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AERODYNAMIC FORCES CREATE ADDITIONAL TORSION

Wind turbine blades in 
operation deform due to strong 
forces.

TORSION ON BLADES
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Full scale test

No torsion Torsion

Blade in operation

Offset

Gravity pulls the blade back and 
forth as the turbine rotates

Panel waves

Twisting of the 
cross section Peeling

RISK
Torsion becomes incresingly relevant as 
blades grow in size.

Turbine size

R
isk

Edgewise forces bend the beam By creating an offset 
to the beam

Edgewise forces introduce 
torsion to the beam

A wind turbine blade 
resembles a beam

IMPACT ON BLADES

Wind forces 
create an offset of 
the blade tip.

Offset

4
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AIR

CRACK

Development of transverse crack2

Development of skin debonding

Development of transverse crack
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Development of skin debonding1

HISTORY

TRANSVERSE CRACKS HIGH RISK DAMAGE

Influence on blade sizeTransverse cracks lead to catastrophic blade failure

Skin debonding

Local panel bending

Transverse cracks

Local panel bending

Transverse crack

Pressu
re sid

e

High risk with catastrophic outcome Understand parameters driving deformations in 
the cracks region

Narrow down root cause

Different pressure 
side side curvatures

Root

Transition zone
Max chord

Mid span

Site conditions

Forces move 
panels up

Forces move 
panels down

Field observations Structural simulation Large-scale testing

Full-scale testing Sub-component test Conclusions

Damage observed in 
the field

Large-scale test with 
debonded area

Local panel bending 
observed and 
measured

Panel bending occurring 
on the pressure side near 
the trailing edge

Cracks occuring on the blade 
in the transition zone and the 
max chord area

A hypothesis was 
established

Pressure side

RISK AIM

1 3 5

2 4 6
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FIELD DATA & INSPECTION
STATE OF PRACTICE TRENDS
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O
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V
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SURFACE EROSION INDICATOR DETERMINING ROOT CAUSE

IN
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O
N

 D
A
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A
N

D
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N
G

DAMAGE INSPECTION

With outside surface inspections 
you only see the tip of the 
iceberg.

There are two ways of handling 
inspections today:

Only cosmetic issue.
No need to check the engine. 

No way of determining root 
cause without lifting the hood.

Detailed investigation of failure.

Hood lifted to 
determine issue.

Artificial Intelligence (AI) for data 
handling.

Using both NDT, outside and inside 
surface inspection you get the full 
picture of the blade’s condition.

Outside surface 
inspectionOutside surface 

inspection

Outside surface inspection
Outside surface inspection

Photos taken directly 
on each blade

Photos taken with drones or 
from ground.

Smoke from the engine
IndicatorSurface erosion NDT

AI handles the majority of 
the data handling

Individual cases are 
reviewed by people

Photos taken from ground.
No data handling afterwards.

Inspection reports

Inside surface 
inspection

Inside surface inspection

NDT (Non-
destructive 
Testing)

NDT (Non-destructive Testing)

1.

1. 2. 3.

2.
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Time

Optimized OPEXOptimized OPEX

Cost and risk 
optimal 
maintenance 
planning

Cost and risk 
optimal 
maintenance 
planning

Better/easier 
prioritisation 
Better/easier 
prioritisation 

Damage 
Categorisation

Damage 
Categorisation

PoDs
(Probability of Detection)

PoDs
(Probability of Detection)

Fracture 
Mechanics

(DTU)

Fracture 
Mechanics

(DTU)

FEM 
modelling

FEM 
modelling

Reliability modelReliability model

Cost modelCost model

Field DataField Data

Wind classWind class

MaterialMaterial

Blade typeBlade type

Decision ruleDecision rule Inspection
method
Inspection
method

Inspection 
interval
Inspection 
interval

Weather 
window
Weather 
window

Cost inputCost input

Stochastic 
realizations

OPTIMAL O&M
STRATEGY

USER INPUT

LOAD INPUT

CAR Tool

1 2 3 4 5

$ $ $ $ $ $

!

