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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

Cathodic protection (CP), possibly together with protective coating, is applied to protect the immersed
external surfaces of offshore wind farm structures and appurtenances from corrosion due to seawater
or seabed environments.

CP, possibly together with protective coating, can be applied to protect the internal flooded and seabed
and sediment exposed surfaces from corrosion.

The general principles of CP in seawater are detailed in ISO 12473.

CP involves the supply of sufficient direct current to the surfaces of the structure in order,tp reduce the
steellto electrolyte potential to values where corrosion is considered insignificant or aédeptably low.

CP id designed to protect the submerged and buried areas of the structure from¢corrosion. The parts
that are not permanently immersed will not be permanently protected by the GP/System.

This[document introduces guidance for the use of available metocean data to
— assess the CP demand of immersed and frequently wetted areas
— determine seawater flow velocities to assess the CP design parameters

This is in addition to the primary use of the metocean data inStructural design.

This|document does not require the CP designer to be expertin metocean data; it gives guidance on data
which should be available from metocean specialists and which is required in the CP design process.

© 1S0 2022 - All rights reserved vii
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Cathodic protection of offshore wind structures

1 Scope

This document specifies the requirements for the external and internal cathodic protection for offshore
wind farm structures. It is applicable for structures and appurtenances in contact with seawater or
seabed environments. This document addresses:

— dlesign and implementation of cathodic protection systems for new steel structures;
— assessment of residual life of existing cathodic protection systems;

— designand implementation of retrofit cathodic protection systems for improGement of thle protection
vel or for life extension of the protection;

— inspection and performance monitoring of cathodic protectiontsystems installed |on existing
jtructures, and

— guidance on cathodic protection of reinforced concrete structures.

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
unddted references, the latest edition of the referéhced document (including any amendmepts) applies.

ISO 8501-1, Preparation of steel substrates*before application of paints and related produdts — Visual
assegsment of surface cleanliness — Part. 1= Rust grades and preparation grades of uncoated stegl substrates
and aof steel substrates after overall remaoval of previous coatings

ISO 12473, General principles of cathodic protection in seawater

EN 1R496, Galvanic anodes fdr ¢athodic protection in seawater and saline mud
ISO 12696, Cathodic protection of steel in concrete

ISO/IEC 17025, Genéral requirements for the competence of testing and calibration laboratoriges
EN 60529, Degrees of protection provided by enclosures (IP Code)

IEC p1000s1-2, Electromagnetic compatibility (EMC) — Part 1-2: General — Methodology for the
achigvement of functional safety of electrical and electronic systems including equipment with regard to
electromagnetic phenomena

[EC 61400-24, Wind energy generation systems — Part 24: Lightning protection

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.
[SO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

©1S0 2022 - All rights reserved 1
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atmospheric zone
zone located above the splash zone

3.2

buried zone
zone located under the seabed or expected scour level, whichever is lower

3.3

CP design life
time for which the CP is designed to protect the structure

Note 1 to ent

3.4
doubler pla

plate welded onto a member to locally reinforce it or to isolate it from further weldingwerk

3.5

electrolyte
medium in Y
seabed

3.6
frequently
FWZ

water level,

Note 1 to ent

3.7

free board
FBL

water level {

Note 1 to ent

3.8
HAT
highest ast

level of the highest astrononiical tide

3.9
hybrid cath
system com

3.10

Fy: This may be different to the structure design life or structure service life.

te

which electric current is transported by ions. In the context of thisTdocument, seawat]

wetted zone

WL(t), plus significant wave height, H,,

ry: See Annex B for details.

level

or floating structures

Fy: For calculation of frequentlytwetted zone, it will replace WL(t)

ronomical tide

odic protection system
prising:both impressed current and galvanic anodes

inspection

eI Oor

examination of equipment to determine its continued performance characteristics, whether undertaken

on aregular

3.11
IR error

program basis or carried out as a simple operation

error in measured steel to electrolyte potential caused by the protection current or any other current
flowing through the resistive environment

3.12

jacket structure
multi-legged lattice braced structure

© IS0 2022 - All rights res
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3.13
J-tube
curved tubular conduit designed and installed on a structure to support and guide cables

3.14

LAT

lowest astronomical tide

level of the lowest astronomical tide

3.15
marine sediments

t 1 £l lLad d o F £ i o 1.4 i il £ H A | ik
Op ycl Ul 11T S5CadutTuUu LUIIIPUDCL{ Ul WwdllTl Sadatulditlu SUlIuU 111Idilll Idlo Ul vdl ITUuUuS UUTIISITITOS

3.16
metocean data
metegorological and oceanographic data, often given as hourly statistics

3.17
monjitoring
activlity continuously on-going or sporadically undertaken at fixedylocations to defermine the
performance of a CP system or parameters related to the performangée

Note [L to entry: Typically, monitoring utilizes fixed sensors, the data from which can be data logged.

3.18
monppile
founglation element driven or drilled into the seabed to@upport a transition piece and/or tqwer

3.19
overtpolarization
occufrence in which the structure to electrolyte potentials are more negative than those required for
satisfactory cathodic protection

Note [l to entry: Over-polarization provides.no useful function and might even cause damage to the [structure

3.20
owner
strugture owner, or developer or operator, all or any of which may have responsibility|for matters
related to corrosion protection

3.21
primary steel
primlary load carrying elements (monopile, jacket, hull and other steel structures)

3.22
re-pplarization
situaition where the steel is polarized after a depolarization event

3.23

retrofit cathodic protection

provision of CP equipment, either as a complete or a partial system, to an existing structure either to
remedy CP performance deficiencies or to extend the CP system life

3.24
salinity
quantity of inorganic salts dissolved in the seawater

Note 1 to entry: The standardised measurement is based on the determination of the electrical conductivity of
the seawater.

