2016). Furthermore, a prognosis of the cumulative Sound Exposure Level (SELc) was made. The present paper presents the
findings from these steps, including comparison to the noise limits stated in the regulation. Practical experience from the measurements as well as the application of the guidelines is presented.

The piles are located in a square pattern with a distance between each pile of approx. 20 m in shallow water area (15 – 17 m).

Compliance with Danish guidelines [1] was verified by performing two sets of measurements at the site:

• Sound transmission loss (TL) measurements along two transects up to 3000 m distance (Dec. 2015)

• Piling noise measurements at 750 m during substation installation (April 2016)

The output data of the measurements were respectively used to:

• Predict cumulative Sound Exposure Level (SELc) (prognosis)

• Determine measured SELc data

• Piling period identification turned out being crucial for measured SELc results. The situation
was agreed to be - calculation wise - reset after 60 minutes of piling inactivity for this project.

• Lowest SELc (176-178 dB) are for the initial piling period, i.e. driving of all 4 piles to mid depth

• Measured SELc exceed by up to 2 dB the stated limit (based on the use of scarers). The newer
version of guidelines [2] states an SELc limit value of 190 dB, i.e. 7 dB less strict
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The measurements were made in accordance with Danish guidelines [1] including hydrophone depths and ranges.

Both sets of measurements are based on the same hydrophone setup:

• Deployment/retrieving of autonomous recorder(s) off a survey ship at each target receiver location - GPS data is logged during each process

• Autonomous recorder positions are maintained using a ballast (100 kg) on seafloor combined with subsurface and surface buoys.
Hydrophone setup 

(piling noise, April 2016)
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Early version of guidelines [1] prescribed SELc limit of 183 dB for harbour porpoise sand 200 dB for seals.

TL parameters (X=14.72 and a=0.00027) from the air-gun study were used to predict cumulative SEL based on 1) a piling noise source level
(SEL1m) from a third-party empirical approach and 2) method in [1] assuming proportionally between SEL and hammer energy on pile top.
Predicted SELc was 182 dB based on an initial animal range r0 of 2000 m, i.e. in the case where scarers were used prior to piling

Results

Sound transmission loss (TL) measurements (Dec. 2015)

• Characterize sound propagation of the site.

• At 33% depth (5.6 m below sea surface)

• Single air-gun (Bolt 600B) fired at substation (centre) location – acting a an acoustic point source

• Air-gun chamber size (0.4 L) selected for high-frequency acoustic horizontal propagation

• Fixed air-gun pressure (120 bars) to maintain source characteristics.

Piling noise measurements (April 2016)

• At 33% and 66% depths (5. 6 and 11.2 m below sea surface)

• At 750 m (+/- 3%) range (North-West transect)Air-gun

• Two flat transects (17 m): North-West and East

• Air-gun shots recorded at ranges 325, 500, 750, 1000,
1500 and 3000 m along each transect

• Single Sound Exposure Level (SEL in dB) of air-gun shot is
calculated for each range

• TL (dB) describes here SEL attenuation vs. range

TL data are fitted to an X·log10(r)+a·r expression

• Single SEL750 of each piling strike is
calculated vs. time

Measured cumulative SEL (SELc) is
calculated for each identified piling
period containing N strikes:
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Measured SELc ranged from 176 to 185 dB for the 3 identified piling periods and 2 hydrophone depths and based on r0=2000 m.

A total number of 11993 strikes were recorded. Single SEL ranged from 155 to 165 dB re 1µPa2.s with higher SEL data for the shallower receiver.

Examples of measured acoustic pressure time series (piling noise)

• The prognosis method from [1] seems well functioning with predicted SELc in the right range

• The non-use of scarers on site has a great impact on SELc results since a shorter initial
distance should then be used. An r0 of 100 m for this project leads to SELc up to 9 dB higher

• Initial high-energy strikes should be avoided since they are the strikes contributing most to
the SELc formulation
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• Sound transmission loss (TL) measurements along two transects up to 3000 m distance (Dec. 2015)

• Piling noise measurements at 750 m during substation installation (April 2016)

The output data of the measurements were respectively used to:

• Predict cumulative Sound Exposure Level (SELc) (prognosis)

• Determine measured SELc data

• Piling period identification turned out being crucial for measured SELc results. The situation
was agreed to be - calculation wise - reset after 60 minutes of piling inactivity for this project.

