IEC TS 61400-28

Edition 1.0 2025-03

TECHNICAL
SPECIFICATION

Wind energy generation systems —
Part 28: Through-life management and life extension of wind power assets

INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

ICS 27.180 ISBN 978-2-8327-0295-6

Warning! Make sure that you obtained this publication from an authorized distributor.

® Registered trademark of the International Electrotechnical Commission



-2- IEC TS 61400-28:2025 © IEC 2025

CONTENTS

O T T 1 I PP 6
LN I 2 1 1 L O 1 PN 8
1 1o o 1= S P 10
2 NOrmMative referENCES ... e 10
3  Terms, definitions and abbreviated terms ... 11
3.1 Terms and definifioNS .. ..o 11
3.2 AbDbreviated termMS ... 16
4  User guidance: Concept of through-life management and lifetime extension.................. 18
4.1 L@ AT T 1S 18
4.2 Data management. ... ... 24
4.3 Reading guIdeline .. ... 24
5 Data management, requirements and uncertainty ... 28
5.1 L == T 0 1o = 28
5.2 Data Management. .. ... 28
5.3 Data and information definition ..o 29
54 Data / information SOUICES .. .. e i 30
5.4.1 Design iNformation........oouiiii 30
5.4.2 Meteorological data ..o 31
5.4.3 Wind data from Nacelle . ... 31
5.4.4 Extreme site CoONditioNS........oeiiii 32
5.4.5 SCADA data .oiiiiiii e 32
5.4.6 INStrUMENTAtION . ... 33
5.4.7 Operational EXPeriENCE ... ..o e 33
5.4.8 Maintenance and field hiStOry .........ccoiiiiiii i, 33
5.4.9 INSPECHION NISTOY ..ooiii e 33
5.5 Data requirements for components in the primary load path................................ 34
5.6 Data UNCertainty . ..o s 35
5.7 Classification of uncertainty ....... ..o 36
5.8 Data requirements for new wind farms ...........ccooiiiiiiiiii e 36
6 RISk Management PrOCESS ... 36
6.1 General @PPrOACKH ... 36
6.2 Scope Of sk aSSESSMENt .. . i 38
6.3 Life extension risk @sSsSeSSMENT . ... 39
7  Wind farm operation, maintenance and inspections ... 39
7.1 Name plate and design class requirements ..........ccooviiiiiii i 39
7.2 Replacement of structural or major components............oooiiiiiiii 40
7.3 Operation and MaintENaNCE .........oouiiiiiii e 40
7.4 Physical INSPECHIONS ....cuiiii e 42
7.5 Scheduling of physical INSPeCtioNS...... ..o 42
7.5.1 GBNEIAL L. s 42
7.5.2 Early life inspections (15 % to 25 % through operational life)......................... 43
7.5.3 Mid-life inspections (45 % to 55 % through operational life) ...................ooee. 43

7.5.4 Life extension preparation inspections (70 % to 80 % through
operational life) .. ... 43
8  Condition and structural health monitoring ..........ooooiii i, 44

8.1 P U DO . e e 44



IEC TS 61400-28:2025 © IEC 2025 -3-

8.2 CMD minimum necessary reqQUIr€mMeNt ...........oeueiiiiiii e 46
8.2.1 LT o= = | P 46
8.2.2 Vibration monitoring system (VMS) .. ... 46
8.2.3 Temperature MONITOIING....c.oiiii e aeenas 46
8.2.4 Oil and grease wear particle analysis..........cooviiiiiiiiiii 47
8.2.5 Site (wind) condition MONITONING ........iiiiiiii e 48

8.3 Structural health and load MoNItOriNg.........oveiiiii e 48

8.4 Data aCqUISTTION .. 48

8.5 Integration to asset management ... ... 49
8.5.1 LT o= = | P 49
8.5.2 DoCUMENTAtION ..o 49
8.5.3 BUSINESS PrOCEAUIES ..o e 49

9  Health and safety information ... 50
10 Analytical assessment of turbine lifetime ... 50

O T 0 1= Y 50

10.2 Methods to determine 10ads ........ooeiiiii i 50
10.2.1 GBNEIAL ..t 50
10.2.2 Relative assessSment. .. ... 51
10.2.3 ADSOIULE @SSESSMENT .. oot 51