Note 2 to entry: Salinity is expressed in grams per kilogramme (g/kg) or as parts per thousand (ppt or %o).

©1S0 2022 - All rights reserved 3
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3.25

scour

removal of seabed soils by sea currents and waves or caused by structural elements interrupting the
natural flow regime above the sea floor

3.26
seabed
interface between seawater and solids of the buried zone (3.2) including the marine sediments (3.15)

3.27
secondary steel
steel which snet Pt iulcu_y otccl, hencetsedfor—aceess (buat }audius, faddet S decks—and SUppPo t for

equipment)

3.28
shallow wager
water of sugh depth that surface waves are noticeably affected by bottom topography

Note 1 to enfry: Typically, this implies a water depth equivalent to half the wavelengthl33], For all pragtical
purposes in this document, it is understood as depth less than =30 m LAT

3.29
significant wave height
Hmo
mean level gf the third largest waves in open sea

3.30
splash zong
external region of support structure that is frequently wetted due to the wave and tidal variations. A
more detailpd definition of splash zone is given in IEG$61400-3-1[15], In this document the frequgntly
wetted zong is included as the upper boundary to which current demand for CP shall be included

3.31
structure service life
anticipated |ife of the windfarm structure.

Note 1 to entry: This includes a period fox storage, transport, installation, operating the wind farm and a po§sible
period for defommissioning

3.32
suction bugket
foundation ¢lement that is'sucked into the seabed

3.33
surveying
process of carrying out inspection using a defined procedure

1 1 Flaia o s H H 1 d & 2 oo 1 £roles tlaod: s i
NOte 1 to enl,l_y. I oS o tummCIIT St vey TS 15 ars O St tO— e St ot TnC P ot eSS 0T tanTitg Cattotrc—protT ction

measurements, not using fixed and data logged sensors, but using a defined procedure

3.34
tidal zone
zone located between LAT and HAT

3.35
transition piece
intermediate structure between the monopile and the tower

4 © IS0 2022 - All rights reserved
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3.36
wave crest and trough

height of seawater above and depth of below still water level due to waves

Note 1 to entry: See Figure 1 below.

ISO 24656:2022(E)

water level
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Key
Key to distance elevation Key line types
1 owest astronomical tide 6" tide associated with storm (shown positive m—  Seaflo
[LAT) but may be positive or negative)

2 mean sea level (MSL) 7 storm surge (shown positive but may be —— tidelsg

positive or negative)

3 highest astronomiéal tide 8 still water (or "storm water") level —— surge
[HAT) levels
idal range crest elevation . wave
idal datum/(commonly LAT 0 trough elevation
br MSLbut may be other)

4 Symbols and abbreviations

4.1 Symbols

A Area, m?

C Anode cross section periphery, m

Cc

© IS0 2022 - All rights reserved
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AU

fe
I

I

anode(initial)

I

anode(final)

I

max
Itotal(initial)
Itotal(final)

J
L

Linitial

Lfinal
N

Q

anode
Tdesign
U

u

V.

initial

V;

insert

Vfina[
V.

gross

Mynode

Migal

Driving potential, V

Coating breakdown factor

Current, A

Initial current output of an individual galvanic anode material, A
Final current output of an individual galvanic anode material, A

Maximum protection current demand for a CP zone, A

Total current required for polarization of the structure, A
Total current required for re-polarization of the structure, A
Current density, A/m?

Anode body length, m

Anode initial length, m

Anode final (or end of life) length, m

Number of anodes

Practical electrochemical capacity for the anode alloy in the environment considered, Ah/kg

Resistivity of an electrolyte, Qm. In this document resistivity may be of an electrolyte (sea
or seabed) or a conductor material

Anode resistance to remote earth, Q.In the context of this document, remote earth will
be in seawater or seabed

Anode radius, m

Circuit resistance, ()

Arithmetic mean pfanode length and width, m
Temperature2C

Effectivedifetime of the anode, years

Required design life, years

Flow velocity (m/s)

Utilisation factor for CP design calculations

Initial net volume of anode alloy (excluding the steel insert), m3
Volume of the insert only within the anode body, m3

Final (or end of life) net volume of anode alloy, m3

Overall volume of the anode body including that portion of the insert only within the
anode body, m3

Net mass of an individual galvanic anode material, kg

Minimum total net mass of galvanic anode material, kg

© IS0 2022 - All rights reserved
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4.2 Abbreviations

ABS Area Below Seabed

AC Alternating Current

BEM Boundary Element Method

CA Corrosion Allowance

CP Cathodic Protection

CP design life  Cathodic Protection design life

CPS Cable Protection System

CSPH Chlorosulfonated Polyethylene; alternatively abbreviated to CSP.
DC Direct Current

DO Dissolved oxygen

EMF Electromotive Force

EPR Ethylene Propylene Rubber

ER Electrical Resistance

FAT Factory Acceptance Test

FBL Free Board Level

FEM Finite Element Method

FWZ Frequently Wetted Zone

GACP Galvanic Anode.€athodic Protection

HAT Highest Astronomical Tide

HDPE High-Derisity Polyethylene

HMMPE High Molecular Mass Polyethylene

HSC Hydrogen Induced Stress Cracking

ICCP Impressed Current Cathodic Protection

IEC International Electrotechnical Commission
IMCA International Marine Contractors Association
[P Ingress Protection Rating