DAMAGE

CAR TOOL A DECISION SUPPORT TOOL

CURRENT VALUES

DATA FLOW ROADMAP TIMELINE
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More strategic decisions for WTO’s.

Cost & risk 
optimal maintenance strategy

Preventive maintenance. 

Operational & 
maintenance decisions Risk and reliability considered

in the decision-making. 

Risk considerations

Crack propagation 
rate (CPR) 
functions

Initial defect 
size

2021 August
•	 Initiation of CapEx and LCoE 

calculations
•	 Initiation of Lightning and 

Erosion aspects
•	 Shear web disconnection

2022 February
•	 Initiation of Wind farm 

considerations
•	 Initiation of Power curve 

implementations
•	 First draft of the ILE
•	 New standardised damage 

categorization

2023 February
•	 Second draft version of wind 

farm considerations
•	 Second version of the 

additional structural defects

2022 September
•	 Finalized Erosion and 

Lightning additions 

2023 June
•	 GUI update
•	 Documentation
•	 Trial period

2021 December
•	 Finalized CapEx and LCoE 

calculations
•	 First version of Lightning and 

Erosion considerations
•	 Starting the Improved Load 

Environment (ILE)

2022 June
•	 Finalization of Power curve
•	 First draft of the Wind farm 

functionality
•	 Second draft of ILE

2022 December
•	 First draft version of the 

additional structural defect
•	 Finalized model of ILE

2023 May
•	 Final version of wind farm 

considerations
•	 Final version of additional 

structural defects

3 51 7 9

2 4 6 8

Time
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optimal 
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Cost and risk 
optimal 
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planning
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Better/easier 
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Damage 
Categorisation

Damage 
Categorisation

PoDs
(Probability of Detection)

PoDs
(Probability of Detection)

Fracture 
Mechanics

(DTU)

Fracture 
Mechanics

(DTU)

FEM 
modelling

FEM 
modelling

Reliability modelReliability model

Cost modelCost model

Field DataField Data

Wind classWind class

MaterialMaterial

Blade typeBlade type

Decision ruleDecision rule Inspection
method
Inspection
method

Inspection 
interval
Inspection 
interval

Weather 
window
Weather 
window

Cost inputCost input

Stochastic 
realizations

OPTIMAL O&M
STRATEGY

USER INPUT

LOAD INPUT

CAR Tool

1 2 3 4 5

$ $ $ $ $ $

!

DAMAGE

ROADMAP Time

Optimized OPEXOptimized OPEX

Cost and risk 
optimal 
maintenance 
planning

Cost and risk 
optimal 
maintenance 
planning

Better/easier 
prioritisation 
Better/easier 
prioritisation 

Damage 
Categorisation

Damage 
Categorisation

PoDs
(Probability of Detection)

PoDs
(Probability of Detection)

Fracture 
Mechanics

(DTU)

Fracture 
Mechanics

(DTU)

FEM 
modelling

FEM 
modelling

Reliability modelReliability model

Cost modelCost model

Field DataField Data

Wind classWind class

MaterialMaterial

Blade typeBlade type

Decision ruleDecision rule Inspection
method
Inspection
method

Inspection 
interval
Inspection 
interval

Weather 
window
Weather 
window

Cost inputCost input

Stochastic 
realizations

OPTIMAL O&M
STRATEGY

USER INPUT

LOAD INPUT

CAR Tool

1 2 3 4 5

$ $ $ $ $ $

!

DAMAGE

MVP Holistic CAR Tool

FUTURE VALUES

Cost-optimal strategy for WTG-Farm
Best cost-optimal strategy for a 
specific wind turbine farm.

Find the farm where the most gain 
is obtainable.