• Lowest SELc (176-178 dB) are for the initial piling period, i.e. driving of all 4 piles to mid depth

• Measured SELc exceed by up to 2 dB the stated limit (based on the use of scarers). The newer
version of guidelines [2] states an SELc limit value of 190 dB, i.e. 7 dB less strict
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Early version of guidelines [1] prescribed SELc limit of 183 dB for harbour porpoise sand 200 dB for seals.

TL parameters (X=14.72 and a=0.00027) from the air-gun study were used to predict cumulative SEL based on 1) a piling noise source level
(SEL1m) from a third-party empirical approach and 2) method in [1] assuming proportionally between SEL and hammer energy on pile top.
Predicted SELc was 182 dB based on an initial animal range r0 of 2000 m, i.e. in the case where scarers were used prior to piling
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• Single air-gun (Bolt 600B) fired at substation (centre) location – acting a an acoustic point source

• Air-gun chamber size (0.4 L) selected for high-frequency acoustic horizontal propagation

• Fixed air-gun pressure (120 bars) to maintain source characteristics.
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• At 33% and 66% depths (5. 6 and 11.2 m below sea surface)

• At 750 m (+/- 3%) range (North-West transect)Air-gun

• Two flat transects (17 m): North-West and East

• Air-gun shots recorded at ranges 325, 500, 750, 1000,
1500 and 3000 m along each transect

• Single Sound Exposure Level (SEL in dB) of air-gun shot is
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• TL (dB) describes here SEL attenuation vs. range

TL data are fitted to an X·log10(r)+a·r expression
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calculated vs. time
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period containing N strikes:
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• The prognosis method from [1] seems well functioning with predicted SELc in the right range

• The non-use of scarers on site has a great impact on SELc results since a shorter initial
distance should then be used. An r0 of 100 m for this project leads to SELc up to 9 dB higher
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• The prognosis method from [1] seems well functioning with predicted SELc in the right range

• The non-use of scarers on site has a great impact on SELc results since a shorter initial
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Abstract 
Reducing the levelised cost of energy (LCoE)  
by 40% will be tough to achieve for the 
offshore wind energy industry (ref [1]). A key 
proportion of LCoE are the costs of Operation 
and Maintenance (O&M) activities, at up to  
30% (ref [2]). Automatic and intelligent  
systems are needed to minimise human 
intervention during the operating life. 

A comprehensive Failure Modes and Effects 
Analysis (FMEA) of a generic offshore wind 
turbine, including all assemblies and sub-
assemblies has been performed (see ref [3]).  
The pitch system has been identified as one  
of the most critical assemblies in term of  
turbine operation. For the pitch system the 
limited number of signals available through 
SCADA hampers the identification of failure 
causes, the development of physics-based 
approaches to quantify degradation, estimate 
risk and hence schedule maintenance tasks.

Process and outputs

Objectives
The general aim of this project is to design 
and deploy data mining approaches for  
early diagnosis of failures in the pitch system 
of an offshore wind turbine. The specific 
objectives are:

• To understand pitch system failure modes, 
their causes and their correlation with the 
available data of the SCADA system.

• To identify normal behaviour and a learnt 
frontier using unsupervised Support Vector 
Machine technique.

• To combine Subject Matter Expert 
Knowledge (SMEK) with SCADA data and 
a learnt frontier to assign risk status to the 
training data.

• To develop a K Nearest Neighbours (KNN) 
technique to assess new observations or 
data points based on the created risk status. 

• To provide an input for O&M optimisation 
(turbine availability improvement  
& maintenance cost reduction).

Methods
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As an extension to Horns Rev 1 and 2 offshore wind farms, Horns Rev 3 is currently under construction 30 km off Denmark’s western coastline. While installation of the actual wind turbines has not yet
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(December 2015), and measurement of the actual pile driving noise (April 2016). Furthermore, a prognosis of the cumulative Sound Exposure Level (SELc) was made. The present paper presents the
findings from these steps, including comparison to the noise limits stated in the regulation. Practical experience from the measurements as well as the application of the guidelines is presented.

The piles are located in a square pattern with a distance between each pile of approx. 20 m in shallow water area (15 – 17 m).