ISO International Organization for Standardization
ITP Inspection and Test Plan

LAT Lowest Astronomical Tide

MIC Microbially Influenced Corrosion

©1S0 2022 - All rights reserved 7
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MMO
MP
MSL
MTL
MWL

MDFT

:2022(E)

Mixed Metal Oxide
Monopile

Mean Sea Level
Mean Tide Level
Mean Water Level

Minimum Dry Film Thickness

NACE
NDFT
PTFE
PVDF
pvC
RCD
RMS
ROV
S-N
SMS
TP
TR
WTG
XLPE

5 Compe

Personnel v
supervision
CP systems
should be in

National Association of Corrosion Engineers
Nominal Dry Film Thickness
Polytetrafluoroethylene
Polyvinylidene Fluoride

Poly vinyl chloride

Residual Current Device

Root Mean Square

Remotely Operated Vehicle

Stress versus Number of cycles
Specified Minimum Yield Strength
Transition Piece

Transformer Rectifier

Wind Turbine Generator:

Cross-linked Polyethylene

rtence of persennel

'ho undertake the design (the CP designer), supervision of installation, commissio

shallthave the appropriate level of competence for the tasks undertaken. This compet

ning,

of operation, inspections, measurements, monitoring and supervision of maintenanice of

ence
b and

determine t

dependently assessed and documented. The CP designer shall be competent to asses

ode

electrochemical capacity) for the CP design based upon the type of structure, its exposure and the
metocean data.

IS0 15257171 defines a method which may be utilized for assessing and certifying the competence of CP

personnel.

Competence of CP personnel to the appropriate level for tasks undertaken should be demonstrated by
certification in accordance with ISO 1525717l or by another equivalent prequalification procedure.

© IS0 2022 - All rights reserved
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6 Structural considerations

6.1 Structures to be protected

Foundation structures are designed to support a tower and nacelle incorporating a turbine generator
and wind driven rotor blades. The structure is subject to fatigue loading, which in many cases is the
design driver.

This document can also be applied to the cathodic protection of other foundations associated with
offshore wind power generation, such as transformer platform and meteorological mast foundations.

OffsH
large
float

ore wind turbine foundation structures can comprise various primary steel structiyires such as
diameter monopile foundations driven into the seabed, lattice structures fixed)te|the seabed,
ng structures, and concrete gravity-based structures.

NOT]H
stiffe|
serve

tubular legs
he structure

The term “jacket” is commonly used to describe a lattice style structure‘comprising
hed with cross members. Jacket is the term used in the offshore oil and gas industry since
s to enclose the conductor pipes.

This
strug

document defines the requirements for the CP of external and intepnal surfaces of offf'shore wind

tures in contact with seawater and with seabed or sediment.

It ad

|

hcket structures with driven piles or suction hiickets,

iresses the following structures:

onopile and transition piece foundations,
ono bucket foundations,

floating structures,

gravity-based reinforced concrete structures, and

other foundations associated with offshore wind power generation.

This
requ

erformance
from wind.

document addresses specific*features of the above listed types of structure. The f
rements are applicable to.all offshore structures associated with generation of power

The
arei

yarious types of fouhdation structures, in common use, together with their corrosign strategies
lustrated in Figure 2, Figure 3, Figure 4 and Figure 5.

Mongpile structures/Figure 2, are one of the most common types of foundation structures|for offshore

wind
diam
top

turbines gnd have unique features which make special considerations necessary.
eter steél piles (monopiles) are driven into the seabed to a defined level below seabed §

Single large
ind with the

ypically- above MSL. Wind turbine towers are installed on an intermediate structure

known as a

trangition piece (TP) or directly on the monopile (MP). The TP fits over the monopile, extenﬂ)ing to some
depth and is sealed where the overlap exists and grouted with a cementitious mortar. Alterinatively, the
TP is provided with a bottom flange and fitted on top of the MP with a top flange and bolted together.

The TP is generally coated as it protrudes out of water, within and beyond the upper limit of full CP
protection area, and therefore the coating jointly with a corrosion allowance comprises the corrosion
protection strategy.

Generally, the required facilities for the operation of the foundations are pre-installed on the transition
piece and/or the jacket structure including boat landings and ladders, grouting systems, boat fenders
etc.

Jacket type foundations are similar to many offshore steel platforms and the provisions for CP are
described in this document and in EN 12495[18],

© IS0 2022 - All rights reserved
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Floating structures, Figure 4, are, as the name suggests, structures that are floating. They use chains or
tethers to secure the structure to some seabed anchor.

Concrete gravity-based structures, Figure 5, are placed on the seabed and are not normally considered
in need of CP if

classes,

designed and constructed according to EN 1992-1-1(13], and

produced according to EN13670[29 jointly with the normative annexes.

designed according to EN 206[14] jointly with the normative annexes for the relevant exposure

This docum

deterioration has been observed or if an unacceptable risk of corrosion is considered.