Strategic decisions for WTO’s

Field Data Database

Fracture 
Mechanics

(DTU)

Cost-optimized 
strategies

User input

1 2 3 4 5

Damage
categorisation

Cost and 
reliability

(AAU)

C&R Tool

Time

Optimized OPEXOptimized OPEX

Cost and risk 
optimal 
maintenance 
planning

Cost and risk 
optimal 
maintenance 
planning

Better/easier 
prioritisation 
Better/easier 
prioritisation 

Damage 
Categorisation

Damage 
Categorisation

PoDs
(Probability of Detection)

PoDs
(Probability of Detection)

Fracture 
Mechanics

(DTU)

Fracture 
Mechanics

(DTU)

FEM 
modelling

FEM 
modelling

Reliability modelReliability model

Cost modelCost model

Field DataField Data

Wind classWind class

MaterialMaterial

Blade typeBlade type

Decision ruleDecision rule Inspection
method
Inspection
method

Inspection 
interval
Inspection 
interval

Weather 
window
Weather 
window

Cost inputCost input

Stochastic 
realizations

OPTIMAL O&M
STRATEGY

USER INPUT

LOAD INPUT

CAR Tool

1 2 3 4 5

DAMAGE

Time ! $ !

$
$
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$

!!

$ !
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$
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Randomness not applied vs randomness applied in modeling
DETERMINISTIC VS PROBABILISTIC MODELING

Define the available weather windows available to perfom 
operation and maintenance on a wind turbine blade.

Physics models, e.g. fracture mechanics 
models and loads.

Deterministic  Probabilistic

Rain or snow

PARAMETERS

Wind

Waves

A deterministic crack propagation rate (CPR) function doesn’t 
take uncertainty into account because randomness is not applied. 
It outputs the same values as the input. 

The probabilistic crack propagation rate (CPR) function works 
by considering the uncertainties. This is because randomness is 
applied. The function outputs average values of the different inputs.

Uncertainties are consideredUncertainties are not considered

Function input (blade data, 
load data)

WEATHER UNCERTAINTIES

MODEL UNCERTAINTIES

UNCERTAINTIES
I n  r e l a t i o n  t o  t h e  w i n d  i n d u s t r y

+ =

FIELD DATA

The probability of detection (PoD) varies with the type 
of defect and the different on site detection methods.  

Improve crack predictions with field data

Very low accuracy for 
debonds. For surface 
cracks it is highly 
dependent on the user 
experience and the size of 
the damage. 

Low accuracy for surface 
cracks, but increased 
accuracy for debonds.

VISUAL 
INSPECTION

NDT

The field data can be used to adjust the CPR (crack propagation rate) function according to the field recordings. In 
order to achieve this, repair/inspection reports from a particular damage type on a specific blade should be used.

The initial crack propagation rate 
(CPR) function.

CPR  function fitted or adjusted to the 
field observations.

Field observations of a 
particular wind turbine blade.

MEASUREMENT UNCERTAINTIES

Time
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 RISK =  PROBABILITY x  COST

RISK

PROBABILITY Probability of blade failure

Risk in decision making

MAINTENANCE 
STRATEGY

1

2

3

4

5

REPAIR 
ACTION

Size 
above X 
mm

Size 
above X 
mm

Size 
above X 
mm

Size 
above X 
mm

Size 
above X 
mm

INSPECTION 
FREQUENCY

1y

2y

3y

4y

5y

INSPECTION 
COSTS

x1 x1 x1 x1 x1

x2 x2 x2 x2 x2

x3 x3 x3 x3 x3

x4 x4 x4 x4 x4

x5 x5 x5 x5 x5

DOWNTIME 
COSTS

REPAIR 
COSTS

OVERALL 
COST

RISK

Onshore decent 
conditions

Offshore 
conditions

Onshore extreme 
conditions

Medium 
probability

- Or likelyhood

High 
probability

Better decision making 
can be achieved this 
way, as it includes 
both cost and PoF 
(Probability of Failure). 

By calculating the risk 
for each maintenance 
scenario, the final de-
cision could be made 
easier even when the 
individual costs do not 
significantly differ

Low 
probability

RISK COST & PROBABILITY
W h a t  i s  r i s k  a b o u t  i n  w i n d  i n d u s t r y

Probability

Cost

COST

Risk scenarios

Keep it running with risk of 
replacing the blade. 