Compliance with Danish guidelines [1] was verified by performing two sets of measurements at the site:

• Sound transmission loss (TL) measurements along two transects up to 3000 m distance (Dec. 2015)

• Piling noise measurements at 750 m during substation installation (April 2016)

The output data of the measurements were respectively used to:

• Predict cumulative Sound Exposure Level (SELc) (prognosis)

• Determine measured SELc data

• Piling period identification turned out being crucial for measured SELc results. The situation
was agreed to be - calculation wise - reset after 60 minutes of piling inactivity for this project.
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(SEL1m) from a third-party empirical approach and 2) method in [1] assuming proportionally between SEL and hammer energy on pile top.
Predicted SELc was 182 dB based on an initial animal range r0 of 2000 m, i.e. in the case where scarers were used prior to piling

Results

Sound transmission loss (TL) measurements (Dec. 2015)

• Characterize sound propagation of the site.

• At 33% depth (5.6 m below sea surface)

• Single air-gun (Bolt 600B) fired at substation (centre) location – acting a an acoustic point source

• Air-gun chamber size (0.4 L) selected for high-frequency acoustic horizontal propagation

• Fixed air-gun pressure (120 bars) to maintain source characteristics.

Piling noise measurements (April 2016)

• At 33% and 66% depths (5. 6 and 11.2 m below sea surface)

• At 750 m (+/- 3%) range (North-West transect)Air-gun

• Two flat transects (17 m): North-West and East

• Air-gun shots recorded at ranges 325, 500, 750, 1000,
1500 and 3000 m along each transect

• Single Sound Exposure Level (SEL in dB) of air-gun shot is
calculated for each range

• TL (dB) describes here SEL attenuation vs. range

TL data are fitted to an X·log10(r)+a·r expression

• Single SEL750 of each piling strike is
calculated vs. time

Measured cumulative SEL (SELc) is
calculated for each identified piling
period containing N strikes:
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For an animal fleeing at vf speed (assumed 1.5 m/s) from an initial
distance r0. Dti is the time from the onset of piling of the i’th strike

𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚𝑖𝑖 = 𝑆𝑆𝑆𝑆𝑆𝑆750𝑖𝑖 + 𝑋𝑋 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10 750 + 𝛼𝛼 ∙ 750

Measured SELc ranged from 176 to 185 dB for the 3 identified piling periods and 2 hydrophone depths and based on r0=2000 m.

A total number of 11993 strikes were recorded. Single SEL ranged from 155 to 165 dB re 1µPa2.s with higher SEL data for the shallower receiver.

Examples of measured acoustic pressure time series (piling noise)

• The prognosis method from [1] seems well functioning with predicted SELc in the right range

• The non-use of scarers on site has a great impact on SELc results since a shorter initial
distance should then be used. An r0 of 100 m for this project leads to SELc up to 9 dB higher

• Initial high-energy strikes should be avoided since they are the strikes contributing most to
the SELc formulation

Acknowledgments: the authors would like to thank Thomas Thinggaard and Jan Havsager from Energinet.dk for their contribution to this pioneer work.

The substation is installed on a jacket structure, grounded in sandy bottom with 4 piles (Ø1.5 m, 64 m long, 1200 kJ hydraulic hammer). The last part of
the piles is driven using a pile follower and therefore piling consisted of 2 main sequences: to mid depth (no follower) and to full depth (follower).
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It is clear however that health of the pitch system may be discerned from the available data.  
The challenge is to identify how to combine together existing signals. Therefore, machine 
learning and data mining methodologies have been used to understand the pitch system 
normal behaviour. Observed deviations in SCADA data can be categorised as positive or 
negative in terms of the deduced risk profile. Consequently, critical modes of failure of the pitch 
system may be anticipated in advance using this combination of machine learning techniques 
and subject matter expert knowledge.

The proposed method involves an 
unsupervised one-class Support Vector 
Machine (SVM), used for novelty detection [4]. 
Given a set of samples, the SVM detects the 
soft boundary of that set. This is combined 
with expert knowledge of offshore wind 
turbine operation using a decision tree to 
define the final frontier of normal operation 
and assign an operation status variable 
(green, yellow, red) to the training data. Then, 
the K-Nearest Neighbour (KNN) classification 
technique is [5] used to assess new SCADA 
data observations and assign an operation 
status. The KNN model searches for a number 
of observations from the training data 
and then calculates the numerical distance 
between the unknown “status” of the new 
observation and the training data. Then the 
KNN model selects the nearest known status 
for the new observation. This methodology 
is less computationally demanding and will 
allow identifying anomalies in the pitch 
system operation. Anomalies can then be 
further analysed using more SCADA database 
variables to diagnose the failure mode and 
cause and thus, to plan proper O&M actions 
to avoid turbine downtime and reduce costs.