This docum
is connecte(
concrete gra

Structural ¢
generally d
prevents an

6.2 Mate

Offshore wi
specified mj

Some parts
CP system s
from this co

Foundation
coated in th

Gravity bas
is placed on

ent provides guideline for inclusion of CP on concrete structures for cases where premj

ent also addresses the CP current demand of steel in concrete where the steélyeinforce
| to steel elements that are not encased in concrete e.g. a steel monopilewith a reinfq
lvity base.

lements that are driven, drilled or sucked into the seabed such aspiles or suction bug
b not have anodes or other appurtenances fitted during installation, and hence it
pbdes and other appurtenances to be located below seabed level.

rials

hd structures are mainly constructed from bare orycoated carbon manganese steels w
nimum yield strength (SMYS) not exceeding 550 MPa.

hall be designed to ensure that there is complete control over any galvanic corrosion ay
upling and also any risk of hydrogen embrittlement, see ISO 12473.

structures such as monopiles, jackets and floating structures may be coated or p
e immersed zone. The design of the CP shall take this into account.

bd structures are generallyzsmade from reinforced concrete foundations, and the stru
the seabed, hence the name gravity based. The tower is fitted to the top of the foundat

pf the structure can be made of metallic matérials other than carbon manganese steel|

hiture

ment
rced

kets,
also

ith a

The
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artly

rture
ion.

6.3 Corrgsion protection strategy

bs of
sign,
ated

The selected strategy for’aivoffshore wind turbine foundation structure is important since the lev
protection gpplied for the'different structure areas (see Figures 2 to 4) feeds into the structural deg
where the SfN curvessed in the structural design are selected to match the environment anticiy
over the strjicture,service life.

NOTE Offshore steel wind foundations, are subject to fatigue loading and their design lives can be fdtigue
limited[24], details fatigue design of offshore structures. Within this recommended practice are three major
categories of S-N curves for carbon steel. These are S-N curves in air, S-N curves in seawater with cathodic
protection and S-N curves for seawater with free corrosion. These curves are utilised in the structural design.
The S-N curve ‘seawater with cathodic protection’ can be applied in the structural calculations, where the
protective criteria are assumed fulfilled.

Three possible corrosion mitigation measures are possible: corrosion allowance, coatings and cathodic
protection.

The role of cathodic protection is to minimise corrosion losses and to mitigate the effects of corrosion
on structural design calculations in respect of fatigue. For parts of structures that are not cathodically
protected, the wall thickness of structures may be increased to allow for corrosion losses during
service. The additional thickness provides a Corrosion Allowance (CA). Typical areas where corrosion
allowance is applicable are noted in Figures 2 to 4.
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Cathodic protection is often designed in combination with coatings. Cathodic protection does not need
coatings to operate successfully, and coatings are optional in combination with cathodic protection as
shown in Figures 2 to 4. If coatings are not used, a higher current demand is needed to protect the
structure in immersed and wetted areas.

ISO 12944-9[2] provides guidance and requirements for coatings for offshore use and are further
described in Annex D. Coatings alone cannot be relied upon in fully immersed areas since some
progressive breakdown can be anticipated throughout the structure service life. Annex D gives
guidance for coating breakdown factors when used in combination with cathodic protection. The owner
should be asked to accept the breakdown factors applied in the design.

Where-eathodicprotectionts effietent{meeting-the-protectiveerite > e “protected
in s¢awater” applies. Cathodic protection for offshore wind foundations may be provided by either
galvanic anode CP systems, or impressed current CP systems, or a combination of Goth.|At the time
of selection of the CP system a risk and consequence evaluation shall be made which ghall include

O N » g

— ¢stimates of reliability of the alternative CP systems, the anticipated number of visits to each
oundation during the structure service life for CP performance assessment, CP system rhaintenance
and CP system repair or replacement;

— (¢apital costs, operational costs and structural consequenCes’of non-functional CP systgms.

©1S0 2022 - All rights reserved 11
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internal: CA to be considered
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Figure 2 — Corrosion protection strategy for monopile, left side grouted, right side bolted with
TP including skirt
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X ser defined as upper limit of where CP protective criterion is to be met
Y :[ser defined as lower limit'ef coating
Z  user defined as lowerdimit of where CP protective criterion is to be met
1 4tmospheric zone 14 transition piece
2 dplash zone 15 jacket
3 idal zone 16 suction bucket
4  immersedzone 17 sealed compartment
5 luriéd'zone 18 external: CA + coating
6 K§WZ,., (above HAT) 19 external: CP + coating
7  HAT 20 external: CP + optional coating
8 MSL 21 external: CP
9 LAT 22 internal: coating
10 seabed level 23 pile option 1
11 scour level 24 pile option 2
12 pile toe level 25 piled jacket
13 pile 26 suction bucket jacket

Figure 3 — Corrosion protection strategy for piled jacket or suction bucket jacket foundation
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external: CA + coating

external: CP + coating
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floating spar

floating TLP (tension leg platform)

Figure 4 — Corrosion protection strategy for floating foundation, left side floating spar, right
side floating TLP
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12
Key
1 4tmospheric zone
2 dplash zone
3 tidal zone
4  immersed zone
5 KFWZ;,, (above HAT)
6 HAT
7 MSL
8 IAT
9  deabed level
10 dcour level
11 ¢xternal: optional CP
12 gravity based foundation

Figure 5 — Corrosion protection strategy for reinforced concrete gravity-based foundations

7 (Cathodic protection criteria

7.1 Temporary protection

Temporary cathodic protection, to achieve the protection criteria, see 7.2 and 7.3 to the immersed and
buried surfaces detailed in Figure 2, Figure 3, Figure 4 and Figure 5, shall be provided for the period
between construction and commencement of operation of CP (impressed current or galvanic) unless
it can be demonstrated that any corrosion occurring before cathodic polarization protection does not
compromise the structural integrity. A strategy could be to coat fatigue sensitive areas such as welds
and nodes to protect these against corrosion, until power is available.

