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1 FOREWORD
The Wind Energy sector has experienced a huge growth in installed capacity during the last years.
The current trend is focused to install big offshore wind farms. This, added to the aging of existing
onshore parks, makes operation and maintenance (O&M) one of the critical tasks for ensuring a
cost-effective exploitation of wind farms. O&M cost might easily have an average share over the
total lifetime of the turbine ranging approximately from 20% to 35% of total levelized cost per kWh
produced1. Besides that, there is a general agreement within the European wind energy industry
on the fact that the sector is suffering an increasing shortage of skilled labour. The industry has a
large proportion of vacancies for highly skilled personnel, and companies are already experiencing
difficulties in filling these positions. A recent report from the TPWind Platform established that
nearly 50,000 additional trained staff will be needed by the industry by 2030. By that year, O&M
will become the greatest source of new jobs and demand for trained staff2. Moreover, the Roadmap
on Education and Training of the SET Plan3 recommends the creation of networks of universities
and other relevant higher education institutions, to address knowledge, skills and competences
needs and gaps. Regarding Wind Energy, the Roadmap recommends several actions promoting the
establishment of high education programmes, Master and PhD levels. Moreover, for those
programs, the Roadmap suggests to link and/or to help to develop beyond the current status the
European Academy of Wind Energy4.
The Advanced Wind Energy Systems Operation and Maintenance Expertise (AWESOME) project5
was launched to address the previously mentioned challenges. The main goal of AWESOME is to
shape a critical mass of new expertise with the fundamental skills required to power the scientific
and technological challenges of Wind Energy O&M. Additionally, the network will constitute a core
for a world-class cluster of European research expertise in Wind Energy O&M, gathering reference
experts in all the disciplines required by O&M, that includes electricity, electronics, mechanics,
communication technologies, meteorology, statistics, economics & finances, logistics, managerial
aspects, etc. Eleven fellows are being trained while performing R&D projects, aiming to optimize
the O&M of wind energy by means of an integrated research program looking for three main
scientific goals:
• To develop better O&M planning methodologies of wind farms for maximizing its revenue.
• To optimise the maintenance of wind turbines by prognosis of component failures.
• To develop new and better cost-effective strategies for Wind Energy O&M.
The training program of the fellows covers not only their main task, accomplished in their host
institution, but also a variety of training events to be held at different places. The fellows are
working at their home institution, in a specific research project, pursuing a doctoral degree. They
also will assist to intra-network activities including academic and industrial secondments and

I. El-Thalji and J. P. Liyanage (2012). "On the operation and maintenance practices of wind power asset. A status review
and observations." Journal of Quality in Maintenance Engineering 18(3): 232-266.

1

European Wind Energy Technology Platform (2013). Workers wanted: The EU wind energy sector skills gap. April 1, 2014.
<http://www.windplatform.eu/fileadmin/ewetp_docs/Bibliography/Training_report.pdf>

2

3 Joint Research Centre – Institute for Energy and Transport (2014). Strategic Energy Technology (SET) Plan Roadmap on
Education and Training, E. Commission. April 2, 2014.
<http://setis.ec.europa.eu/system/files/SET%20Plan%20Roadmap%20on%20Education%20and%20Training.pdf>

4

http://www.eawe.eu

5

http://www.awesome-h2020.eu
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training courses designed specifically for the objectives of the AWESOME project. Summer Schools,
Scientific Conferences and Joint Industry Workshops will cover the inter-network training activities.
The 1st Joint Industrial Workshop was held in Berlin from 16 to 19 February 2016. It was the first
public activity of the project and was attended not only by the members of the project consortium
but also by people coming from wind industry. The Workshop was divided into two different parts.
On the first day, the industry partners presented problems of their interest in a round-table shaped
session. As a result of the session, two problems were selected and presented to the fellows. The
second part of the workshop was devoted to the work of the fellows on the industry proposals.
They spent the next two days working on them. During this time, they split into two groups, each
one working on a different problem. Brain storming and work group techniques were used in order
to provide answers to the raised questions. Finally, they wrote a final report containing their
contributions and conclusions.
This document represents the outcomes of the 1st Joint Industrial Workshop of the AWESOME
project. It contains two reports giving answers to the problems presented by the industry partners.
I am happy to say that, in my point of view and taking into account the time and format constrains
of the workshop, the results provided by our students meet the expectations we have placed in
them. Both reports contain fresh and innovative insights giving a preliminary answer to the
problems posed by the industry partners.
Finally, I would like to thank everyone involved in the success of the workshop, the project
beneficiaries, the fellows and specially the industry partners for their valuable contribution and for
their time.
Prof. Dr. Julio J. Melero
AWESOME project coordinator
CIRCE - University of Zaragoza

1st Industry workshop – Scientific Report

4

Document: 1st Joint Industry Workshop – Scientific Report
Editor: J.J. Melero, M. Muskulus, U. Smolka
Reference: AWESOME ID EC-GA:642108

Version: 1.0
Date: November 2016

2 SCIENTIFIC INTRODUCTION
The Advanced Wind Energy Systems Operation and Maintenance Expertise (AWESOME6) project is
a European Training Network funded as part of the Marie Skłodowska-Curie actions under the
Horizon 2020 framework of the European Union. The aim of the network is to prepare eleven EarlyStage Researchers for a successful future career in both the wind energy industry or in academic
research, while at the same time advancing the existing knowledge in a number of important topics.
This is mainly achieved by training-through-research, which shall ultimately lead to the awarding of
doctoral degrees to the eleven students, but also through a number of technical and
complementary training events that were individually designed for the specific requirements of this
project.
The Joint Industry Workshop held in Berlin this year is one of these specific training events. The
format of the workshop has been inspired by the highly successful European Study Groups with
Industry that were initiated in Oxford in 19687. The aim of these study groups is to provide a forum
for applied mathematicians and interested industrial partners for jointly tackling industriallyrelevant problems. The typical workshop is sponsored by industry8 and run as a week-long event.
On the first day the industrial partners each present a problem that they deem relevant for their
business interests, and for which they seek new ideas or approaches9. The academic participants
then form groups that spend the next two to three days working on a single problem, often with
some materials (data, publications, software) provided by the industry, and ideally with an industry
representative regularly present for further clarifications. On the final day each group presents their
ideas, solution strategies and results to the industry and the other participants. After the workshop
a written report is prepared and there are ample opportunities for further joint work on the
problems, including the possibility for publishing the findings in an academic journal, as seen fit by
the individual participants.
As this format originates in mathematics, it had to be somewhat adapted to the specific needs of
the AWESOME project, in particular the smaller size of the event (in terms of academic participants)
that allowed for only two problems to be addressed in sufficient detail. The biggest challenge,
however, was to find industry participants willing to share their technical problems in an open
forum, including a significant investment in terms of their valuable time spent at the workshop.
Since the AWESOME Joint Industry Workshop was run for the first time, its intent and potential
usefulness could not be easily evaluated by the industrial partners before the event. In order to
lower the threshold, we did not expect industry participants to prepare detailed problem
descriptions before the event (as we would ideally have liked), but started the workshop with a
high-level round-table discussion aimed at identifying the two most interesting problems for the
6

http://awesome-h2020.eu/
http://miis.maths.ox.ac.uk/how/
8
Typically this covers catering and hotel accommodation for all academic participants.
9
A recently held workshop in the Netherlands illustrates the type and typical scope of these problem
statements: http://www.ru.nl/math/research/vmconferences/swi-2016/problems/
7
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participants to work on. These problems were then presented to the students who spent the next
two days working on them.
I am very happy to see the outcome of this event, as documented in this report. The industrial
partners contributed with interesting insights, active participation and clearly helped to steer the
discussions toward relevant issues. Although it is not easy to see directly in this report, their input
to the workshop was essential and has been highly appreciated by all of us. The round-table
discussion quickly converged upon two themes of major current importance for the field of
Operations & Maintenance. These are separately discussed in the two main parts of this report,
which were authored by the students involved in these groups. The students worked intensively,
and had the additional challenge that they had to organize and structure their work themselves
(with only occasional hints from us organizers), integrating different thinking and working styles, as
well as different cultural backgrounds. For many of them this was likely the first experience with
such an open work environment, in a closely knitted team, and we consider this a valuable
experience.
Both student contributions are interesting, even more so when considering the constraints of the
workshop, i.e., the limited time. The work is of sufficient quality that we aim to present and publish
these insights also in a peer-reviewed version in a broader scientific forum.
The first contribution, on “Inputs for health assessment of wind turbines – Use of transfer
functions”, considers the issue that current sensor technology allows for readily measuring and
recording a great number of different diagnostic information in a wind turbine, but of course all
these different monitoring systems have their price. How can the available information from
different sensors be advantageously and economically combined? The main idea is that one sensor
system could probably be used to measure not only the status of one component, but might provide
(possibly quite indirectly and/or in combination with other, then cheaper sensors) information on
other components as well, although typically with reduced accuracy. Suitable combinations of
sensor systems could then provide more economical solutions for monitoring the health status of
a wind turbine and its components than currently realized. This is an interesting and innovative
idea, but poses many challenges, as discussed in the text. It is not clear currently how to achieve
this in practice, i.e., many details still need to be worked out.
The second contribution, on “Key Performance Indicators for Wind Farm Operation and
Maintenance” starts with a stakeholder analysis and addresses the need for a small set of indicators
that allow the stakeholders to quickly and efficiently determine the status of their assets. In other
words, KPIs should summarise the available data about the status of a wind farm in a concise form.
A suggestion is made for the properties that such key performance indicators (KPIs) should exhibit,
e.g., that the KPIs are measurable, in a standardized way, and the requirement that KPIs can be
compared sensibly for different wind farms. The major existing KPIs are reviewed with respect to
these properties. Such an overview has not really been available in the literature so far, and seems
quite useful therefore. Especially the explanation of financial KPIs might be interesting to engineers
1st Industry workshop – Scientific Report
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that encounter these for the first time, and provides useful references for further study. Of course
the comparative study of KPIs is only a first step toward defining and standardizing better KPIs, and
more detailed studies of specific KPIs and the issues of their implementation are probably needed,
that could not be addressed here.
As workshop organizers, we have learned a number of important things. First and foremost, I think
it is safe to state that the format of this workshop is adequate for its intended goals, and that
participation is well worth the effort. This seems definitely true from the academic side, as the
students and their supervisors might readily confirm. On the industrial side, we are very much
interested in feedback on the usefulness of the exercise, for which this report is instrumental. That
concluded, we are happy to remind the reader that this workshop will be repeated in early 2017.
Of course, we will try to improve the format even further, and we hope that industry will see the
value of participating again, this time with their own detailed problems, prepared in advance, that
are even closer to their own interests.