Risk examples

Allow damage under a 
certain size and then 

perform repair actions

Repair everything, apply 
inspections fully preventive

Expenses

Cost decision alternatives

CO
STStaff

Weather Transport

Downtime

New blade
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Staff
Staff

Staff
Repair Repair

RepairDown
time

Down
time

Down
time

Risk 1 Risk 2 Risk 3Cost Cost CostPoF PoF PoF

$$

$

$

$
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BLADE

BLADE

BLADE

PAST

PA
ST

PR
ES

EN
T

FU
TU

RE

PRESENT

! !? !?

WTO

OEM

Insurance

Energy

??

Income

WTO’s minimize 
risk by being 
insured

$

$

End of warranty

Responsibility

warranty
$

-$ -$

-$

$

WTO

OEM

Insurance

Energy

??

Income

Subsidies

$
$

Subsidies
$

$

$

$

-$ -$
WTO

OEM

Insurance

Energy

??

Income

WTO’s minimize 
risk by being 
insured

$

$

End of warranty

Responsibility

warranty$

-$
-$

-$

$

OEM WTO

! !? !?

WTO

OEM

Insurance

Energy

??

Income

WTO’s minimize 
risk by being 
insured

$

$

End of warranty

Responsibility

warranty
$

-$ -$

-$

$

WTO

OEM

Insurance

Energy

??

Income

Subsidies

$
$

Subsidies
$

$

$

$

-$ -$
WTO

OEM

Insurance

Energy

??

Income

WTO’s minimize 
risk by being 
insured

$

$

End of warranty

Responsibility

warranty$

-$
-$

-$

$

OEM WTO

INSURANCE

ISP

FUTURE

VALUE CHAIN BLADES
A n  o v e r v i e w  i n  t i m e  o v e r  O & M  i n  w i n d  i n d u s t r y

CAPEX

CAPEX

CAPEX

OPEX

OPEX

OPEX
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There is a direct link 
between WTOs and OEMs. 
WTOs have limited 
knowledge and there is a 
big conflict between parties 
regarding who will take the 
responsibility in case of a 
claim.

The market is more mature 
and all partners are working 
on minimizing the risk and 
maximizing the energy output 
(AEP).

In the post EOW period 
WTOs can select between 
service agreements by OEMs 
or stand-alone O&M. 

Some ISPs have a strong 
collaboration with OEMs. 
Others work with WTOs or 
both segments.

No subsidies + More competitiveness + Higher cost pressure

! !? !?

WTO

OEM

Insurance

Energy

Income

WTO’s minimize 
risk by being 
insured

$

$

End of warranty

Responsibility

warranty
$

-$
-$

-$

$

OEM

WTO

OEM

Insurance

Energy

Income

Subsidies

$ Subsidies

$

$

$

-$ -$
WTO

Insurance

Energy

Income

WTO’s minimize 
risk by being 
insured

$
$

End of warranty

Responsibility

warranty$

-$ -$

-$

$

$ $

! !? !?

WTO

OEM

Insurance

Energy

Income

WTO’s minimize 
risk by being 
insured

$

$

End of warranty

Responsibility

warranty
$

-$
-$

-$

$

OEM

WTO

OEM

Insurance

Energy

Income

Subsidies

$ Subsidies

$

$

$

-$ -$
WTO

Insurance

Energy

Income

WTO’s minimize 
risk by being 
insured

$
$

End of warranty

Responsibility

warranty$

-$ -$

-$

$

$ $

Motivation

TURBINE		  0 - 3 MW

ROTOR SIZE		  20 - 100 m  

HUB HEIGHT		  80 m

TURBINE		  4 - 12 MW

ROTOR SIZE		  100 - 200 m  

HUB HEIGHT		  100 - 120 m

TURBINE		  +12 MW

ROTOR SIZE		  +220 m  

HUB HEIGHT		  130 - 160 m

cortir
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1 2 3 4 5

Theme A: Cost and Risk Tool

Th
em

e 
B:

 Sh
ea

r W
eb Disbonding and new Retro�t Solution

Theme C: New Innovative Field Inspection Strategy

Implementation

Data-Analysis

Test program at DTU
FEM numerical 
studies

Field installation

Field measuements Project Finalisation
Results

Create Guidelines

Blade damage 
observations

Structural Knowledge

Blade Catalog

Added failure types

Analyze maintenance strategies 
through the Cost and Risk Tool 
(CAR Tool).