If coatings alone are used before cathodic protection is applied, it may be necessary to undertake an
assessment of probable coating damages, its distribution and corrosion, before cathodic protection is
commissioned.

© IS0 2022 - All rights reserved 15
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7.2 Steel structures

The required structure to electrolyte potential limits for a range of metals and alloys in seawater are
detailed in ISO 12473.

NOTE1 In this document, all potentials are referenced to the silver/silver chloride/seawater reference
electrode (Ag/AgCl/seawater) except when otherwise stated.

The accepted criterion for protection of carbon manganese steels in aerated seawater is a protection
potential more negative than -0,80 V measured with respect to (wrt) Ag/AgCl/seawater reference
electrode. This corresponds approximately to +0,23 V when measured wrt pure zinc electrode (e.g.
alloy type Z2asdefinedin EN 12496:2013 Clause 2 or +0 25 V when measured wrt zinc electrode made

with galvanjc anode alloy types Z1, Z3 or Z4 as defined in EN 12496.

When differ
negative to
usually carh

ent metals and alloys are in electrical contact, the protection potential shall be suffici
control any galvanic corrosion of the less noble of them. In practice, the less @opble me
on steel, where -0,80 V is appropriate.

ently
tal is

111 be
odes

Ag/AgCl/se:
applied whe
and correct

iwater reference electrodes are sensitive to seawater salinity. A correcting factor shg
n not used in 3,5 % seawater salinity. Guidance to conversion between'reference elect
on factors are given in [SO 12473:2017, Annex C.

The protect
Influenced (
criterion cal

ion potential of steel in anaerobic environments and where’there is a risk of Microbially
orrosion (MIC) shall be more negative than -0,90 V wrtAg/AgCl/seawater, unless anpther
h be justified.

Anegative limitof -1,10 Vwrt Ag/AgCl/seawater is recommended in order to avoid coating disbondinent.
For conventjonal steels with a SMYS equal or lower than 550.MPa (grade S355 per EN 10025[7], there
is no enhanjced risk of cracking at this negative limit. This limit will not be exceeded on strucfures
protected by zinc or aluminium galvanic anodes, see 1SQ12473.

Where therg is a possibility of hydrogen induced stress cracking (HISC) and hydrogen embrittlement,

less

which may
negative pof
this specifid
determined
cathodicallyf

Ferritic and
to at least

and fabricated according-~td’ relevant standards. However, laboratory testing has demonst

susceptibilit
to a qualifie
in the range|

Austenitic d
solution anj

be adversely affected by cathodic protection to excessively negative values, a safe
ential limit shall be adopted. If insufficient documentation is available for a given mat
negative potential limit relative’to the metallurgical and mechanical conditions she
by mechanical testing at the'polarized potential limit. These potential limits apply

protected structural components, including fasteners.

ferritic-pearlitic structural steels with specified minimum yield strength (SMYS
b50 MPa have proven compatibility with CP systems, provided they are manufact

y to HISC durnihg extreme conditions of yielding. All welding should be executed accoi
d procedureswith 350 HV10 as an absolute upper limit. With a qualified maximum hard

erial,
11 be
ro all

) up
ured
rated
rding
ness

300 HVQto 350 HV10, design measures should be implemented to avoid local yieldi

tainless steels and nickel-based alloys are generally considered immune to HISC i

the

jealed condition. Similarly, welding or hot forming according to an appropriate procddure

does not induce HISC sensitivity. Bolts of AISI 316 stainless to ISO 3506-114], grade A4, property class 80
and lower, i.e., up to SMYS 640 MPa, have proven immunity to HISC with a negative limit of -1,10 V wrt
Ag/AgCl/seawater.

Martensitic carbon, low-alloy and stainless steels can present HISC at steel to electrolyte potentials less
negative than -1,10 V Ag/AgCl/seawater in materials with an actual YS of about 700 MPa and hardness of
about 350 HV10, respectively. Untempered martensite is especially prone to HISC. Welding of materials
susceptible to martensite formation should be followed by post welding heat treatment to reduce heat-
affected zone (HAZ) hardness and residual stresses from welding. The same recommendations for
hardness limits and design measures as for ferritic steels apply. Bolts in martensitic steel heat treated
to SMYS up to720 MPa, e.g. ASTM A193[21] grade B7 and ASTM A320[22] grade L7 have proven immunity
to HISC with a negative limit of -1,10 V wrt Ag/AgCl/seawater.
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Failures due to inadequate heat treatment have occurred and for critical applications, batch testing
should be employed to verify a maximum hardness of 350 HV10.

Ferritic-austenitic (duplex) stainless steels are potentially susceptible to HISC, independent of
SMYS, typically 400 MPa to 550 MPa or specified maximum hardness. Welding may cause increased
HISC susceptibility in the weld metal and in the HAZ adjacent to the fusion line. This is related
to an increased ferrite content rather than hardness. Qualification of welding should prove that
the maximum ferrite content in the weld metal and the inner HAZ, about 0,1 mm wide can be effectively
controlled. Ferrite contents of maximum 60 % to 70 % are typically specified. Coarse
microstructure is more susceptible because HISC propagates preferentially in the ferrite phase. Design
precautions should include measures to avoid local plastic yieldingl2¢l.