Prof. Dr. Michael Muskulus
Scientific Workshop Coordinator
Norwegian University of Science and Technology (NTNU)
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3 THE INDUSTRIAL PERSPECTIVE
The wind industry is in a stage of maturing, learning based on experience, establishing guidelines
and best practices, adopting state-of-the art of other industries while the pressure to cut the costs
is increased through the lately announced concession tender frameworks across Europe. The wind
industry to be able to successfully cut costs in the near future requires the key market players to
provide their vision and approach to solving the present multidisciplinary challenge in a dialogue
with academia. As part of this joint effort between industry and academia workable solutions from
different disciplines, adaptations to wind and true innovations have been already developed in the
format of concepts, like risk based inspection planning, in the format of mathematical frameworks
like probabilistic maintenance decision models, and improved design models. Ramboll as major
player in the wind consultancy business endorses the need to bring further down operational
expenses, achieving a reliable and cost effective contribution to the energy mix of the future
through strengthening the link between academia and industry.
The Advanced Wind Energy Systems Operation and Maintenance Expertise (AWESOME) network is
driven by seven universities across Europe and Ramboll as industry partner. Each of these partners
is hosting a PhD student for a period of three years, providing them with the possibly best
environment to follow their studies and supporting them in cross-disciplinary and cross-country
knowledge exchange through secondments. As industry partner Ramboll takes an active role in the
network by hosting a PhD student with R&D activities in lifetime extension of offshore wind turbine,
by providing industry standard tools, market contact, key market insights and by facilitating the
dialogue between academia and industry.
On behalf of the AWESOME network, Ramboll invited key market players to the 1st industry
workshop held in Berlin to participate in an expert round on O&M of wind. Within a short period of
time the workshop achieved the desired number of signs ups from industry representatives
involved in various operational fields of the wind industry like offshore and onshore operator,
SCADA data specialist, monitoring system consultancies, turbine and foundation designer and
applied research institutes. This clearly shows the commitment and willingness to enter the
suggested dialogue on both sides.
The industry representatives were encouraged in advance to forward their O&M problem
statement to the Early Stage Researchers. However, it became quickly apparent that the
formulation of a problem statement that is clear, generic but specific enough to be worthwhile
assessing during a four day workshop was rather difficult to achieve in advance. Thus an entire
afternoon has been used to first collect diverse ideas on burning problems in the industry in small
mixed teams. The ideas on key challenges in O&M cost reduction were collected on flipcharts and
presented to the audience consisting of industry and academia representatives. Surprisingly, the
topics presented by the individual groups showed significant overlap. Thus, the second stage of the
process where everybody entered a moderated discussion process lead to efficient condensation
of the multitude of topics into two main areas of optimization interest. In a nutshell: What
1st Industry workshop – Scientific Report
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measurement data is required for cost optimal operation? What is the optimal set of KPIs for wind
farm management?

Figure 1 Fist stage of the problem definition in small working group (left picture) and presentation of
the problem statement to the early stage researcher (right picture).

Eventually the early stage researchers (ESR) were invited to the presentation of the problem
statements where a lively discussion started to understand the background and needs of the
industry in more detail. The input the two ESR groups received through this dialogue laid the
foundation for detailing a feasible approach to tackling the problem statements within four days.
The results achieved by both groups and documented within this report clearly shows the strength
of this multidisciplinary network where industry problems statements have been approached from
a new perspective angle with ideas worth considering in O&M practice.
Recently, there is a dispute in the wind industry whether big data will be able to provide valuable
information on maintenance decision. Instead of arguing for or against big data architectures, the
working group “Optimization of Data Acquisition in Wind Turbine” advocates an innovative
framework to reduce the complexity in data by systematically excluding redundant measurements
and datasets once the monitoring goal is clear.
The working group on “Key Performance Indicators for Wind Farm Operation and Maintenance”
was able to demonstrate the feasibility and the benefits of unified key performance indicator (KPI)
definition. These unified KPIs when applied industry wide will allow benchmarking and O&M
improvement analysis based on common definitions.
As workshop organizer we were in the lucky position to bring a number of talented, motivated and
experienced people to one desk. The results achieved are encouraging a second workshop where
the open format can be further developed to a case study specific setup.
Ursula Smolka
Industrial Workshop Coordinator
Ramboll Wind – Asset Management
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4 PROBLEM STATEMENT 1:
OPTIMIZATION OF DATA ACQUISITION IN WIND TURBINES WITH
DATA-DRIVEN CONVERSION FUNCTIONS FOR MEASUREMENTS
Corresponding Author: Lisa Ziegler (lisa.ziegler@ramboll.com)
Authors: Estefania Artigao, Lorenzo Colone, Ravi Pandit, Maik Reder, Jannis Weinert, Lisa Ziegler

4.1 Abstract
On the way to reducing maintenance costs, the industry goes towards gathering large amounts of
monitoring data from wind farms. However, a lack of capabilities to interpret the data for conditionbased maintenance is observed. Current experiences make it questionable if the trend towards
more sensor applications is effective for cost reduction. Further development is needed to identify
which monitoring investments are beneficial. Through creative brainstorming, an innovative
research idea was developed which focuses on the identification of synergies between
measurements of different physical parameters. The goal is to build data-driven conversion
functions between measurements in order to understand which sensors are important and which
dispensable. This leads to an economic benefit by banishing unnecessary monitoring equipment
but also increases the accuracy of health assessment of wind turbine components through
improved understanding of sensor signals. This report outlines the research idea and gives a brief
suggestion on an analysis approach, benefits, challenges, and future work.

4.2 Introduction
The operation and maintenance (O&M) costs of wind turbines account for about 10-15% of the
overall energy generation cost for onshore wind turbine [1] and 25-30% for offshore wind
turbine [2]. According to the bathtub shape of the failure rate function over lifetime, O&M costs
can reach up to 35% for wind turbines approaching their end of life [3]. Throughout many years of
experience in other industrial sectors, such as the oil and gas sector, condition based maintenance
has become an established and cost-effective maintenance strategy (cf. [4], [5]).
Mechanical systems in wind turbines (such as gearboxes, generator and rotating parts) have
complex degradation and failure patterns. To cope with this challenge, the wind industry nowadays
uses many sensors to monitor parameters which could potentially provide useful information
regarding the health status of each component. This involves monitoring variables such as vibration,
temperature, fluid pressure, electric current, and number of particles in lubricants.
Industry representatives stated in this workshop that they acquire large amounts of monitoring
data from wind farms, but lag the capability to translate the data into useful information for
reducing O&M costs. Central obstacles are (I) uncertainties in the interpretation of monitoring data
to identify component conditions (e.g. problem of false alarms), and (II) cost of monitoring
equipment, its maintenance throughout turbine lifetime, and data processing. Further research is
required to answer questions concerning data acquisition:
1st Industry workshop – Scientific Report
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1. What, where, and how to monitor which parameters in order to reduce O&M costs? Which
monitoring investments pay off?
2. Can the necessary information be provided with a reduced number of monitoring sensors
compared to current practise?
The goal of this report is to present a novel research idea on how to approach these questions. The
suggested research introduces data-driven conversion functions to find synergetic effects between
different measurements. These conversion functions combine measurements from Supervisory
Control And Data Acquisition (SCADA) and Condition Monitoring Systems (CMS) at different
locations to find complex relationships among turbine parameters. This allows identifying
dispensable sensors but also justifies the application of independent sensors. In addition, false
alarms can be reduced through an increase in certainty of signal evaluation. A rough framework on
how to develop the conversion functions is sketched in the following considering available
knowledge in health assessment and suitable modelling algorithms.
In Section 4.3 a brief review is conducted to analyse the severity of wind turbine component failures
and current ways of condition monitoring. Section 4.4 provides a brief outline of the proposed datadriven conversion functions, followed by discussion in section 4.5. Section 4.6 gives an outlook on
recommended future research.

4.3 Severity of failures and current monitoring techniques
Understanding critical component failures, downtimes, and the impact on cost of energy is crucial
for optimization of monitoring set-ups. A summary of failure surveys and current sensing
technologies is provided below.