10.3 Model data, input data and their uncertainties..............c.ooiiii 52

Annex A (informative) Health and safety — inspection and performance criteria.................... 54

A1 LCT=Y o L=Y - | PPN 54

A.2 Content and format of any reports issued...........ccoooiiiiiiiiiiiiii e 56

A3 Operation and maintenance data ... 57

Annex B (informative) Data requirements for primary load path..................cocoii, 58
B.1 Input data requiremMeENnts ... 58
B.2 Condition monitoring data requirements ...........cooiiiiiiiiii 65

Annex C (informative) Physical inspections — best practice for documentation of

results, findings and INSIGNtS ... 72

C.1 Physical iINSPECHIONS .. .uiiiii e e 72

C.2 T F] o= T o 1o o =Yoo o 1= 74

C.3 Highly recommended inSPeCtioONS .......vniiini e 74
C.3.1 10 =T S 74
C.3.2 Blad S ..o 75
C.3.3 PitCh DEaMINGS .. e 75
C.3.4 Yaw ring and DEaring ... ... 75
C.3.5 FOUNAAtION L.t 76
C.3.6 Transition piece (OffShOre) .......oiouiiii 76
C.3.7 Nacelle frame / bedplate ... ..o 77
C.3.8 HUD e 77
C.3.9 Bolted conNeCtioNS ... oo 78
C.3.10 Safely SY S EMS (o 78
C.3.11 1Y =T g T o= 1= T 1 T PP 79
C.3.12 Main Shaft. .. 79

C4 Recommended iNSPECHIONS ... 79
C.41 GearboX INSPECLIONS ... e e 79
C.4.2 Generator INSPECLION ....iuuii e e 79

C.4.3 NN A L A= T 80



-4 - IEC TS 61400-28:2025 © IEC 2025

C.4.4 Nacelle CONAITION .....ie e 80
C.5 Scheduled service (change or prolong existing schedule service) ......................... 80
C.6 Additional inspections and testing ..o 80
C.7 XS oX=Yox 4] o T =Y o Lo s 41 o o FU 80
Annex D (informative) Analytical assessment of turbine lifetime — relative approach
With @CCUraCy @SSESSMENT .o e 83
D.1 LT a1 = PP 83
D.2 Sources of UNCertainties ... ... 83
D.3 INput data UNCErtainty ... 83
D.4 Model sensitivity to input data........coooiiiii 84
D.5 Model UNCErtaiNtIES . .. cu e 84
D.6 Uncertainty assessment by accuracy assessment numbers (AAN) ............ccooeennee. 84
D.6.1 LY o= = | P 84
D.6.2 Example for the determination of AAN ..., 87
D.7 Probabilistic assessment of remaining lifetime ..., 89
Annex E (informative) Minimal CMDs for rolling element bearings and hydraulic
Sy S BT et et 90
E.1 L == T 0 1o 1= 90
E.2 Bearing failure MOdES .......coviiii e 91
E.3 The pragmatic approach ... 91
E.4 Y PP 92
E.5 LI a0 o L=T = LA =S 93
E.6 Grease Cleanliness ... i 93
E.7 Qil lubricant cleanliness (acceptable values over whole lifetime)........................... 95
Annex F (informative) Example of a methodology for assessment of risk ...........cc.cooiiiiniis 97
F.1 L@ Y=Y Y PP 97
F.2 Application of failure modes and effects analysis ...........coooiii 97
F.3 Using the potential failure (P-F) interval to assess detectability............................. 99
F.4 S TU ] 0 0 F=T oY USRI 100
Annex G (informative) Through-life management and remaining useful life ........................ 101
G.1 Through-life management ... ... 101
G.2 Life EXEENSION L.t 102
G.3 Remaining useful life ... ... 104
(2710 1o = Yo 2 V28 S 107
Figure 1 — Updated assessments and estimates of component safety and remaining life ...... 19
Figure 2 — lllustration of how the level of confidence can be improved by applying
IEC TS 61400-28 (for example, relating to the estimated RUL) ..........ccoooiiiiiiiiiiiin, 20
Figure 3 — The 3 typical phases of operation of a wind turbine ... 21
Figure 4 — Effect on asset life due to improved strategies and increased levels of
LoT0] o) To =Y o o= 200 22
Figure 5 — Process of through-life management and lifetime extension — Data
management is the backbone of the pProcess.......c.ooiiiiiiii i, 25
Figure 6 — Increase level of confidence, gradually by applying the methods.......................... 27
Figure 7 — Iterative sequence in general risk assessment procedures ............cooeeveiieinneennnen. 37
Figure 8 — Condition and structural health monitoring management process ..............c..cc...... 45