Fent metallic
e to compare

NOTH
mate
HISC

quan
const

appli

2 There is no generally recognised test method to verify CP compatibility of diffe
Fials. Constant extension rate testing, also referred to as slow strain rate testing, is applicdbl]
susceptibility of materials of the same type, e.g., relative susceptibility of martensitic ste¢ls. For more
fitative testing, uni-axially loaded tensile specimens, with constant load, 4-point{bend spgcimens with
ant displacement, crack tip opening displacement (CTOD) and other testing (configurations have been
bd at controlled CP conditions. Such testing is, however, beyond the scope of this-document.

Vto-095V
not defined
1] conditions
fential limit.
fasteners.

Fors
wrt 4
inIS
shall
Thes|

teels with a SMYS higher than 550 MPa, a negative limit of potentiatin‘the range -0,83
\g/AgCl/seawater shall be applied, as specified in ISO 12473. Wherepotential limits arg
D 12473 the specific negative potential limit relative to the metallurgical and mechanicg
be determined by testing the material/environment combination at the polarized po
e potential limits apply to all cathodically protected structutal components, including

Poteftial limits for high strength steels may also apply to.fastener materials.

High
strer
with

strength steels, corrosion resistant alloys (staifiless steels and copper alloys), particularly high
gth and high hardness materials, may be adversely affected by cathodic protection in accordance
the protection criteria above. ISO 12473 provides guidance as do References [53][28] and [26].

The
protq
may

beneral guidance is that if the SMYS i$<<’550 MPa and the hardness is below 350 HV]
ection is safe to the above criteria limits. But particular materials and their metallurgig
be sensitive to hydrogen induced-stress cracking (HISC) at less negative values.

10, cathodic
al condition

7.3 | Reinforced concrete structures

Steell
requ
part;
such

If CP
desig

No i

reinforced concrete structures or parts of structures fabricated from steel in concre
re cathodic protegtion, see 6.1. However, if their reinforcement is electrically cont
of a steel structure that do require CP, the reinforcement will be a ‘drain’ on the C
cases the provision of CP current shall be in accordance with ISO 12696 for ‘cathodic

of steel in_concrete is required for durability of the structure or parts of the structur
ned in aceordance with ISO 12696.

istant off steel to electrolyte (concrete) potential more negative than -1,10 V wrt Ag

te might not
inuous with
P system. In
revention’.

e, it shall be

AgCl/0,5 M

KCI f]

prplain reinforcing steel or -0,90 V for prestressing steel shall be permitted.

The required structure to electrolyte potential limits for reinforcement in concrete structures are
detailed in ISO 12696.

ISO 12696 also details the appropriate reference electrodes to be used in reinforced concrete.

8 Cathodic protection design

8.1

Objectives

The objective of a CP system is to deliver sufficient current to each part of the structure and
appurtenances in need of protection, in order to meet the potential criteria. The anodes shall be

©ISO

2022 - All rights reserved
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distributed so that the structure to electrolyte potential of each part of the structure to be cathodically
protected is within the limits given by the protection criteria throughout the CP design life, see Clause 6.

The design objectives may be achieved by the design of a CP system using either an impressed current

or a galvanic anode system or a combination of both (hybrid systems).

8.2 Design considerations

8.2.1 General

CP systems

av be combined with a coating system which will reduce the amount of protective cu

rent

required an

[SO 12944-9
related stru
in ISO 12941

This docum
water flow 1
wind turbin|
8.6 and Annl

d lead to more uniform distribution of the current.

(2] specifies the performance requirements for protective paint systems for offshoré
Ctures to be used in corrosivity class CX (offshore) and immersion conditions Im4 as de
2041,

ent introduces the concept of a frequently wetted zone (FWZ) to recognize the full imp
ate, tidal ranges and wave height on CP requirements. This conceptis-important to offs
e foundation structures. It is an essential part of the required CR.design calculation;s
ex B.

Offshore wind turbine foundations are exposed to variable seawater) velocities as a result of

variations a
in increased

Because eaq
each CP des

The CP syst

Current dra
frequently

Current dra
chains shall
current, its
all immerse

nd wave actions. Further, the location of a structural member in flowing water also r¢
flow velocity around the same member.

h offshore wind farm is in a geographically unigue location in respect of these feat]

bm shall be designed with due regard to environmental conditions, see 8.6.

in to all surface areas below seabed\level and above the fully protected area includin
vetted area shall be taken into account when calculating CP current requirements.

in to structures which cannat be directly fitted with anodes such as anchors and mo
also be taken into accountwhen calculating CP current requirements. The distributi
httenuation and the ability-of the CP system to provide relatively uniform current dens
d surfaces shall be assessed and ensured e.g. by mathematically modelling the CP syj{

using apprgpriate and provendnput parameters in order to indicate the distribution of currenf

structure tdg
design life.

The require
Clause 15 af
accordance
CP design r¢

electrolyte potential values over the structure under conditions that reflect the fu

d inputs.to, the design which shall be considered and documented are detailed genera
1d particularly in 6.3. Each step of the CP system design shall be undertaken and check

post:

gn shall be based on the metocean data uniquéto that particular location, see Annex B.

» and
fined

hct of
hore
, see

tidal
sults

ures,

o the

bring
on of
ty to
tem,
and
11 CP

lly in
ed in

with a’fully documented design plan and the final CP design shall be fully documented in a

A quality management system and an environmental management system shall be used in conjunction
with this document.

ISO 9001[3] constitutes a suitable quality management systems standard which may be used, and
ISO 14001[€] gives guidance on the selection and use of an environmental management system. CP
designs should be subject to quality management and include an assessment of environmental impact.