4.3.1 Failure rates
Failure of wind turbine components and their frequency of occurrence depend on several factors.
Failure rates, repair costs and downtimes vary for different wind turbine technologies, such as
onshore/offshore, geared/gearless, rated power, converter type, age, and site location. However,
up to now, literature does not uniformly use existing classifications of turbine subassemblies and
components (taxonomies) in reliability databases.
A study of Swedish wind power plants [6] shows that the majority of failures are linked to the
electric system (17.5%), followed by sensors (14.1%), and blade/pitch components (13.4%).
Another study concerning Danish and German wind power plants [7] shows the same tendency.
Data presented in [8] and [9] support similar trends, in which electrical systems, rotor (hub and
blades) and converter are the subassemblies with highest failure rates. Taking into account failure
frequencies only, one can assume that the biggest contributors to wind turbine downtime are the
electrical system and electrical control areas - while mechanical subassemblies, gearbox, generator,
and blades have a lower impact. However, once the downtime per failure has been taken into
account, the gearbox, generator and blades become most critical in terms of lost operational hours
[8].
According to [3], gearboxes are responsible for the highest downtime of all subassemblies. It has
been reported in [10] that failures often have root causes in drive train subsystems (main shaft and
1st Industry workshop – Scientific Report
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bearings, gearbox, rotor, blades, and generator). This, combined with high mean times to repair
and costs of the mentioned components, make drive trains a valuable area to focus for condition
monitoring. Similar conclusions can be extracted from [11]. The electrical system has the highest
failure rate; however, the highest downtime per failure is caused by gearboxes. It is also possible
to conclude from [11] that 75% of all faults cause 5% of the total downtime, while the remaining
95% of the downtime is caused by only 25% of the total number of faults.
Due to accessibility issues, reliability of offshore wind turbines becomes even more important, as
wind farms are located in larger distance from shore. The results of a study of failure rates and
associated repair times of 350 European offshore wind turbines are provided in [12]. In the
mentioned study, pitch and hydraulic systems are the greatest contributors to the overall failure
rates of an offshore wind turbine. The category of ‘other components’ is the second biggest
contributor. This includes failures of auxiliary components, such as lifts, ladders, hatches, doors and
nacelle seals. Generator, gearbox and blades are the third, fourth and fifth biggest contributors to
the overall offshore failure rates.
When analysing failure rates and required replacement strategies for each component, one can
observe that the two categories, which were the major contributors to the wind turbine failure rate,
required only minor repair actions. On the other hand, the third and fourth biggest contributors to
wind turbine failure rates required major replacements. Here, the generator was the greatest
contributor to major repairs. The lack of major repairs or replacements in the other components
category is explained by the fact that the majority of repairs are lifts, ladders, hatches and seals, i.e.
small-value components. One could anticipate that the biggest repair times were caused by the
major replacements category, as confirmed by the results presented in [12]. The top three average
repair times occur in the hub, blades and gearbox, which is consistent with the studies presented
previously.

4.3.2 Sensing technologies
A variety of techniques and tools is available to monitor the condition of wind turbine components
which typically include a set of sensors and algorithms to process the recorded data. Vibration
measurements are widely used, for example to monitor parts of the wind turbine rotor, gearbox,
drive train bearings, and tower [13]. Commercial systems based on vibration exist to monitor the
gearbox and drive train bearings mainly. Nowadays, modern gearboxes are equipped with multiple
sensors for oil analyses. Other physical effects commonly measured in wind turbines are
temperature, strain and rotational speed. Acoustic emission is a new sensing technology to monitor
the condition of certain wind turbine components [1]. Additionally, algorithms to process recorded
data of acceleration or current are extended continuously [1].
Not every technique applied to a single component is able to detect all possible failure modes.
Different failure modes that could possibly be identified with existing techniques are presented
in [3]. For example, vibration can be used on the rotor to detect bearing or shaft defects; but in
order to detect blade deterioration, cracking or delamination, different techniques are
required (e.g. ultrasounds wave propagation).
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4.4 Data-driven conversion functions
The brief literature review of wind turbine component failures and corresponding detection
technologies revealed a wide range of sensing technologies. The focus of research throughout the
last decades has been on development of new sensors or solutions for specific failure modes in
wind turbines. However, less effort has been made to investigate synergistic effects of coexisting
sensing technologies. Data-driven conversion functions between measurements of different
physical effects (such as vibration, temperature, and power) are a novel idea in order to optimize
sensor set-ups. The goal of the conversion functions is to represent one physical effect through all
other signals without directly using its measurement data. If there are 𝑛𝑛 different measurements
available from the wind turbine, each of the 𝑛𝑛 signals should be modelled using the (𝑛𝑛 − 1) other
signals - which corresponds to 𝑛𝑛 conversion functions 𝑓𝑓𝑖𝑖 . Each conversion function 𝑓𝑓𝑖𝑖 models a single
output 𝑦𝑦𝑖𝑖 with multiple inputs 𝑥𝑥1 , 𝑥𝑥2 , 𝑥𝑥3 , … 𝑥𝑥𝑛𝑛−1 in a (possibly) non-linear way (cf. Equation 1). The
output 𝑦𝑦𝑖𝑖 is the physical quantity whose measurement data is not used for setting up the conversion
function. All inputs 𝑥𝑥1 , 𝑥𝑥2 , 𝑥𝑥3 , … 𝑥𝑥𝑛𝑛−1 are the remaining measured physical quantities.
(1)

𝑦𝑦𝑖𝑖 = 𝑓𝑓𝑖𝑖 (𝑥𝑥1 , 𝑥𝑥2 , 𝑥𝑥3 , … , 𝑥𝑥𝑛𝑛−1 )

Figure 2 visualises one exemplary conversion function considering the rotor-nacelle assembly and
typical measurements. All inputs measurements are marked with red dots. These inputs are
combined in a conversion function (black box) which yields the output signal (green dot, vibration
of main bearing).
Wind Direction
Wind Speed
T_amb

F (x_1,x_2,x_3,x_4,...)

Power

Control
Values

Fiber Optics
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VIB_bl

Generator
Main
Gearbox
Bearing

RPM
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System

RPM
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Current

Pitch Angle

AE_bl

VIB_GB
VIB_B T_B

T_GB T_cool Oil Filter
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Figure 2: Exemplary scheme for modelling the main bearing vibrations (VIB_B, green dot) with the
conversion function F(xi). The input signals for the conversion function are depicted with red dots.
T: temperature, VIB: vibration, RPM: rotational speed, AE: acoustic emission, amb: ambient, bl:
blade, B: main bearing, GB: gearbox, G: generator.
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The procedure of building the conversion functions consists of five main steps:
1. Collection of measurement data of 𝑛𝑛 sensors
2. Pre-processing and feature extraction of training data
3. Build 𝑛𝑛 initial conversion functions
4. Evaluate conversion functions
5. Improve and validate conversion functions
In step 1 of the procedure, as many sensors as possible are used to build a training data set
consisting of 𝑛𝑛 measurements (inputs and respective outputs). Common measurements are SCADA
records (e.g. temperature, rotational speeds, power outputs, environmental measurements) and
CMS signals (e.g. strains, vibrations, oil particle counts, acoustic emissions). Measurements for
setting up the training data are collected throughout a specified training period. Ideally, a long-term
training period is used in order to sufficiently capture statistical fluctuations of environmental and
operational conditions. As an example, a one year training period represents seasonal differences
in wind speed, wave characteristics and temperature but is not able to reflect time scales exceeding
one year. From an economic point of view, a minimal training period is desirable. Further research
is needed to identify optimal training durations.
Because of economic time constraints, the training period most likely only contains normal turbine
operation since recording of faults requires long measurement campaigns. Due to this limitation of
missing failure recordings, it is proposed to generate failure data using surrogate numerical models.
Suitable tools have to be developed that generate measurements compatible to the ones recorded
during the training period on real wind turbines. The surrogate model should be calibrated with the
training data for normal operation in order to ensure that it yields valid results compared to
measurements at the real wind turbine. Afterwards, measurements of simulated faults in the
surrogate model can be used to train the conversion functions for faulty stages in addition to
normal operation from real data.
In step 2 of the procedure, the training data is pre-processed to extract relevant signal features in
terms of failure detection, noise filtering, and signal correlation. Pre-processing and feature
extraction procedures for selected signals are given in Table 1. A main challenge is to make all
signals compatible despite their different sampling rates and noise content. This can be achieved
by signal averaging, interpolation to identical resolutions and the selection of features that are less
affected by noise.
Table 1: Examples of pre-processing and feature extraction of input signals.
Signal
Temperatures
Vibrations
Oil particle count
Acoustic emission
Rotational speed

Pre-processing
Normalise by power output, rotational speed and/ or ambient temperature
Amplitude in characteristic frequency band
Define threshold, normalise
Amplitude, root mean square, energy, kurtosis
Normalise

In step 3, conversion functions are trained with the collected data. In general, all available
measurements are included as inputs, but redundant measurements must be excluded. For
example, using a sensor located on the same location as the modelled output signal (identical
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physical parameters) leads to high modelling accuracy. However, the data-driven training algorithm
ignores all other inputs in this case - this is undesired.
From the various learning techniques available in the field, neural networks [14] and adaptive
neuro-fuzzy inference systems [15] have proven their benefits for modelling similar demands in
previous studies. Setting up the architecture of the data-driven conversion function requires testing
of different settings, such as the number of neurons or membership functions. The architecture has
to be non-linear and adaptive in order to map any possible connection. System inertia must be
considered with lag removal or architectures including recurrence.
Interrelations between sensors are revealed from the trained conversion functions in step 4.
Interrelations can also be analysed with “black boxes”, such as neural networks, since individual
weights can be examined. A main challenge is to define criteria for sufficient interrelation in order
to decide about dispensability of sensors. This is left for further research.
In step 5, validation of the conversion functions with additional data of other turbine types,
locations and real failure data has to be pursued. Promising conversion functions are then selected
and enhanced by fine-tuning of settings in a second loop.

4.5 Discussion
Key aspects of the proposed data-driven conversion functions are (I) combination of different
sensor types, and (II) usage of multiple inputs to understand the impact of different measurements.
This differentiates this proposal from existing SCADA modelling approaches, such as [15].
The interrelation between sensors revealed from the data-driven conversion functions helps to
understand complex physical relationships between parts and different sensing techniques. For
example, measurements in the drive train might be described by complex physical models, as
exemplified in [16] for temperatures. An analytical description of interrelations between different
sensing or failure detection techniques is hardly achievable; however, the power of data-driven
modelling reveals new findings here. Unnecessary sensors are identified and omitted in later
(similar) installations or repairs. The identification of independent inputs on the contrary is highly
beneficial to justify their (future) installation. Decreasing the amount of monitoring equipment
offers potential cost reductions. Furthermore, extending the conversion functions so that
measurements from one wind turbine are used to model the status of other turbines in the wind
farm reduces monitoring costs further on.
If conversion functions are used online during turbine operation, modelled output parameters can
be compared to current measurements of this parameter. Thereby, the validity of recorded signals
can be checked – this increases the certainty of failure detection and reduces false alarms.
Some of the most important challenges of the data-driven conversion functions are discussed in
the following; the list is not exclusive. In order to obtain reliable results, sufficient representative
data is needed to train the algorithms. In research, access to data is often a major problem.
However, as most modern wind turbines are already equipped with a significant number of sensors,
agreements between operators and researcher could be made to share such data. An open
database would increase knowledge within the scientific sector and also contribute to decrease
O&M costs for industry.
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Furthermore, differences in wind turbine technologies have to be taken into account, as the results
may vary when considering distinct types of turbines. Several factors need to be analysed, e.g. the
combination of components from different manufacturers or the number and location of sensors
in the turbines. Additionally, the influence of location of the wind farm, along with environmental
conditions, e.g. extreme wind speeds, icing, and humidity, has to be investigated. These factors
could be included in the failure models mentioned above, and their effect on the degradation of
the components can thus be derived from the latter. This presents a challenging task as detailed
information from owners and manufacturers will be required with a strong cooperation between
industry and research.