O&M Optimisation

KNN – supervised method
• Features: (Wind speed, blade position) or (wind turbulence,  

blade position) or (wind speed sdtv, blade position)

• Response (status): Normal (0) – green, Abnormal (1) – yellow,  
Failure (2) – red

Process
• Pick a value for K

• Search for the K (15 neighbours) observations in the training data 
that are “nearest” to the measurements of the unknown “status”. 

• Calculate the numerical distance between the unknown “status” and 
each of the training data and select the 15 known status nearest to 
the unknown status.

• Use the most popular response value from the K nearest neighbours 
as the predicted “response or status” value for the unknown status.

Unsupervised One-class SVM Subject Matter Expert Knowledge

Failure investigation  
and SCADA data analysis

Diagram for each blade pitch actuation circuit 
contained in the rotating hub

Nacelle

Assembly
Risk Priority Number 

(RPN)

Frequency Converter 38.3

Pitch System 33.9

Yaw System 30.8

Gearbox 30.1

Nacelle Auxiliaries 29.0

Control & Comm. System 28.1

Generator 27.6

Main Shaft Set 27.0

Tower 26.0

Power Electrical System 25.0

Foundation 24.6

Cable 24.0

Blade 21.0

Hydraulics System 18.0

Auxiliary Electrical System 17.8

Transition Piece 17.3

Nacelle Structure 16.0

Hub 12.0
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Abstract

With the introduction of Statoil’s Hywind 
Demo, the world’s first full-scale offshore 
wind turbine, and Hywind Scotland, 
floating offshore wind has become a 
reality. Building on an extensive offshore 
asset and risk management experience, 
Statoil and Lloyd’s Register introduced 
the concept of total risk analysis to 
the offshore wind industry. With the 
application of proven risk management 

methodology and techniques including 
quantitative calculations and qualitative 
assessments based on experience, risk 
assessments and an in-depth risk picture 
was developed. 

An emergency preparedness analysis (EPA) 
was an integral part of the risk assessments 
for both the Demo and the Pilot, aimed 
at identifying the various emergency 
incidents to plan for.

Objectives

The objective of the risk analysis was to 
identify and characterise risks related 
to the offshore assets, and quantify risk 
levels for personnel and assets. Where 
quantification was not possible due 
to insufficient data, a qualitative risk 

description was developed. The objective 
of the emergency preparedness analysis 
was to establish defined situations of 
accidents, and analyse performance 
requirements against anticipated 
emergency response arrangements.

Methods

The analysis was performed in accordance with proven risk analysis methodology. 
Offshore wind statistics have been, and still are, rather limited. The risk tolerance  
criteria applied were predefined by Statoil. 

Risk analysis (TRA)

• Step 1: systematic hazard identification. 
Result to be used as basis for barrier 
imple mentation. 

• Step 2: risk classification (frequency and 
consequence) of risks identified during 
step 1. 

• Step 3: risk picture in terms of risk matrix 
and risk indicators, qualitative and 
quantitative. 

The risk picture (right) was applied during 
the emergency preparedness assessment. 

Emergency preparedness analysis 
(EPA)

• Step 1: establish defined situations;  
ten (10) scenarios were established.

• Step 2: review response performance 
requirements according to LR’s  
EPA-methodology

• Step 3: establish the foundation for 
further development of emergency 
response plan taking the five phases of 
emergency response into consideration; 
(1) Alert, (2) Combat, (3) Rescue, (4) 
Evacuation and (5) Normalisation. 

According to best practice, emergency 
response should not be dimensioned 
to withstand two independent defined 
situations simultaneously (“double 
jeopardy”). It was assumed, however, that 
one incident may lead to another.