Lo LU T B I B A N N B = £ P 85



IEC TS 61400-28:2025 © IEC 2025 -5-

Figure D.2 — Load increase factors y depending weighted model uncertainty and

weighted data UNCErainty ... e 86
Figure E.1 — Example of reduction in life with filter rating (note L50 is shown here for
illustrative purposes, whereas L10 life is used for wind turbine applications)......................... 96
Figure F.1 — lllustrative example showing the increase of RPN in later life due to

g Ted £ F= 1] [ g o o Tod o1 U [ (=Y Lo = P 98
Figure F.2 — lllustrative example of the management RPN by improving detectability in

F= T =Y V1= PP 99
Figure G.1 — Through-life management of a wind turbine ... 101
Figure G.2 — Through-life management of a wind farm ..., 101
Figure G.3 — Life exXtension SCENATIOS ......c.iiiii i 103
Figure G.4 — Single component with no failures ... 104
Figure G.5 — Single component with Symptom....... ..o 105
Figure G.6 — Multiple components with symptoms...........cooiiiiiiiiii e 106
Table 1 — Comparison between definitions of remaining life used in this document ............... 17
Table 2 — Classification of uncertainty ... ... 36
Table 3 — Key properties of failure mode and components of a risk priority number .............. 38
Table 4 — Example of distinctions between data, information, advice and decision................ 46
Table B.1 — Input data requirements ... .. ..o 59
Table B.2 — Condition monitoring data requirements ............coooiiiiiiiiii e 66
Table B.3 — Condition monitoring requirements for main bearings...............ccooeiiiiiinnn. 67
Table B.4 — Condition monitoring requirements for gearbox ............coooiiiiiiiiiii i, 68
Table B.5 — Data requirements for yaw mechanisSm...........ccoooiiiiiiiiiiii e 69
Table B.6 — Data requirements for tOWer ... ... e 70
Table B.7 — Data requirements for foundation ... 70
Table B.8 — Data requirements from measurements and characterisation of site

[oTo]Te 11 110} o L= PP 71
Table C.1 — Required physical inSpectionSs ... ... 72
Table C.2 — Reporting inspection findiNgs ........c.oiiiiiii e 81
Table D.1 — Relationship between COV of data and uncertainty category .............cccoeevennnn. 83
Table D.2 — Weighted Uncertainty ... 85
Table D.3 — Assessment of weighted data uncertainty ..., 87

Table D.4 — Assessment of weighted data model uncertainty ..............cooiiiii e, 88



1

2)

3)

4)

5)

6)

7)

8)

9)

-6 - IEC TS 61400-28:2025 © IEC 2025

INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS -

Part 28: Through-life management and
life extension of wind power assets

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote international
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). Their
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization for
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence between
any IEC Publication and the corresponding national or regional publication shall be clearly indicated in the latter.

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

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

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

IEC draws attention to the possibility that the implementation of this document may involve the use of (a)
patent(s). IEC takes no position concerning the evidence, validity or applicability of any claimed patent rights in
respect thereof. As of the date of publication of this document, IEC had not received notice of (a) patent(s), which
may be required to implement this document. However, implementers are cautioned that this may not represent
the latest information, which may be obtained from the patent database available at https://patents.iec.ch. IEC
shall not be held responsible for identifying any or all such patent rights.

IEC TS 61400-28 has been prepared by IEC technical committee 88: Wind energy generation
systems. It is a Technical Specification.