4.6 Summary and Outlook
A creative brainstorming on the problem statement of data acquisition in wind farms resulted in
the research idea on data-driven conversion functions to identify synergetic effects between coexisting measurements. Benefits of the proposed approach are
- conclusions on sensor interrelations and redundant sensors,
- identification of independent sensors which justifies their application, and
- potentials to increase certainty in signals and new approaches to health state detection.
On the other hand, challenges are
- gathering suitable training data,
- understanding failure modes, and
- analyses of differences in turbine technologies and variability of environmental conditions.
From an initial screening conducted in this workshop, it seems entirely possible to extract
meaningful results from the proposed data-driven conversion functions between measurements in
wind turbines. Therefore, this topic is recommended for further research. Future work should start
from a comprehensive gathering of health assessment techniques to find pre-processing steps for
all input signals. A suitable modelling algorithm and training period has to be identified. For the
simulation of faults in synthetic models a tool that is capable of producing all required
measurements and recreate realistic failures needs to be developed. An investigation of using
conversion functions on a farm level, i.e. to extrapolate results from one turbine to others, is left
for future research.
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5 PROBLEM STATEMENT 2:
KEY PERFORMANCE INDICATORS FOR WIND FARM OPERATION
AND MAINTENANCE
Corresponding Author: Helene Seyr (helene.seyr@ntnu.no)
Authors: Elena González, Emmanouil M. Nanos, Helene Seyr, Laura Valldecabres, Nurseda Yildirim
Yurusen

5.1 Abstract
This report presents research on suitable KPIs for the Operations and Maintenance phase of a wind
power project in a theoretical and systematic way. Our goal is to establish the basis for a discussion
that exceeds the empirical approach of the current practice in the industry and give an insight into
a more systematic set of tools, with the aim to influence both industry and academia to continue
this effort. The goal of our research is to find metrics that can be identified, measured, reported
and managed so that a wind farm’s operation can be assessed quickly and efficiently by all of the
stakeholders involved.
To achieve this, we first specify the most important stakeholders involved in a wind farm project.
Each stakeholder has a different perspective and is interested in different aspects of the wind farm
operation. We identified their basic requirements and cluster them into five categories.
For the sake of simplicity, we focus our analysis on the perspective of the wind farm operator
assuming that the wind farm operator is also the owner of the wind farm.
Before analysing the currently used KPIs from the industry stakeholders, we define properties KPIs
should have and we conclude they should be relevant, specific, measurable, comparable, traceable
in time, standardised and easy to understand. Moreover, they should be able to trigger changes
and the set of KPIs achieving this should be minimal. The main purpose of a KPI is to directly provide
information relevant to performance and to provide information on controllable factors that are
appropriate for decision-making.
Subsequently, we evaluate the KPIs of each defined category focusing on both the ones used in
industry and the ones reported in the literature. In doing so, we find that the there is no agreement
in which KPIs should be used for the defined purposes and that there is not a well-defined KPI-set
in the industry sector. We then analysed the existing KPIs and their properties and find that not all
the evaluated KPIs fulfil the defined properties. Finally, we propose a list of KPIs selected from the
set of existing KPIs based on the analysis and discussion.
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Table 2: List of Abbreviations

Acronym
AEP
AM
AMB
AWESOME
BEPE
CapEx
CF
DSCR
EBA
EBITDA
ERS
FCFE
HSE
JIW
KPI
LCC
LCoE
LIDAR
LLCR
MSP
MTBF
MTTF
MTTR
O&M
OEM
OpEx
PM
PPA
RAMS
SPARTA
TBA
TMC
TS
WF
WT

Definition
Annual Energy Production
Asset Management
Annual Maintenance Budget
Advanced Wind Energy System Operation and Maintenance Expertise
Break‑Even Price of Energy
Capital Expenditures
Capacity Factor
Debt‑Service Coverage Ratio
Energy-Based Availability
Earnings Before Interest, Taxes, Depreciation, and Amortisation
Early Stage Researchers
Free Cash Flow to Equity
Health, Safety and Environment
Joint Industry Workshop
Key Performance Indicator
Life Cycle Costs
Levelised Cost of Energy
Light Detection and Ranging
Loan Life Coverage Ratio
Maintenance Service Provider
Mean Time Between Failures
Mean Time To Failure
Mean Time To Repair
Operation and Maintenance
Original Equipment Manufacturer
Operational Expenditures
Preventive Maintenance
Power Purchase Agreement
Reliability, Availability, Maintainability and Safety
System Performance, Availability and Reliability Trend Analysis
Time-Based Availability
Total Maintenance Costs
Technical Specification
Wind Farm
Wind Turbine
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5.2 Introduction
The Advanced Wind Energy System Operation and Maintenance Expertise (AWESOME) project has
discussed one of the challenges currently faced within the wind farms operation and maintenance
(O&M) field: the definition of key performance indicators (KPIs). This document offers a general
overview of the topic as well as suggestions to address the main problems raised by industry
representatives who participated in a joint workshop. Most of these representatives are from
companies not involved in the AWESOME project. For clarification purposes, this report shows the
AWESOME researchers’ vision on the topic and does not intend to be complete. To the best of the
present authors’ knowledge, some initiatives have emerged in recent years to create tools and to
define guidelines or technical specifications for the definition of KPIs. Since the research interest is
increasing, we hope that the present document will encourage these initiatives within the wind
industry and the academia. This report contributes to the field, by defining KPI properties,
discussing the indicators currently used in the industry and presenting a set of KPIs fulfilling these.

5.3 Description of the problem statement
Electricity generated from wind is fast becoming one of the most utilised renewable energy sources.
Furthermore, in recent years the industry has experienced a shift from onshore wind farm (WF)
development to offshore locations due to the higher wind resource potential and larger area
available. This rapid growth can be translated into a substantial potential for investment in the wind
industry, with a wide range of possible stakeholders. In the year 2015, new records were actually
achieved for investments in the wind energy sector [1]. Financial commitments in new assets
reached a total of €26.4 billion in Europe, a 40% increase from 2014. However, maximising the
return on investment in WFs is affected by interrelated requirements of different stakeholders and
technical limitations of assets. In other mature industries, processes and tools of Asset
Management are well-established. Nevertheless, the wind industry is currently encountering
difficulties in the O&M phase due to the lack of a well-founded asset management (AM) framework
[2]. These challenges are even more pronounced in the offshore wind energy sector, where in
addition to the assets in the onshore wind energy industry, transport to and from the WF is more
challenging due to the harsher offshore environment. Transportation of equipment, spare parts
and maintenance workers depends on vessels which can only operate within certain sea state and
weather limits.
In this context, AWESOME organised an international joint industry workshop (JIW), gathering both
industrial and academic partners, as well as the early stage researchers (ERS). The workshop aimed
to introduce the consortium to some barriers and challenges that the industrial partners are facing
in the O&M phase of a WF. As an outcome of the first meeting, one of the most important
challenges raised was the need to define key performance indicators (KPIs), actually one of the
tasks included in AM processes.
Indeed, just as vital signs are checked by medical doctors in order to have a general idea of the
physical health status of a patient, KPIs should inform about the health status of the asset. What
is more, KPIs should. Vital signs give an overview of the Wind Farm’s operation and give clear
indications on all the aspects that affect the ratio income/expenses, e.g. efficiency of the wind
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farm, maintenance strategy, failure rate etc. To this purpose, it is not enough having clues for
possible diseases and show progress towards recovery or reflect degenerating health conditions.
It is required to have enough information to conduct an accurate differential diagnosis leading to
targeted actions towards an improved wind farm operation. For this purpose, a further thorough
analysis is needed. In the case of a wind power project, during the O&M phase KPIs should
provide the stakeholders with valuable information and enable them to highlight the weak points
of the operating asset. This way, KPIs can influence the decision-making process and should
reflect changes in the O&M strategy. The industry representatives forwarded the following
specific requirements:
• The need for classification of KPIs;
• The identification of their necessary properties;
• KPIs have to provide stakeholders with valuable information;
• Important decisions/changes in the O&M practice should be reflected in the KPIs;
• Selected KPIs should allow benchmarking;
• The clarification of the role of models and simulations used to assess KPIs;
Up until now, there is no internationally harmonised agreement on the calculation or even the
definition of KPIs during the O&M phase of a WF. This document intends to shed light on this
matter. It describes a selected approach to address the problem, offers a general overview of the
topic and includes some preliminary suggestions based on the current state-of-art and industry
best practices. Investigations regarding benchmarking and simulation models are not addressed in
this report. The present authors plan to address these in further work.

Stakeholders
identification

• Who are the stakeholders involved in WF O&M

Main concepts
highlighted

• Most valuable information for the stakeholders
identified

Clustering

• Main concepts including the different questions
that should be answered

Definition of
properties
KPIs

• What properties should a KPI fulfil, in order to
allow benchmarking?
• State-of-art: what is the industry currently doing?
• Could we find new KPIs that fulfil the properties?