Main risk areas

  Fire/explosion

  Boat transport

  Vessel collision

  Embarking/disembarking

  Occupational hazard

Conclusion

The Hywind experience demonstrates 
that risk related to occupational hazard 
and marine operations (boatlanding and 
internal vessel traffic) are associated with 
the highest risks. However, much work 
has been done by Statoil over the last 

two years to introduce new technology 
and develop O&M structures to mitigate 
identified risks. Future offshore wind 
turbines are also expected to become even 
smarter, enabling O&M teams to further 
mitigate risks by managing technical issues 
remotely and by doing so reduce the 
need for personnel deployment offshore 

accordingly. Emergency response systems 
are the subject of similar development. As 
future farms will become even larger, and 
further out to sea, emergency response 
would benefit from being evaluated 
against specific performance requirements 
reflecting future operational models. 

Acknowledgments: the author would
like to thank Statoil.
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As an extension to Horns Rev 1 and 2 offshore wind farms, Horns Rev 3 is currently under construction 30 km off Denmark’s western coastline. While installation of the actual wind turbines has not yet
commenced, pile driving for a substation jacket foundation (4 piles) was completed in April 2016. The Danish Energy Agency and Energinet.dk previously defined a set of guidelines for underwater
noise [1] in the context of Horns Rev 3 project. In accordance with these guidelines, Lloyd’s Register carried out in-situ measurement of underwater noise propagation by means of an air-gun
(December 2015), and measurement of the actual pile driving noise (April 2016). Furthermore, a prognosis of the cumulative Sound Exposure Level (SELc) was made. The present paper presents the
findings from these steps, including comparison to the noise limits stated in the regulation. Practical experience from the measurements as well as the application of the guidelines is presented.

The piles are located in a square pattern with a distance between each pile of approx. 20 m in shallow water area (15 – 17 m).

Compliance with Danish guidelines [1] was verified by performing two sets of measurements at the site:

• Sound transmission loss (TL) measurements along two transects up to 3000 m distance (Dec. 2015)

• Piling noise measurements at 750 m during substation installation (April 2016)

The output data of the measurements were respectively used to:

• Predict cumulative Sound Exposure Level (SELc) (prognosis)

• Determine measured SELc data

• Piling period identification turned out being crucial for measured SELc results. The situation
was agreed to be - calculation wise - reset after 60 minutes of piling inactivity for this project.

• Lowest SELc (176-178 dB) are for the initial piling period, i.e. driving of all 4 piles to mid depth

• Measured SELc exceed by up to 2 dB the stated limit (based on the use of scarers). The newer
version of guidelines [2] states an SELc limit value of 190 dB, i.e. 7 dB less strict

Real-world application of Danish guidelines for 
underwater noise to the Horns Rev 3 substation

Benjamin Trimoreau, René Smidt Lützen
Lloyd’s Register, Denmark

PO.170

Abstract 

Measurement site and objectives

Methods

Conclusions

References

The measurements were made in accordance with Danish guidelines [1] including hydrophone depths and ranges.

Both sets of measurements are based on the same hydrophone setup:

• Deployment/retrieving of autonomous recorder(s) off a survey ship at each target receiver location - GPS data is logged during each process

• Autonomous recorder positions are maintained using a ballast (100 kg) on seafloor combined with subsurface and surface buoys.
Hydrophone setup 

(piling noise, April 2016)

1. “Marine mammals and underwater noise in relation to pile driving – Working group 2014”. Version date: 01/2015. Web link: https://ens.dk/sites/ens.dk/files/Vindenergi/underwater_noise.pdf (accessed April 2017)
2. “Guideline for underwater noise – Installation of impact-driven piles”. Energistyrelsen document. Version date: 04/2016. Web link: https://ens.dk/sites/ens.dk/files/Vindenergi/guideline_underwater_noise_april_2016_0.pdf (accessed April 2017)
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Early version of guidelines [1] prescribed SELc limit of 183 dB for harbour porpoise sand 200 dB for seals.

TL parameters (X=14.72 and a=0.00027) from the air-gun study were used to predict cumulative SEL based on 1) a piling noise source level
(SEL1m) from a third-party empirical approach and 2) method in [1] assuming proportionally between SEL and hammer energy on pile top.
Predicted SELc was 182 dB based on an initial animal range r0 of 2000 m, i.e. in the case where scarers were used prior to piling

Results

Sound transmission loss (TL) measurements (Dec. 2015)

• Characterize sound propagation of the site.