The anulus between a TP skirt internal surface and the MP external surface, see Figure 2, for the bolted
MP/TP, may present particular difficulties in respect of CP design. The environment within the anulus
may have features of both ‘external’ and ‘internal’ CP. The CP design shall document the specific design
parameters used for such an anulus. The corrosion assessment should take into account any area within
the anulus that is above the water level.
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8.2.2 External cathodic protection

CP shall be applied to the external immersed or partially immersed surface of steel structures.
Monopiles and tubular piled jackets may be coated, partially coated or bare. In the case of monopile

(MP)

structures the transition piece is generally coated.

Both galvanic anode CP systems and impressed current CP systems can protect an offshore wind
turbine foundation structure against corrosion.

For galvanic anode systems intended for MP installations, the time between driving the monopiles and
protecting the MPs with CP should be minimised, or other corrosion mitigations employed.

Early
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systq

8.2.3

8.2.3

Exp¢g
arer
entry

Whe
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with

In cl
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due ]
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perfq
calcg
be cd

r corrosion may have an impact on structural integrity.

e case of ICCP systems, the CP designer (see Clause 5), in conjunction with structural
determine if temporary CP will be necessary to cover the period between foundation|
he ICCP system becoming operational.

bossibility of power disruptions or intermittent failures to either temporary or pery
ms shall also be considered.

Internal cathodic protection

.1 Monopiles

rience has shown that it is difficult to completely seakthe internal space in monopiles v
puted inside the MP and some oxygenation of watef’should be expected. Even if compl
F for inspection will introduce oxygen.

e CP is installed in closed compartments,Wentilation shall be included in the struc
event build-up of gases and consequent risk of an explosive mixture. All CP systel
pgen. Aluminium anodes generate more hydrogen than zinc anodes. Impressed cur
Fate chlorine gas as well as hydregén gas on the protected steel and this may be
sive to the “head space” immediately below the airtight deck. There can be an incendi¥
both hydrogen (with oxygemtin air) and with chlorine (with hydrogen).

psed monopiles withoutwater replenishment aluminium galvanic anodes should not
own acidification issuest331134] and hydrogen gas generation and ICCP systems should
0 potential safety iazards from chlorine and/or hydrogen gas generation. Zinc anodes
measures to prevent risks from hydrogen gas build up.

Fe perforations are introduced into the monopile to ensure a flow of oxygenated s
rations shdll be of sufficient size to preclude their accidental sealing by maring
reous-deposits. The extent of water replenishment in the water column inside the mg
nfirmed based on water flow studies.

IfCP

bngineering,
installation

hanent ICCP

vhen J-tubes
btely sealed,

tural design
ns generate
rent anodes
particularly
re spark risk

be used due
not be used
may be used

bawater, the
growth or
nopile shall

is ot nmp]nynr] infnrn:\”y’ the use anrnfnr‘an r‘nafingc should be considered and fixed

monitoring

of the internal environment and corrosion rates at sensitive locations, above and below water and just
below the internal seabed/sediment level of representative structures should be considered. Inspection
procedures shall be appropriate to ensure detection of localized corrosion before this can impact the
structure service life.

Internal CP designs require particular attention to distribution of structure to electrolyte potential
over the surface within restricted electrolyte volumes, see 9.6 and EN 17243. Mathematical modelling
of the CP system [see Annex I] is recommended.

8.2.3.2 Flooded compartments in jacket structures
For jacket legs with welded and valve sealed flooded compartments with no oxygen access after time

of sealing, oxygen will be available for corrosion processes for a relatively short period until it is
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consumed. The level and extent of corrosion and the impact of corrosion on the structural integrity in
this period shall be considered.

NOTE As an example of impact of oxygen only: For a 2 m diameter vertical tubular with 10 m water column
(with 8 ppm dissolved oxygen) and 5 m of air (20,9 % oxygen) a total reduction of wall thickness of 26 um based
on uniform corrosion can be expected before the available oxygen is fully depleted. If corrosion is taking place
primarily in the upper meter of column, the corresponding reduction in wall thickness would be 260 pm.

When a jacket has flooded compartment(s) which are not sealed and there is continual replenishment
of oxygenated seawater, CP is required. The CP current densities are reduced due to reduced seawater
velocities compared with conditions externally. The possible locations for installation of anodes in such

a case makes the possibility of uneven potential distribution and attenuation significant and this

shall

be considerd

8.3 CP D¢

The CP des
installationj
may be diff
anticipated

bd. Further information is given in EN 17243.

psign life

gn life is normally specified by the owner. Due to the unmanned and‘multiple re
of offshore wind turbine structures in a wind farm asset it is inevitable|that regular a
cult and limited. It is normal practice therefore for the CP design lifé to be for the ¢
ife of the offshore wind turbine structure.

The CP design life should include both the installation period as well as offshore wind farm tu

operating li
the CP systd
connection
considered.
structure (
documented
included in {

fetime. If there is a period without protection before installation and commissioni
bm or before energizing (for impressed current systems), then this shall be consider
with the structural design. In addition, service life for the decommission phase mg
If it is envisaged that the effective life of the CP system will be shorter than that o
ncluding installation and decommissioning periods) then this shall be justified

in the design report, see 15.1 and provision, for replacement or retrofit as approp
he design.

8.4 Surface area considerations

8.4.1 General

To calculate
to be proteq

the CP current demand, itis:hecessary first to determine the surface area of the stru
ted. This includes areas where the protective criteria are to be met and areas which

drain current.