Figure 3 Process flow diagram for KPIs definition.
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5.4 Methodology
The analysis leading to this technical report has been conducted in five main steps, shown in Figure
3. First, the problem of defining a KPI was addressed. According to the literature [3] a KPI is “a
metric measuring how well the organisation or an individual performs an operational, tactical or
strategic activity that is critical for the current and future success of the organisation”.
In the context of the O&M phase of a WF, the KPIs are critical metrics that need to be identified,
measured, reported and managed. This will help all stakeholders to view the wind power project as
a success. KPIs should give everyone a clear picture of what is important in the project. Moreover,
they have to support informed decisions and reduced uncertainty by managing risks. In short, the
KPIs should be the answer to the question: which information is important to monitor for the
different stakeholders during the O&M phase of a WF?
Since KPIs should provide stakeholders with valuable information about the status of their assets,
the next step is the identification of the different stakeholders involved in the O&M phase of a wind
power project. Then, the stakeholders’ needs are collected and assembled. Since some of these
needs are overlapping, the main open questions are then grouped into five categories. The results
of these first steps are presented in sections 5.5.1 and 5.5.2.
Fourthly, the necessary properties for KPIs are investigated and a set of properties is presented in
section 5.5.3.
A general review of the state-of-art and a discussion of the current industry best practices is then
conducted for each defined category, in section 5.5.4. Possible candidates for KPIs are collected
from the literature and checked against the defined properties. As a result, those metrics not
fulfilling the properties have been rejected.
Finally, the list of proposed indicators is presented and conclusions are presented in section 5.6.

5.5 Results and outputs
5.5.1 The stakeholders and their needs
Various stakeholders are involved in the O&M phase of a wind power project. Their strategic
decisions rely on the information they have about the current status of the operating asset,
referring to different aspects i.e. regulatory, economical, technical, safety. Although their interests
vary from one to another, most of the stakeholders request equivalent information, and in most
cases the intervention of one stakeholder can affect the information others require.
We consider here that the best way to provide the different stakeholders with this requested
information is the formulation of appropriate KPIs, which allow them to evaluate the actual
performance of the asset in comparison to intended targets. With the aim of optimising the number
of KPIs that the industry requires, it is important to identify the stakeholders participating in the
O&M phase of a wind power project and the information relevant for them.
The different stakeholders identified are presented here, together with the main information they
might request.
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The WF Operator

For simplification, we assume the developer, the owner and the operator of the wind farm (WF) to
be one entity (the WF operator).
The WF operator’s main interest is to maximise the revenue of the WF and hence the energy
production throughout the lifetime of the project. In this regard, the operator primarily needs
information about the energy production, the efficiency of the WF and the production losses. The
WF operator might also request information about future expectations of energy production and
remaining lifetime of the asset. The operator is interested how the future is affected by component
failures and the execution of maintenance. At the same time, the operator is surely interested in
the economic performance of the wind farm, such as the current value of the asset or the profits it
is generating.
The Investor

Investors and banks can partially or completely own the WF. From this perspective, they are mainly
interested in the economic and financial aspects of the wind power project development. This
includes obtaining information about the production, efficiency, future expectations, costs, debt,
profits and current value of the asset, since these parameters affect decisions they might take.
The Maintenance Service Provider

Nowadays, it is common that the maintenance services are outsourced. The maintenance service
provider (MSP) and the original equipment manufacturer (OEM) are often the same. In this case,
from our experience, the most important aspect of a standard O&M contract is the wind turbine
(WT) availability warranty. This warranty states a certain percentage of time that the WF’s
operation is not affected by maintenance actions from the MSP. Downtime, time the WT is not
operating, due to maintenance negatively affects the warranted availability. In case of a shortfall in
availability, the Maintenance Service Provider shall pay the WF operator the compensations
defined in the warranty contract.
However, losing sight of the O&M contract and focusing on the maintenance activities, the main
interest of the MSP lies in optimising maintenance operations through an understanding of the
health status of the wind farm together with the failure history and the component cost. From a
safety and efficiency perspective of the maintenance tasks, the MSP also seeks information about
health, safety and environmental (HSE) issues, safety indicators and environmental maintenance
restrictions.
The Insurance Provider

Insurance companies provide services to cover the costs of various incidents that might occur
during the operational phase of the WF. Depending on the type of the contract, this can include [4]:
• Cover against damage to the WTs and associated equipment due to storms, thefts,
malicious actions or fires;
• Cover against costs of parts and labour following breakdown of a WT;
• Cover against loss of revenue;
• Liability insurance, damage to third party property or injury to third parties and
environmental damage.
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Consequently, the insurance provider is mainly interested in the health status of the WF, failure
history and the HSE aspects.
The Utility

The power purchase agreement (PPA) [5] is the long-term agreement between the seller of
electrical energy, the WF operator, and the purchaser, who is very often an electric utility. For
simplification purposes, we define this purchaser as the utility. This stakeholder is usually interested
in the energy production of the WF, the future expectations of production and the electricity price.
Indeed, purchasers have a keen interest in keeping the price low to ensure they can deliver lowcost electricity to their customers.
The Grid Operator

According to the European grid codes, all the energy produced from wind has to be bought by the
electrical companies. Because of the variability of the wind and the increasing penetration of wind
power into the system, grid stability is a big concern for grid operators. In consequence, WFs have
to guarantee a certain level of contribution to system security [6]. On this subject, knowing the
performance, stoppages and energy production of the WF can help grid operators to better
estimate spinning reserves. Besides, WF operators need to comply with power quality
requirements. Power quality refers to keep the voltage and frequency of the power supply as stable
as possible to avoid distortions created by harmonics due to e.g. loss of line or a voltage drops [7].
These parameters are inherent parameters of wind turbines and therefore today wind turbines
need to be certified as per IEC Standard 61400-21 [8].
In addition, this information is vital to verify if the WF operator is respecting the possible mandatory
curtailments.
The Government/Public/End Users

Finally, we identify some stakeholders that we grouped together. First, the governments regulate
the activities of the wind industry through regulatory bodies. Non-compliance with these laws and
regulations can result in penalties and subsequent withdrawal of operating license. The public
expects protection of the environment. Finally, the end-users expect lower prices of energy in
comparison to other sources since wind is naturally obtained and replenished. Consequently, public
opinion and political decisions may affect the profitability of a wind power project, since their
decisions to support wind energy can have an economic impact on the project, e.g. in terms of
subsidies. In summary, this group of stakeholders is mainly interested in the efficiency of the WF,
the electricity price and the environmental impact of the project.

5.5.2 Classification of KPIs
Since some of the identified stakeholders' needs are overlapping, the main requirements are
grouped into the following five categories: performance, reliability, maintenance, finance and
safety. The order of the five categories was chosen such that they go from concrete component
and turbine properties to WF and management properties. The preliminary concepts and ideas
included in these categories are listed alphabetically in Table 3.
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Table 3: Categorisation of the main concepts

Performance

Reliability

Maintenance

Finances

Safety

Efficiency

Failure history

Component cost

Component cost

Environmental issues

Future
expectations

Fatigue

Failure history

Current value of
assets

Health & Safety
environment

Production

Health status

Logistics

Debts

Safety indicators

Production
losses

Loads

Maintenance hours

Electricity price

Remaining
lifetime

Maintenance
restrictions

Profits
Risks and
insurance
Subsidies
Unnecessary cost

At this point, we would also like to highlight the similarity between our suggested categories and
the classical system design attributes that have significant impact on the sustainment or total life
cycle costs (LCC) of a developed system: Reliability, Availability, Maintainability, and Safety (RAMS)
[9] [10] [11].

5.5.3 Necessary properties for KPIs
One of the main concerns revealed during the discussion with industry representatives was the
need to identify the properties of the indicators. KPIs already exist in many other industries and the
offshore wind industry has already safety indicators [12]. Taking into account what we know from
these, we have defined the necessary properties for the individual indicators.
Most importantly, the KPIs need to be relevant, to carry information valuable to stakeholders.
Moreover, since they have to allow the stakeholder to take informed decisions, the indicators have
to be such, that they can trigger changes. There is no point in measuring a KPI if the stakeholders
cannot change the outcome.
KPIs must be specific, i.e. the observed value needs to be well defined, so that it is clear what exactly
is being observed and how. In order to have an easily observable value, indicators should be
measurable, either in a qualitative or in a quantitative way. The measured value can be a measured
number, like hours of operation, or a categorical statement, like ‘WF is running ok’. Stakeholders
should be able to use the KPIs to compare different assets without too much effort; therefore,
comparability is another necessary property for the KPIs. In this way, WFs with different layout, size
and location can be compared to each other, by only looking at the KPIs. Furthermore, to track the
wind power project development over time, it is necessary for the KPIs to be traceable in different
timescales. For some indicators it might be sensible to get hourly data, whereas for others a yearly
summary is more beneficial to the stakeholder. To leave no room for interpretations, a standard
should be implemented, giving exact definition of all the terms and indicators used. With the
standard, different stakeholders can use the same indicators without worrying about the scope of
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interpretation. Standardised KPIs allow the comparison of different assets through benchmarking,
what refers to comparing the performance of a wind farm to the best performances recorded in
the industry [13].
Defining properties for the individual indicators is not enough, since we will have to deal with a set
of them. This set need to be able to give a complete picture of the whole WF, both in onshore and
offshore cases, with the fewest possible KPIs. Therefore, we are looking into a minimal set of KPIs,
which are clear and easy to understand. The indicators do not necessarily need to be disjoint, so
two or more of them are allowed to present overlapping observations. Sets of KPIs that are disjoint
however, should be preferred over non-disjoint sets. For disjoint KPIs, changes in one KPI cannot
imply changes in any other KPIs. This means that changes in the observed WF only influence one
specific KPI, which makes interpretation of the KPIs easier for the stakeholders.
The selected necessary properties are summarised in the following list. Effective KPIs must be:
• Relevant
• Specific
• Measurable
• Comparable
• Traceable in time
• Standardised
• Minimal complete set