CAR Tool will provide data to 
NIFIS about the cost and risk of 
applying different maintenance 
strategies.

INSURANCE

! !? !?

WTO
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Insurance
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Income

WTO’s minimize 
risk by being 
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$

End of warranty
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Income
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WTO

OEM
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??

Income

WTO’s minimize 
risk by being 
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$

$

End of warranty
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warranty
$

-$ -$
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WTO

OEM
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??

Income

Subsidies

$
$

Subsidies
$

$

$

$

-$ -$
WTO

OEM

Insurance

Energy

??

Income

WTO’s minimize 
risk by being 
insured

$

$

End of warranty

Responsibility

warranty$

-$
-$

-$

$

OEM WTO

ISP

ISPs will obtain the needed 
engineering support, acquiring the 
ability to support the WTOs and 
increasing the effectiveness of their 
collaboration with the OEMs.

Address the true root cause and 
select reliable retrofit solutions.

An improved categorization 
scheme takes a damage tolerance 
approach into account.
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Structural 
reinforcement

Structural 
reinforcement

High density 
foam insert

LIGHTNING PROTECTION

NOTHING IS DONE

LIGHTNING SCENARIOS

INTERIM
 SOLUTION

PREVENTION

Preventive repair

No preventive repair

Interim repair

Lightning strikes

Lightning strikes Tip split open

Lightning strikes

Turbine continues

Turbine continues

No preventive action 
taken against lightning.

No preventive action 
taken against lightning.

Temporary repair 
solution is installed.

Lightning hits blade. No further repair 
necessary. 

Repair solution installed to 
prevent lightning damage. 

Until weather enables a 
full repair. 

Lightning hits blade. Complete blade failure. Rotor 
stops until repair is possible.
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A combination of two above mentioned could also be a possibility.

HIGH RISK DAMAGE

POTENTIAL  REPAIR SOLUTIONS

Interim vs preventive cycles

Fiberglass rod  

High density foam

C
o

nd
uctive p

aint/tap
e

M
et

al
 fo

il

Structural 
reinforcement

X X Extra support to
adhesive. 

May prove difficult
to remove after
installation. If a
full repair is to be
performed.

Low-temperature 
adhesive

X Can be applied to 
rejoin the tip of the 
blade. 

Could prove difficult 
to apply in harsh 
weather conditions.

Shock absorbing 
material

X Absorb energy 
from the shock 
wave overpressure.

Difficult to install.

Aluminum/Metal 
foil around the 
blade

X Will provide 
protection from 
direct lighting arc.

Difficult to install and 
fit the blade’s surface.

High density foam 
insert at the tip.

X It will keep the 
area dry and 
consequently 
preventing the 
arc penetrating 
through the tip. 

Possible weight 
issues and difficult to 
apply.

Conductive paint/
tape

X Will keep the 
current at the 
surface.

Uncertain regarding 
feasibility.

Concept Pr
ev

en
tiv

e

In
te

rim

Strength Weakness

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

Interim Installation

Winter

Summer

Pr
ev

en
tio

n
In

sta
lla

tio
n

Re
pa

ir

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP
AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP

AEPAEPAEP AEP
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COLLECTION

CORTIR Project

Cost and Risk Tool for Interim and Preventive Repair – 
includes the development of a sophisticated, yet user 
friendly,  numerical tool (CAR-Tool) to optimize the 
management of turbine blade maintenance in terms 
of risks and costs, with the main focus to reduce the 
Levelized Cost of Energy and secure alignment towards 
maintenance throughout the full value chain. 
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