• At 33% depth (5.6 m below sea surface)

• Single air-gun (Bolt 600B) fired at substation (centre) location – acting a an acoustic point source

• Air-gun chamber size (0.4 L) selected for high-frequency acoustic horizontal propagation

• Fixed air-gun pressure (120 bars) to maintain source characteristics.

Piling noise measurements (April 2016)

• At 33% and 66% depths (5. 6 and 11.2 m below sea surface)

• At 750 m (+/- 3%) range (North-West transect)Air-gun

• Two flat transects (17 m): North-West and East

• Air-gun shots recorded at ranges 325, 500, 750, 1000,
1500 and 3000 m along each transect

• Single Sound Exposure Level (SEL in dB) of air-gun shot is
calculated for each range

• TL (dB) describes here SEL attenuation vs. range

TL data are fitted to an X·log10(r)+a·r expression

• Single SEL750 of each piling strike is
calculated vs. time

Measured cumulative SEL (SELc) is
calculated for each identified piling
period containing N strikes:
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For an animal fleeing at vf speed (assumed 1.5 m/s) from an initial
distance r0. Dti is the time from the onset of piling of the i’th strike

𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚𝑖𝑖 = 𝑆𝑆𝑆𝑆𝑆𝑆750𝑖𝑖 + 𝑋𝑋 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10 750 + 𝛼𝛼 ∙ 750

Measured SELc ranged from 176 to 185 dB for the 3 identified piling periods and 2 hydrophone depths and based on r0=2000 m.

A total number of 11993 strikes were recorded. Single SEL ranged from 155 to 165 dB re 1µPa2.s with higher SEL data for the shallower receiver.

Examples of measured acoustic pressure time series (piling noise)

• The prognosis method from [1] seems well functioning with predicted SELc in the right range

• The non-use of scarers on site has a great impact on SELc results since a shorter initial
distance should then be used. An r0 of 100 m for this project leads to SELc up to 9 dB higher

• Initial high-energy strikes should be avoided since they are the strikes contributing most to
the SELc formulation

Acknowledgments: the authors would like to thank Thomas Thinggaard and Jan Havsager from Energinet.dk for their contribution to this pioneer work.

The substation is installed on a jacket structure, grounded in sandy bottom with 4 piles (Ø1.5 m, 64 m long, 1200 kJ hydraulic hammer). The last part of
the piles is driven using a pile follower and therefore piling consisted of 2 main sequences: to mid depth (no follower) and to full depth (follower).
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Introduction and context
At 30% of levelised cost of energy (LCoE), 
operations and maintenance activities constitute 
a rational focus for the ambitious commitments 
for wind with regards reaching price parity with 
other forms of electricity production.

Currently maintenance tasks which are pre-
planned and scheduled in advance comprise 
just 60% of hours worked on turbines. There 
is ample scope for using predictive analytics to 
convert on-site fault diagnosis, reactive repairs & 
replacements into planned tasks – taking proper 
account of available spares, tools, technicians, 
vessels and weather windows.

Enabling optimal decision-making
At the day-ahead and real-time planning stages, optimal decisions can only be made if all the relevant 
information is used in algorithms for estimating high-level performance indicators which in turn are 
presented in a clear and simple form. This is an example of converting big data into small data – much 
more manageable for human decision-makers!

Design tools embedded  
within operations management software

For each component , whether it is the current or future reliability level which is being estimated, 
the remaining useful life is first estimated, from which is derived the risk of failure for each failure 
mode. Numerical models used during the wind turbine design phase enable estimates to be made of 
degradation and remaining life. Examples include discarding statistics of mean time between failure 
and substituting with mean usage to failure, which may imply counting the number of use cycles for a 
component or the fatigue damage due to stress cycles or thermal cycles. 

Integrating disparate information  
and knowledge within a single interface
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As an extension to Horns Rev 1 and 2 offshore wind farms, Horns Rev 3 is currently under construction 30 km off Denmark’s western coastline. While installation of the actual wind turbines has not yet
commenced, pile driving for a substation jacket foundation (4 piles) was completed in April 2016. The Danish Energy Agency and Energinet.dk previously defined a set of guidelines for underwater
noise [1] in the context of Horns Rev 3 project. In accordance with these guidelines, Lloyd’s Register carried out in-situ measurement of underwater noise propagation by means of an air-gun
(December 2015), and measurement of the actual pile driving noise (April 2016). Furthermore, a prognosis of the cumulative Sound Exposure Level (SELc) was made. The present paper presents the
findings from these steps, including comparison to the noise limits stated in the regulation. Practical experience from the measurements as well as the application of the guidelines is presented.