5.5.4 Review of the existing KPIs and their properties
5.5.4.1 Performance KPIs
The most important aspect, when it comes to the WF Operator’s interests, is the WF's performance.
The word “performance” is very broad and can embrace many aspects of a WF's operation, such as
annual energy production (AEP), component failure rate and generated revenue. However, from
the industry feedback in this section we would like to understand the WF’s performance as its
efficiency. Consequently, the set of performance KPIs should answer the following question: is the
WF producing as much energy as it could?
This sounds like a basic question but the answer is far from easy to give. WF operators are struggling
with dozens of indicators, all of them giving useful information about the actual wind resource and
the current energy production. Yet they are facing problems when they need to answer this simple
question. After an extensive review of the industry practices, the most commonly used indicators
are presented subsequently.
• The Wind/Energy Index
Since the performance of a WT cannot be understood without a detailed understanding of
the wind conditions to which it is responding, much effort has been devoted to develop
wind indices, especially in the northern countries in Europe. The first index was developed
by the wind power movement in Denmark in 1979 [14] and was later copied by Germany,
Sweden and the Netherlands. Wind index data in these countries is based on the
production of a number of reference WTs over a wide geographic area. The index
establishes a statistically "normal" period of yearly wind energy content, expressed as
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100%. Then, the indices enable the WF operator to establish whether variations in energy
production are due to deficiencies in WT performance or due to wind strengths below
expected levels. In short, Wind/Energy Indices were developed to allow operators to put
the production into the general perspective of the available wind resource [15], [16], [14].
As we can see, this indicator fulfils many of the properties stated in section 5.5.3. However,
the Wind/Energy index does not seem to be an effective KPI due to several reasons. First,
the Wind/Energy index cannot reflect changes in WF in the operations phase. The only
changes that can be reflected in the index are changes to the layout of the WF, causing
different wind speeds inside the WF. Additionally, the Wind/Energy index does not provide
the operator with sufficient information so that informed decisions can be solely based on
the index. Due to these reasons, the Wind/Energy index on its own can be seen as not
relevant enough for the operator to be used as a KPI. Finally, the Wind/Energy index is very
dependent on terrain and climate, it is also not comparable between sites in different
geographic location.
Monthly/Annual Capacity Factor
The annual capacity factor (CF) of a WF is defined as follows [17]:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =

•

Version: 1.0

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑀𝑀𝑀𝑀ℎ)
365 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∗ 24 ℎ�𝑑𝑑𝑑𝑑𝑑𝑑 ∗ 𝑊𝑊𝑊𝑊 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀𝑀𝑀)

This indicator tries to give a first, simple answer to the question posed. However, since the
denominator is a constant, it does not represent the theoretical energy production
according to the real on-site wind conditions. Moreover, even if it fulfils many necessary
properties, it appears to be irrelevant to many WF operators. Although the CF is a valuable
indicator during other stages of a wind power project development (feasibility study and
pre-construction phase), we believe it is not an effective indicator for evaluating the
efficiency of an operating asset.
P50 deviation
During the pre-construction phase, the P50 value can be used for the prediction of the
long-term average of the annual energy production of a WF. Its value is the result of an
energy yield prediction in terms of AEP [18] and simply gives the level of AEP that is
forecasted to be exceeded with a probability of 50%, so just the median AEP. Many
WF operators are currently looking at the deviation of the actual AEP from the calculated
P50, especially when looking into deviations of planned budget. From our experience, we
are fully aware that this energy value (P50) is subject to important uncertainty. Furthermore,
since there is no standard procedure to obtain this figure, it cannot be considered as an
effective KPI.
Time-Based Availability
One of the most popular performance indicators is the WT time-based availability (TBA). A
simple definition of the TBA can be:
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑊𝑊𝑊𝑊 𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

Keeping in mind the desired properties of a KPI, TBA satisfies adequately most of them:
- Specific: the observed value is clearly defined and is the time that a WT is
operational;
- Measurable and easy to understand: it is relatively easy to distinguish periods of
power production from periods of inactivity for a WT;
- Comparable: comparison between different WTs or, collectively, between different
WFs is straightforward;
- Traceable in time: the operator can define the reference period of time;
- Trigger changes: O&M actions seeking to reduce the downtime will be clearly
reflected in an improvement of the TBA.
- Standard: the procedure followed for the calculation of TBA is standardised; there
is a specific IEC technical specification (TS) describing it [19]. However, we would
like to highlight that it is still a TS and not an international standard. This shows the
great difficulties in reaching an agreement within the wind industry.
Nevertheless, the relevance of this KPI can be discussed. The TBA leaves many questions
unanswered and gives little information about the WF's actual performance. For instance,
TBA cannot reveal how much actual power is lost due to unavailability. It is obvious that, in
terms of power production and eventually profitability, the impact of a WT's unavailability
(due to scheduled maintenance or an unexpected failure) is not the same for different
ranges of wind speed. Even if a WF is 100% available according to TBA, this indicator
provides the WF operator with no information about the performance of the WF in terms
of efficiency.
Wind Farm Availability
TBA is currently used also in the Wind Farm level, namely Wind Farm Availability (WFA),
usually as a contractual agreement between operator and manufacturer. WFA informs on
the total availability of the Wind Farm, hence an underperforming wind turbine could be
compensated by another over performing. Therefore, WFA is a KPI which is not suitable for
a detailed and efficient monitoring of the asset’s performance since the information it
provides can be derived, in more detail, from the wind turbine TBA.
Energy-Based Availability
The most promising KPI from our vision is the energy-based availability (EBA), which can be
defined as:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐸𝐸𝐸𝐸𝐸𝐸 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
There are many advantages related with the use of EBA as a KPI for WF efficiency
evaluation. In our opinion, the most important are:
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It demonstrates the "real" efficiency of a WT or a WF since it reveals what
percentage of the available energy was captured. This information offers a huge
advantage to the WF operator.
- It is a more objective indicator for comparison between different WFs.
- It provides information about the health of the WT or the WF, i.e. the WF could be
fully available in time but not producing the maximum possible power.
There are, however, considerable difficulties in the implementation of EBA as a
performance KPI. These difficulties become clear if we take a look again at some of the
properties of a KPI:
- Measurable: it is very easy to measure the produced energy over a certain period
of time. On the contrary, it is quite difficult to precisely define the actual available
energy for the same period of time. This is one of the biggest challenges when using
the EBA as an indicator.
- Standard: obviously, without a straightforward way to measure the actual available
energy it is impossible to standardise the procedure of obtaining the EBA.
Nevertheless, much effort is actually devoted to this issue. The second part of the
IEC TS [20] provides a framework from which production and capacity based
performance indicators of a WT can be derived.
The reason that makes EBA calculation complicated, if not impossible, is that we are
interested in the actual available energy for each WT. This means that we are interested in
measuring the rotor effective wind speed i.e. the actual wind speed that the rotor
experiences. The current approach relies on wind speed measurements from the nacelle
anemometer or nacelle-based remote sensing devices like LiDAR. The accuracy of these
measurements is questionable and they give only a rough estimation of the available
energy.
Power Curve
The power curve is the plot of captured energy versus the incoming wind for each wind
turbine. Power Curve, as a KPI, is quite similar to EBA since knowing the incoming wind
implies that we know also the available energy. The Power Curve is capable of providing
information on health status of the wind turbine as it gives a direct comparison between
the theoretical ideal energy production and the real one. On the other hand, it cannot
provide the operator with information concerning the efficiency of, for example, the
maintenance strategy that is followed due to the fact that it does not include information
on the downtime of a wind turbine. The most important drawback however is that, similarly
to EBA, a precise measurement (or calculation) of the rotor effective wind speed is
required.

Considering the vast area covered by multi-MW WT rotors, along with the extremely complicated
flow inside a WF, it is unlikely that we are going to have instruments that can adequately measure
the wind speed at the rotor within the next few years. Nor is it likely that simulations become
accurate enough to calculate this speed based on boundary conditions given by the existing
instruments, in a short time period.
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There is ongoing research on how to use the WTs themselves as wind sensors. Some methods
exploit the power balance or torque balance equations [21], some others the blade loads [22]. The
latter are, obviously, more suitable for this purpose since we can detect a divergence from the
expected actual power production, which could be an alarm of an upcoming failure. However, both
types of methods can work in synergy to provide a more accurate estimation of the rotor effective
wind speed or enable the operator to identify with higher precision where the failure is going to
occur. Another advantage of this approach is that these methods do not require any additional
hardware since they exploit already available measurements.
We would like to highlight the effort invested in the two mentioned IEC TS, [19] and [20], providing
common standard definitions for communication among the wind industry stakeholders.

5.5.4.2 Reliability KPIs
Reliability is defined as “the probability that a product will perform its intended function under
stated conditions for a specified period of time” [23]. One can therefore see that reliability is a
probabilistic concept involving a product’s planned use, its operating environment and time.
Applied to a WT, its reliability could be defined as the percentage of time that it will be performing
properly, during specified site wind conditions for the whole lifetime of at least 20 years; the
industry wide accepted lifetime used to be 20 years and is now often 25 years.
WT reliability is compromised by component failures, leading to downtime. For that reason, the
industry is currently using different metrics to assess WT reliability [23].
The most widely accepted indicators are the number of component failures and downtime, the
mean time to repair (MTTR), the mean time between failures (MTBF) and the mean time to failure
(MTTF). The first two parameters are useful for answering the following questions: “how often does
a WT fail?” and “which WT downtimes are associated with which failure?” [24].
• Mean Time to Repair (MTTR) and repair rate
This metric is the average time to repair or to replace a component divided by the number
of failures.
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 =

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖

It defines the expected mean value of an item’s repair time. It can be understood as the
statistical value for downtime since it is the average time that it takes for a subassembly to
recover from any failure.
The reciprocal of MTTR is the repair rate, μ
1
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖
Concerning the desired properties, since both MTTR and µ are normalised values, they
allow comparison and benchmarking between different WTs and WFs. Also, the MTTR’s
definition is specific and standardised within the industry. However, no standard WT
taxonomy terminology has been defined yet. Therefore, the challenge does not lie in the
µ𝑖𝑖 =
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indicator itself but in the identification, nomenclature, and classification of the WT
components.
Mean Time between Failures (MTBF)
This indicator defines the mean time between failures expressed in hours of operation for
a specific component or for the whole WT. It can be calculated as the total operational
hours divided by the number of failures for that component. The term MTBF is frequently
used to describe reliability [24].
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 =
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖
The reciprocal of MTBF is the failure rate, λ
1
𝜆𝜆𝑖𝑖 =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖
In the same way as the MTTR, the MTBF satisfies the majority of the identified properties
for KPIs. However, an effective comparison between WTs or WFs will not be possible until
a standard WT taxonomy is defined.
Mean Time to Failure (MTTF)
This indicator is similar to MTBF but it is used to describe reliability of non-repairable
systems. MTBF assumes that a specific component, or the whole WT, will experience
multiple failures over its lifetime; after each failure, a repair is performed. For
non-repairable systems, there is obviously no possible repair. Therefore, over the lifetime
of a non-repairable system, the device fails once and the MTTF measures the average time
until this unique failure occurs.
Availability
The WT Availability (see TBA in section 5.5.4.1) is the reliability metric that is most
significant in the O&M phase of a WF. Availability is often expressed as a percentage and it
is the amount of time that a system or component is available for use divided by the total
amount of time in the period of operation. From the previous metrics, it can be defined as
[24].
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
Availability =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
As previously mentioned, Availability is most closely related to energy production. Thus,
the previous metrics (MTTR, MTBF and MTTF) seem to be more adequate to assess WT
reliability.