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

Draft Report on voting

88/955/DTS 88/1053/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

A list of all parts in the IEC 61400 series, published under the general title Wind energy
generation systems, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document will be

e reconfirmed,

e withdrawn, or

e revised.


https://www.iec.ch/members_experts/refdocs
https://www.iec.ch/publications
https://webstore.iec.ch/?ref=menu
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INTRODUCTION

The purpose of this Technical Specification (TS) is to define a common basis for the
management of physical and digital assets associated with wind farms throughout the operating
life. The objective is to ensure the integrity of the structure whilst operating, both within the
design life and beyond. The focus of the guidance in this document is safety, defined as
ensuring the structural integrity of the components in the primary load path of a given turbine
or site and the continued function of critical systems. It is anticipated the reader will make an
assessment of risks and uncertainties, aligned with safety, technical and commercial
requirements of the particular project, in order to determine the level of detail justified for any
assessments undertaken.

This document has been published to enable wind farm operators to manage the production of
electricity from wind turbines for the longest possible safe time, delaying the unnecessary social
and environmental costs of premature decommissioning. Defined here are the procedures for
amassing the minimum body of evidence to justify continued operation.

It is highlighted that the cumulative uncertainty, as defined in ISO/IEC guide 98-3 and estimated
using methods defined in this document, including uncertainties in calculations, are used to
estimate the variability of the results. It is described how this variability is to be stated alongside
any estimates of remaining life of components.

Regarding risks to personnel or third parties, no attempt is made to incorporate the many
individual interpretations by regulatory authorities in different regions or jurisdictions.

The earlier in the wind farm operational life the guidance in this document is implemented the
better, but suitable procedures can be developed and followed, by any stakeholder, at any point
in the life of a wind farm. The guidance should be applied to each mode of failure for each
component in the primary load path and associated critical systems. Estimates of life can be
made, relating to the most significant mode of failure and taking full account of specific
conditions at the site and operational practices. Phases of operation, at which this guidance
can be applied, include amongst others the following:

e reviews of site-specific assessed life prior to construction,

e site specific expected life at end-of-warranty,

e points of re-financing and sale,

e proposed extended operation beyond the site-specific assessed life.

The guidance can be used by designers, manufacturers, developers, operators or third parties
and can be used as part of due diligence. Application by stakeholders of practices and
techniques specified in this document can be used to minimise costs of operation and maximise
safe, useful, productive life. In particular, recommendations are given and approaches
described for the assessment of the following examples of situations:

e historical duty, usage and working life consumed,

e current component health, and

e expected future remaining life.

These could be used to assess the condition and productivity of individual turbines, safety
systems and the primary structure at specific turbine locations within a wind farm or
comprehensively for all locations of a site. The principles defined, practical guidance and
theoretical techniques described could be used to update the expected useful life of the assets.

Additionally, assessments of expected technical availability, reliability and safe operation
beyond the end of the design life could also be made.
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IEC 61400-1, IEC 61400-2, IEC 61400-3-1 and IEC 61400-3-2, contain minimal requirements
for design, ensuring structural integrity of wind turbines, under standardized classes of
meteorological conditions and operational practices. Also included are many other contextual
conditions affecting loading and expected life. IECRE OD-502 describes the certification of a
wind farm project. If the wind farm is certified, loads analysis will be used to estimate site
specific life prior to construction. IEC TS 61400-28 is the only document amongst the IEC 61400
series which describes the following:

e method for updating the lifetime (estimated prior to construction) for a specific site,
e which is being operated under specific site conditions and management procedures,

e which shows symptoms of degradation, having experienced specific modifications, faults or
failures, taking into account evidence of turbine reliability, changes of operational status,
including starts, stops, errors, warnings, curtailment, sector management and grid outages.

It is recommended to re-assess the lifetime on this basis at regular periods during the life of the
wind farm. In particular, it should be assessed whether or not it would be safe to continue
operation of the wind farm, beyond the expected lifetime or beyond that stated in the type
certificate, if available for the wind turbine. Turbines could prove to be safe and suitable to
produce additional electricity, either during or beyond the site-specific lifetime. It is important
to note that these are estimates of remaining lifetime, whether based on observations,
measurements, statistical methods or simulations. The actual lifetime, with respect to the most
significant mode of failure, can be longer or shorter.