The piles are located in a square pattern with a distance between each pile of approx. 20 m in shallow water area (15 – 17 m).

Compliance with Danish guidelines [1] was verified by performing two sets of measurements at the site:

• Sound transmission loss (TL) measurements along two transects up to 3000 m distance (Dec. 2015)

• Piling noise measurements at 750 m during substation installation (April 2016)

The output data of the measurements were respectively used to:

• Predict cumulative Sound Exposure Level (SELc) (prognosis)

• Determine measured SELc data

• Piling period identification turned out being crucial for measured SELc results. The situation
was agreed to be - calculation wise - reset after 60 minutes of piling inactivity for this project.

• Lowest SELc (176-178 dB) are for the initial piling period, i.e. driving of all 4 piles to mid depth

• Measured SELc exceed by up to 2 dB the stated limit (based on the use of scarers). The newer
version of guidelines [2] states an SELc limit value of 190 dB, i.e. 7 dB less strict

Real-world application of Danish guidelines for 
underwater noise to the Horns Rev 3 substation
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The measurements were made in accordance with Danish guidelines [1] including hydrophone depths and ranges.

Both sets of measurements are based on the same hydrophone setup:

• Deployment/retrieving of autonomous recorder(s) off a survey ship at each target receiver location - GPS data is logged during each process

• Autonomous recorder positions are maintained using a ballast (100 kg) on seafloor combined with subsurface and surface buoys.
Hydrophone setup 

(piling noise, April 2016)

1. “Marine mammals and underwater noise in relation to pile driving – Working group 2014”. Version date: 01/2015. Web link: https://ens.dk/sites/ens.dk/files/Vindenergi/underwater_noise.pdf (accessed April 2017)
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Early version of guidelines [1] prescribed SELc limit of 183 dB for harbour porpoise sand 200 dB for seals.

TL parameters (X=14.72 and a=0.00027) from the air-gun study were used to predict cumulative SEL based on 1) a piling noise source level
(SEL1m) from a third-party empirical approach and 2) method in [1] assuming proportionally between SEL and hammer energy on pile top.
Predicted SELc was 182 dB based on an initial animal range r0 of 2000 m, i.e. in the case where scarers were used prior to piling

Results

Sound transmission loss (TL) measurements (Dec. 2015)

• Characterize sound propagation of the site.

• At 33% depth (5.6 m below sea surface)

• Single air-gun (Bolt 600B) fired at substation (centre) location – acting a an acoustic point source

• Air-gun chamber size (0.4 L) selected for high-frequency acoustic horizontal propagation

• Fixed air-gun pressure (120 bars) to maintain source characteristics.

Piling noise measurements (April 2016)

• At 33% and 66% depths (5. 6 and 11.2 m below sea surface)

• At 750 m (+/- 3%) range (North-West transect)Air-gun

• Two flat transects (17 m): North-West and East

• Air-gun shots recorded at ranges 325, 500, 750, 1000,
1500 and 3000 m along each transect

• Single Sound Exposure Level (SEL in dB) of air-gun shot is
calculated for each range

• TL (dB) describes here SEL attenuation vs. range

TL data are fitted to an X·log10(r)+a·r expression

• Single SEL750 of each piling strike is
calculated vs. time

Measured cumulative SEL (SELc) is
calculated for each identified piling
period containing N strikes:
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For an animal fleeing at vf speed (assumed 1.5 m/s) from an initial
distance r0. Dti is the time from the onset of piling of the i’th strike

𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚𝑖𝑖 = 𝑆𝑆𝑆𝑆𝑆𝑆750𝑖𝑖 + 𝑋𝑋 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10 750 + 𝛼𝛼 ∙ 750

Measured SELc ranged from 176 to 185 dB for the 3 identified piling periods and 2 hydrophone depths and based on r0=2000 m.

A total number of 11993 strikes were recorded. Single SEL ranged from 155 to 165 dB re 1µPa2.s with higher SEL data for the shallower receiver.