The identified indicators satisfy the majority of the necessary properties for KPIs. Nonetheless, we
believe that it is difficult to make them comparable due to the lack of a standard WT taxonomy and
to the different component behaviour in different WTs, in terms of size and technology. Moreover,
data collection on wind turbine failures is not standardised and there is an important lack of failure
data, contributing to high level of uncertainty related to the three indicators mentioned previously
(MTTR, MTBF and MTTF). We would also like to mention the importance of certain initiatives like
the System Performance, Availability and Reliability Trend Analysis (SPARTA) project [25].
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5.5.4.3 Maintenance KPIs
The review of literature on the topic ( [26] [27] [28] [29] [30]) lead us to a list of 10 possible
indicators shown in Table 5 at the end of this section. As for the other categories, we want to check
now, whether these indicators fulfil the properties that we previously identified. The possible
stakeholders interested in these KPIs are the WF operator and the MSP.
• Response Time
The response time, the time between a failure occurs and the maintenance is conducted,
is an indicator that gives relevant information about the efficiency in planning, and is also
traceable in time. When defining the response time as the time between the moment when
the information about an alarm reaches the maintenance planner and the point in time
where the maintenance crew is informed about the job, the indicator is specific and
measurable. However, since the sensors and alarm system vary between different WFs, this
indicator is not comparable.
• Percentage of jobs which are breakdowns (reactive work)
The percentage of reactive maintenance actions can be defined as the ratio of the number
of reactive maintenance actions over total maintenance actions. Then the value is specific,
measurable, traceable in time, comparable and defining a standard is possible. If the
stakeholders are interested in the effectiveness of preventive maintenance and condition
monitoring the indicator is also relevant.
• Percentage of planned jobs completed on time (schedule compliance)
The schedule compliance, defined as the ratio of scheduled tasks completed on time over
the total number of tasks, is specific, measurable and traceable in time. As it is a percentage
it is also comparable between WFs and a standard can be defined. For stakeholders
interested in the efficiency of maintenance execution or accuracy in maintenance planning
this indicator is relevant.
• Percentage of overtime
The percentage of overtime, defined as the ratio between the overtime hours in the
maintenance crew and their planned working hours (working hours per worker × size of the
workforce), is specific and can be measured on different timescales. Hence the indicator is
comparable and a standard can be defined. It is relevant for stakeholders interested in the
effectiveness of maintenance planning, worker health or ideal work force size.
• Total Downtime
Total downtime needs to be carefully defined to be relevant and comparable. Since
downtime is affecting the WT availability, we investigate this in the sections 5.5.4.1 and
5.5.4.2 about performance and reliability KPIs.
• Equipment reliability
We also do not investigate the equipment reliability here, since it was already investigated
in section 5.5.4.2.
• Backlog
Using the size of the backlog as an indicator sounds like a very intuitive way to measure the
effectiveness of maintenance execution. However, defining backlog in a specific way so that
it can be measured and compared is not so easy. It is only possible to count the scheduled
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hours of maintenance that the company is behind, and this number is not necessarily the
exact time that will be needed at the end. It is also questionable how monitoring the
backlog can benefit the stakeholders, since the backlog can have very different reasons like
poor planning, poor execution or too small workforce.
Maintenance labour costs as a percentage of total maintenance costs (TMC)
Monitoring the cost for personnel as percentage of the TMC seems more reasonable, since
it is more specific, easier to measure and due to it being a percentage also comparable. The
changes in the costs can be monitored over time. The definition of this indicator can be
standardized and hence used industry wide. Stakeholders interested in the effectiveness of
maintenance execution can use this indicator to immediately see how much they get for
their money, i.e. how large the contribution of the worker salaries is to the total
maintenance cost. If this is out of proportion, the stakeholder can investigate in more
detail.
Value of spare parts
Similar arguments can be found for the value of spare parts. Monitoring the proportion of
spare part costs to the total maintenance cost is specific, measurable and due to the ratio
again comparable. This indicator is also traceable in time and can be formulated in a
standardized way. The relevance to the stakeholders is given, if they want to know about
the influence of spare parts on the total maintenance cost. Since we already suggested
using the percentage of labour cost in the TMC, this indicator could be viewed as
redundant. However, this depends heavily on the definition of the term ‘total maintenance
cost’, which often includes losses due to downtime, cost of spare parts, warehousing and
labour costs. If indicators are in place for the downtime and labour costs, warehousing
could be included in the cost of spare parts which leaves this indicator unnecessary.
Total maintenance costs (TMC) versus Annual maintenance budget (AMB)
Setting the total annual maintenance cost (TMC) in relation to the annual maintenance
budget (AMB) can give insight into the quality of maintenance planning and is therefore
relevant to stakeholders. Defining the indicator as three categories, “TMC<AMB” = green,
“TMC=AMB”=yellow, “TMC>AMB”=red, is specific and measurable. It can further be
compared between WFs, is traceable in time and can be defined in a standard. The
stakeholders can use this indicator to know, whether they are spending as much as
anticipated or more on the maintenance of their asset. Using three different colours is
intuitive and very demonstrative.

After analysing the properties of our proposed KPIs we are left with six indicators, that are beneficial
to different stakeholders with different interests and all fulfil the necessary properties described in
section 5.5.3.These are shown in Table 4.
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Table 4: List of possible indicators identified from existing literature. Bold indicators fulfil the necessary
properties, italic-bold indicators can be used under special conditions and italic indicators are reviewed
in another section of this report.

Category

Indicator
Response time

Work Identification and
Planning

Percentage of jobs which are breakdowns (reactive work)
Percentage of planned jobs completed on time (schedule compliance)
Percentage of overtime
Total Downtime
Equipment reliability

Work Execution and
Effectiveness

Backlog
Maintenance labour costs as a % of TMC
Value of spare parts
Total Maintenance costs (TMC) versus Annual maintenance budget (AMB)

5.5.4.4 Financial KPIs
Many risks are intrinsic to the development of a WF project; whereas some of them are inherent
throughout the entire project’s life, others relate to specific stages of the overall project
development. The financial status of the project is a general concern for many stakeholders
throughout the entire project life. In general, financial KPIs are fundamental tools to make an asset
status summary, comparison among different investment options, technologies and as a feedback
mechanism for management decisions evaluation.
Concerning the O&M phase of a wind power project development, some KPIs may be more relevant
to be incorporated into the business model. Indeed, other financial KPIs are used during the
economic analysis of the investment opportunity, as they can influence the decision of undertaking
the project [31], [32]. During the O&M phase, the investment is already made and therefore the
asset is already operating. The main interest is then to know about the financial status of the WF;
the decision-making process seeks to maximise the return on the investment. In this context, we
identified the most important financial KPIs currently used by the industry, especially private equity
firms. The following indicators were summarised after several exchanges with industry
representatives, who will not be revealed for confidentiality reasons.
• Operational Expenditures (OpEx)
The operational expenditures (OpEx) of a WF include the cost of operating the site, planned
operation and maintenance, and unscheduled maintenance due to poor reliability. These
costs can be grouped into two different categories [31]. The first category is the O&M costs,
which represent approximately 60% of the OpEx and tend to increase as the WF reaches
the end of its lifetime. The other category covers other operating costs like rent, taxes and
insurance.
Since this metric is not normalised, it does not allow benchmarking. It is obvious that the
OpEx from a large offshore WF will highly differ from a small onshore site, so they cannot
be comparable.
• Earnings Before Interest, Taxes, Depreciation, and Amortisation (EBITDA) margin
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The EBITDA margin is a financial metric used to assess the WF's profitability by comparing
its revenue with earnings [33]. The EBITDA value is the result of subtracting the operating
expenditure from the operating revenue. The EBITDA margin can then be defined as [34]:
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

•

Concerning the properties a KPI should fulfil, the EBITDA margin allows the WF Operator
and/or the Investor to compare the financial performance of one WF to another, so it is
relevant, measurable and comparable. Furthermore, its definition is clear, specific and
standardised within the wind industry. Also, a change in the O&M strategy would impact
the OpEx, and therefore the EBITDA margin, so it reflects the changes resulting from a
decision.
Finally, concerning its relevance, the drawback posed by this metric is the omission of the
capital expenditures (CapEx). Although it is obvious that a negative EBITDA margin indicates
that a business has major problems with profitability, a positive EBITDA margin does not
necessarily indicate that the business (in our case wind power sector) generates cash. This
is because this metric cannot track and take into consideration changes in working capital,
in CapEx, in taxes, and in interest. In our opinion, CapEx should be included when evaluating
the profitability of a wind power project.
Consequently, EBITDA margin could be considered as a good KPI allowing the comparison
between different WFs’ profitability. However, it should be presented in conjunction with
another KPI which would include the CapEx.
Loan Life Coverage Ratio (LLCR)
The LLCR is a metric that can measure the statistics of loan repayments. Basically, it is a
ratio between Net Present Value (NPV) of the cash and amount of debt [33], [35].
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

•

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
=
𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑛𝑛𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

𝑁𝑁𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑓𝑓𝑓𝑓𝑓𝑓 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