It could be appropriate to adjust the values of factors of safety or uncertainties, which were
applied prior to construction at the design stage, associated with key parameters required to
estimate integrity and life. Evidence to support any such adjusted values is provided, whether
through applying best practices of wind farm operation, collecting information about the
conditions at each turbine, the production, the maintenance tasks undertaken, the condition of
critical components, the modes of failure and their consequences.

This document may be used to define the technical inputs to any economic assessments,
developed by stakeholders to value assets throughout their lifetime, but does not describe any
particular economic models.

The focus of this document is on components in the primary load path and the safety system.
For loading and structural integrity, accumulation of fatigue damage is described. Regarding
ultimate limit states, however, comprehensive guidance is not given about methods to reassess
and update the statistics of extreme conditions, faults and failures which contribute to the
ultimate limit state. Detailed analyses of the reliability of components outside the primary load
path are not described here, even though these aspects could contribute to the objectives of
this document. It is left to the reader to extend the methods described in this document if
relevant to topics relating to component reliability, with reference to IEC TS 61400-26-4.
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WIND ENERGY GENERATION SYSTEMS -

Part 28: Through-life management and
life extension of wind power assets

1 Scope

This part of IEC 61400, which is a Technical Specification, sets out minimum requirements for
actions, investigations and assessments to ensure the continued structural integrity of wind
farm assets, particularly wind turbines, aimed at verifying that they remain safe for personnel
to operate. The document describes how to maintain those assets and collect suitable evidence
to demonstrate to third parties that risks are minimised, particularly where risks are related to
collateral damage or injury, such as could be suffered by personnel or structures neighbouring
the wind farm.

Covered in this document are assessments of current condition and remaining useful life,
resulting in the technical basis for justifying extended operation beyond the design life (defined
in 3.1.3) and also beyond the site specific assessed lifetime, whichever is shorter, for structural
or major components and systems contributing to primary layer of the safety system. Guidance
is also given on how best to manage a wind farm throughout the operational life.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC 60300-3-11:2009, Dependability management — Application guide — Reliability centred
maintenance

IEC 60812:2018, Failure modes and effects analysis (FMEA and FMECA)
IEC 61400-1:2019, Wind energy generation systems — Part 1: Design requirements
IEC 61400-2, Wind turbines - Part 2: Small wind turbines

IEC 61400-3-1:2019, Wind energy generation systems — Part 3-1: Design requirements for fixed
offshore wind turbines

IEC 61400-3-2, Wind energy generation systems — Part 3-2: Design requirements for floating
offshore wind turbines

IEC 61400-6, Wind energy generation systems — Part 6: Tower and foundation design
requirements

IEC 61400-12-1, Wind energy generation systems — Part 12-1: Power performance
measurements of electricity producing wind turbines

IEC 61400-12-2, Wind energy generation systems — Part 12-2: Power performance
measurements of electricity producing wind turbines based on nacelle anemometry
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IEC 61400-13, Wind turbines — Part 13: Measurement of mechanical loads

IEC 61400-25-1:2017, Wind energy generation systems — Part 25-1: Communications for
monitoring and control of wind power plants — Overall description of principles and models

IEC 61400-25-2:2015, Wind turbines — Part 25-2: Communications for monitoring and control
of wind power plants — Information models

IEC 61400-26-1, Wind energy generation systems - Part 26-1: Availability for wind energy
generation systems

IEC TS 61400-26-4, Wind energy generation systems — Part 26-4: Reliability of wind energy
generation systems

IEC 61511 (all parts), Functional safety — Safety instrumented systems for the process industry
sector

ISO/IEC Guide 98-3 Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

ISO 13381-1:2015, Condition monitoring and diagnostics of machines — Prognostics — Part 1:
General guidelines

ISO 13822, Bases of design for structures — Assessment of existing structures
ISO 2394:2015, General principles on reliability for structures
EN 1990, Basis of structural design

WMO-TD No 1186, Guidelines on Climate Data and Homogenization


https://www.electropedia.org/
https://www.iso.org/obp