Examples of measured acoustic pressure time series (piling noise)

• The prognosis method from [1] seems well functioning with predicted SELc in the right range

• The non-use of scarers on site has a great impact on SELc results since a shorter initial
distance should then be used. An r0 of 100 m for this project leads to SELc up to 9 dB higher

• Initial high-energy strikes should be avoided since they are the strikes contributing most to
the SELc formulation
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The substation is installed on a jacket structure, grounded in sandy bottom with 4 piles (Ø1.5 m, 64 m long, 1200 kJ hydraulic hammer). The last part of
the piles is driven using a pile follower and therefore piling consisted of 2 main sequences: to mid depth (no follower) and to full depth (follower).

It has been Lloyd’s Register’s experience that 
40% of turbine outage is unscheduled or reactive 
and that 20% of time spent maintaining turbines 
is typically just to diagnose the cause of the 
stoppage! To minimise hours of lost production, 
target reliability levels are set for all components. 

In this case, the objective is to achieve a minimum target reliability, 
which is calculated throughout the life of the project, using 
combination of observed data, statistical parameters from industry 
standard databases, domain knowledge (designers, managers, 
technicians, suppliers) and simulations. By characterising the site, 
turbine-by-turbine and the reliability models of all failure modes, 
predictions can also be made about future reliability. When reliability 
levels fall below pre-determined thresholds, warnings are raised. If 
required the underlying data and assumptions may be revealed. This 
allows the causes and consequences of the degradation in reliability to 
be investigated.

Spare parts inventory, tools, available 
technicians, records of daily schedules, 
vessels and environmental constraints. 
Estimating lost production, safe transfer 
windows, engineering tools for vessel 
response under different conditions 
to enable categorisation of workboats 
– assist during planning and real-time 
management of operations.

Breakdown  
of maintenance  
activities

Number of  
failure modes

The culmination of 10 years’ 
development, Lloyd’s Register’s 
Axxim

TM
 software is directly 

interconnected with enterprise 
asset management software, 
such as IBM Maximo or SAP, 
enabling 2-way exchange of 
data and incorporating models 
of physics-of-failure, alongside 
statistical methods.

Risks associated with 
wind farm project arise 
at any stage

Physics, engineering 
and experience  
has a key role in failure 
prediction.

Beware statistical 
models not integrated, 
informed and 
interpreted with 
reference to domain 
knowledge!

Establishing a consistent definition of reliability 
enables the ranking of turbine components at two 
stages of the wind farm life cycle.

Optimal measures at design and planning 
stages to reduce the risks associated with failure 
modes identified via FMECA ([1], [6]) such as 
design improvements and condition monitoring 
hardware.

Optimal scheduling of inspections, repair and 
replacement tasks. Consequently the reasonable aim 
is for optimal investment in spare part inventory, 
tooling, training, vessels, technicians and overhead 
costs. This in turn enables intelligent planning of 
maintenance activities.

Design FMECA 6MW  
direct-drive WTG

Wind farm project life cycle Number of failure modes  
in single turbine

Fretting and pitting  
at sliding contacts

Stress cycles in gear teeth

Thermal cycles in  
electrical contacts

Aeroelastic  
analysis

Corrosion Stress cycles in  
mechanical components

Meso-scale models to forecast  
local conditions

Internet explorer  
vs Murder Rate

Augmenting statistics with physics and engineering 
knowledge to make more informed decisions
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Virtual sensors have been derived for locations 
in the structure without strain gauges using a 
combination of aeroelastic models and finite 
element methods. The minimum requirement is to 
use wind speed, yaw angle and electrical power 
generated from SCADA records.

To support smart maintenance planning and 
predictive maintenance for wind farm operations, 
Lloyd’s Register is supporting fundamental 
research and the development of new technology 
in the following areas: 

1. Short-term forecasting at turbine locations  
– waves, wind, currents, water depth.

2. Estimating safe transfer windows –  
incorporating simplified vessel response  
models for characterising CTVs

3. Statistical reliability of offshore fixed structures  
– incorporating models of models

4. Turbine in-service loading and accumulation of 
damage – electronics, structures, mechanical 
systems, linked with statistical reliability models 
and environmental forecasts.

5. Technology for remote presence at difficult-
to-access sites, wearable devices, streamlined 
exchange of data.

6. Synergies between workboat routes and 
bathymetric surveys, local scour.

7. Formal methods for quantitative risk assessment.

8. Safety culture, best practice, emergency 
preparedness, design of systems and testing  
of procedures.
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