Financial modelling of LLCR is now a standard metric calculated in a project finance model
and has been standardised. Apart from other properties that this metric clearly fulfils, it has
a special relevance since it provides the WF Operator with information about the ability to
repay the debt over the whole lifetime of the asset.
Debt-Service Coverage Ratio (DSCR) (historical and forecasted)
The DSCR is the ratio between available cash for debt payment to sum of interest, principal
and lease. It is an accepted financial KPI in industry for the measurement of an entity's
ability to balance debt payments with produced cash. It is defined as follows [33], [36]:
𝑁𝑁𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑓𝑓𝑓𝑓𝑓𝑓 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + Interest repayment

The main difference with the LLCR is that it measures the ability to pay the debt in a specific
year. Concerning the necessary properties for KPIs, it fulfils all of them, like the LLCR.
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Consequently, both indicators can be considered as effective KPIs for the evaluation of the
financial performance of the operating asset.
Free cash flow to equity (FCFE)
The FCFE is a measure of how much cash can be paid to the equity shareholders of a
company after all expenses, reinvestment and debt repayment [33], [37].
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑁𝑁𝑁𝑁𝑁𝑁 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 + 𝐷𝐷&𝐴𝐴 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝛥𝛥𝛥𝛥𝛥𝛥 + 𝑁𝑁𝑁𝑁𝑁𝑁 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

•

Where 𝐷𝐷&𝐴𝐴 stands for depreciation and amortisation and 𝛥𝛥𝛥𝛥𝛥𝛥 for the change in working
capital. Net borrowing stands for the difference between new debt and debt repayment.
Although it provides the Investor with relevant financial information, this indicator cannot
be used for benchmarking.
Levelised Cost of Energy (LCoE)
The LCoE is probably the most popular financial KPI in the wind industry. Indeed, this metric
is particularly useful for those investors seeking to compare different generation sources.
Moreover, within the wind industry it allows to compare different WFs’ financial status.
Although many definitions for the LCoE are available, a standard methodology was
proposed, discussed and approved on the first European Wind Industrial (EWI) Initiative
Team meeting in 2010 [38]. The cited document describes the basic methodology behind
the model, makes a proposal for reference case values and suggests the way of using the
model in order to monitor the impact of the Roadmap.
The LCoE can be then defined as follows:

where:
-

-

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝑃𝑃 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
𝐴𝐴𝐴𝐴𝐴𝐴

LCoE is the levelised cost of generating electricity in €/MWh
CapEx are the Capital Expenditures in €/MW
P is the installed capacity of a specific WF in MW
CRF is the Capital Recovery Factor:
𝑑𝑑
𝐶𝐶𝐶𝐶𝐶𝐶 =
(1 − (1 + 𝑑𝑑)−𝑁𝑁 )
d stands for discount rate (%/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) and N represents the WF’s lifetime
OpEx are the Operational Expenditures in €/year
AEP is the Annualised Energy Production in MWh/year

The main advantage of this KPI is that it includes all the costs involved throughout the
project’s life cycle (both CapEx and OpEx). Moreover, it is now a standard and specific
indicator. However, the suggested methodology was criticized, since the normalisation for
benchmarking is done in terms of installed capacity (MW); indeed, the LCoE could be better
described in terms of €/𝑚𝑚2 of rotor swept area since this indicator is directly related to the
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electricity produced by a WT. Unfortunately this would require a much more complex
model and further data uncertainties. In any case, this financial KPI remains as a very
effective indicator to evaluate the financial performance of an operating asset. As an
example, many recent studies are mostly focused on the improvement of the LCoE [39].
Other indicators
The review of the literature on the topic [40] led us to other more complex indicators for
evaluating the expected financial status of a WF during its O&M phase: wind speed
dependent cash flow, Semi-Elasticity (function of averaged weighted payment duration and
interest rate) and Relative Convexity (ratio between convexity of cash flow and semielasticity).
Additionally, one of the drawbacks posed by the LCoE, the omission of the legal framework,
has been criticised by [41]. The authors of referenced document suggest a new financial
indicator, which is announced as the break-even price of energy (BEPE) for renewable
energy projects, which can take into account parameters such as inflation and tax rate.
Given the current renewable energy scenario, highly influenced by local conditioning
factors, the suggested metric seems to be an interesting alternative to the LCoE.

5.5.4.5 Safety KPIs
In the RAMS literature, KPIs and safety indicators are often treated as different concepts. KPIs are
more focused on the system’s performance and output in terms of financial gain to the operator.
Safety indicators on the other hand help to monitor both the system safety and the worker safety.
We want to refer to an analysis by Scottish Power [42] concerned with major hazard risks, as an
example for system safety indicators. For the worker health and safety, we want to refer to a
publication on safety indicators for offshore WFs [12]. In the setup presented in this report, the
safety indicators would provide operational limits to the operator, if certain indicators values
cannot be exceeded to ensure safe operations.

5.6 Discussion
From the analysis of the KPIs currently used in the industry, we learn that there are certain KPIs
that comply with most of the properties we defined in the beginning of the report. The review
showed that the usefulness of the existing KPIs depends on the stakeholders’ interest. We want to
discuss this in more detail before giving recommendations about the use of the KPIs in the industry.
Regarding Performance, the analysis has revealed that the Wind/Energy Index is an irrelevant KPI
since it does not reflect changes and therefore does not allow the WF operator to make informed
decisions based on this indicator alone. The Capacity Factor is also a non-interesting KPI during the
O&M phase. The same stands for the P50 deviation, which could be important during the preconstructing phase. Contrarily, other KPI´s comply with most of the properties and are of interest
for the industry. One of them is the Time-Based Availability, which is most commonly used by the
1st Industry workshop – Scientific Report

37

Document: 1st Joint Industry Workshop – Scientific Report
Editor: J.J. Melero, M. Muskulus, U. Smolka
Reference: AWESOME ID EC-GA:642108

Version: 1.0
Date: November 2016

industry. The WF availability can be derived from turbine TBA and does not add any additional
information. From our perspective, the KPIs that can provide more information to the stakeholders
are the Energy-Based Availability and the Power curve, since they reveal the real efficiency of the
wind farm. Here, the difficulty lies in knowing the effective rotor wind speed.
With respect to the Reliability KPIs we consider that the Mean Time to Repair, Mean Time Between
Failures and Mean Time to Failure provide different and complementary information, they comply
with all properties and are relevant indicators for the MSP and for the WF operator. However, there
is a need of taxonomy and KPIs need to be referenced to every component.
Concerning maintenance, we find that some of the maintenance KPIs do not comply with the
properties such as the Response Time. Others do not provide additional information such as the
Total Downtime, Equipment Reliability, Size of the Backlog or Value of spare parts. Moreover, we
consider that the investigated KPIs respond to different questions and we have proposed some of
these questions depending on the stakeholders’ interest. Referring to the effectiveness of the
preventive maintenance the Percentage of jobs which are breakdowns (reactive work), the
Percentage of planned jobs completed on time (schedule compliance) and the Percentage of
overtime provide the industry with this relevant information. Finally, from an economic perspective
the Maintenance labour costs as a percentage of total maintenance costs and the Total
maintenance costs versus Annual maintenance budget are good indicators.
For the KPIs concerning financial aspects we believe that some of the currently used financial KPIs,
such as the Operational Expenditures (OpEx) or the Free cash flow to equity (FCFE), do not comply
with the properties. On the other hand, there are three useful KPIs: In order to compare the
financial performance of a WF to another the Earnings before Interest, Taxes, Depreciation and
Amortization (EBITDA) margin is a good indicator but needs to be presented in conjunction to other
KPIs that would include the CapEX. The Loan Life Coverage Ratio (LLCR) and the Debt-Service
Coverage Ratio (DSCR) historical and forecasted provide the WF operator with information about
the ability to repay the debt over the whole lifetime of the asset during the lifetime of the project
or during a specific year, respectively. Finally, regarding comparison of different power generation
sources or wind farms the Levelised Cost of Energy includes all the costs involved throughout the
project´s life cycle. However, the normalization for benchmarking is done in terms of installed
capacity. The proposed KPIs according to our analysis are listed in Table 5.
Table 5: Proposed list of indicators.

Category
Performance
KPIs

Indicator
Energy-Based Availability

Relevant for which stakeholder
- WF operators
- Investors
- Maintenance Service Provider
- Utility
- Grid Operator
- The Government/Public/End Users

Time-Based Availability

- WF operators
- Investors
- Maintenance Service Provider
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- Utility
- Grid Operator

Reliability

Power Curve

- WF operators
- Maintenance Service Provider

Mean Time to Repair

- Maintenance Service Provider
- WF operator

Mean Time between Failures
Mean Time To Failure
Maintenance Percentage of jobs which are
breakdowns

- Maintenance Service Provider
- WF operator

Percentage of planned jobs completed
on time
Percentage of overtime
Maintenance labour costs as a
percentage of total maintenance costs

- Maintenance Service Provider
- WF operator

Total maintenance costs versus
Annual maintenance budget
Financial

Earnings before Interest, Taxes,
Depreciation and Amortization margin

- WF Operator
- Investor

Loan Life Coverage Ratio

- WF operator

Debt-Service Coverage Ratio
historical and forecasted
Levelised Cost of Energy

- Investors

5.7 Conclusions
The review of existing KPIs in this technical report shows that there is a need for a standardised
definition of KPIs. The number of existing KPIs should be reduced and the remaining ones need to
comply with defined properties. The stakeholders can then use the resulting KPIs to monitor the
performance of different WFs in a unified way. The standardised definition of KPIs provides a
common basis for different stakeholders and enables WF comparison. The KPIs can be subsequently
used to define specific goals in contracts between different stakeholders, provide the individual
stakeholders with comparable information and provide a benchmarking environment. In academic
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research the KPIs can be used to compare different methods and new approaches and verification
of models is easier due to the common framework.
Further work on this topic should include investigations regarding the two remaining questions
presented by our industry partners. These are investigations regarding the benchmarking of the
KPIs and the role models and simulations could play in benchmarking or assessing KPIs. The main
idea here is, that models and simulations could be used to find benchmarking values for the KPIs
that can then be used by stakeholders’ to compare a WF to a standard KPI value.
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