Design dray
Information|
included in ¢

It may be pij
parts. Howg
current der

Vings of the structure to be protected should be the basis of the surface area calculg
on the extent ‘@nd type of coatings if any and any associated appurtenances shg
he CP desighdreport.

actical tovapply some simplification when calculating surface areas for complex struc
bver, Such simplifications shall be conservative to ensure that the resultant calcu

mote
Ccess
ntire

rbine
hg of
ed in
ly be
f the

and
riate

rture
will

tion.
11 be

tural
lated

considered,

ary, an additional cont

ingency factor shou

8.4.2 Structure subdivision

d be

Structures to be protected should be divided into separate CP zones, which can be considered
independently with respect to CP design, although electrically connected.

A schematic representation of different zones requiring separate consideration due to installation

depth chara

cteristics is indicated in Figure 2, Figure 3, Figure 4 and Figure 5.

Annex C gives indicative design current density and data for use in the buried zone and for different
marked-up seawater flow velocity rates (see 8.6).

20
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Surface area calculations and their separation into various zones shall be documented in the CP design
report. Reference shall be made to structural drawings including revision numbers and all items
affecting CP current demand shall be included in the calculation.

For piled structures, including monopile foundations, all surface areas that will receive CP current shall
be considered, irrespective of any assessment that may infer that the corrosion rate or corrosion risk
is low for driven piles into the seabed. CP current will be distributed to the driven pile surfaces and if
these surfaces are not included in the CP design there will be a current deficit in the overall CP system
design. This shall apply to both internal and external CP designs.

To what extent coatings are provided below seabed/scour depth is for the corrosion protection designer
(See Clatrse 5) to—deetde: Au_y sluba} ardHecatscour—shal-be-inchidedintothe €P dcoisu, the immersed

zonelfor surface area calculations shall include the level to seabed plus maximum scour-depth.

Where scour protection is placed internally, due to the constrained electrolyte, [it maly affect the
electrolyte resistivity, and this should be considered. Externally, due to the huge volume of electrolyte,
any issues are normally insignificant.

AncHoring systems on floating offshore wind structures shall be considered a5 separate zones and shall
have|their own independent CP systems.

8.5 | Environmental factors

8.5.1 General

This|document is applicable to the immersed and buried parts of any offshore wind turbine structure
locatied in seawater of all compositions and for all soil'types.

For qurfaces that are alternately immersed and @xposed to the atmosphere, CP is only effective when
the ilmmersion time is sufficiently long for the Steel to become and be maintained polarized.

CP i¢ effective to bare (uncoated) steellt is also often used, and is effective, in combination with
protéctive coatings (paints) which reduce the required CP current requirements and impijove current
distrjibution.

Friction between the driven part of the structure and the soil can damage coating applied to the
strugture. Annex D provides(guidance for coating break-down factors that may be applied.

The gpplication of coatingscan be precluded by the need for friction between the structure element and
the seabed, for example; suction buckets.

Design current dermsities and therefore the total CP current demand depend upon the seawgter velocity,
the seawater temperature, erosion, dissolved oxygen content, and the ability to build up aphd maintain
protective ealcareous deposits on bare metal surfaces. Some informative guidance is givenfin Annex C.

The environmental factors listed below that affect CP current requirements and the gbility of CP
systemstoprovide this current shall be assessed-These effects are significantin the detefmination of
adequate CP for offshore wind foundations. The effects of significant reduction in anode current output
caused by anodes close to each other shall be calculated, see E.1.8. The effects of current and potential
attenuation over the steel structure from close to the anodes to points most remote from anodes shall

be calculated, see Annex E.

8.5.2 Seawater flow velocity

CP current density requirements for both initial polarization and maintenance of polarization
throughout life vary significantly with seawater flow velocity. Figure 6 describes the increase in velocity
vertically from seabed/scour level upwards and B.7 describes horizontal flow rate effects. Horizontal
velocity will accelerate around vertical tubulars and, for CP design purposes, the determined velocity at
varying depths, see 8.6.2 shall be marked-up as indicated in Annex B and Figure 6 in order to determine
the appropriate CP current density required.
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8.5.3 Electrolyte resistivity

Electrolyte electrical resistivity is of importance in the design of galvanic anode systems since it is
a factor in the calculation of anode to remote seawater resistance and hence anode current output,
see Annex E. For impressed current anodes the electrical resistivity shall be taken into account
during system design to provide sufficient output voltage. However, electrolyte resistivity also affects
distribution of current from anodes and hence the degree of structure polarization. Higher resistivity
results in polarization over a shorter distance from the anodes.

Seawater electrical resistivity (p in Qm) is dependent on seawater salinity and temperature. In open
seawater the value of salinity is reasonably constant within a relatively narrow limit, as shown in
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8.5.5 Calcareous deposits

Calcareous deposits on the structure surface occur as a result of cathodic reactions during the CP
process, see ISO 12473. The current requirement to protect a structure is decreased when calcareous
deposits have formed. The mean current density is largely determined by the nature of the calcareous
deposits for steel in seawater when effective CP has been achieved.

Allowance shall be made for the influence of water flows, suspended silts, sands, ice or by ice flows on
stability of calcareous deposits. The stability of calcareous deposits is also affected by storms. Guidance
is given in Annex D and Reference [35].
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8.6 Protection current demand

8.6.1 General

The current demand of each metallic component of the structure is the product of its surface area
exposed to the electrolyte and the selected current density. The demand can be reduced by the presence
of coatings where appropriate. The term “current density” is the CP current per uncoated unit surface
area of the structure being protected. The selected current density is that which is required to achieve
and maintain polarization of the structure to be protected.

The current densities shall be selected either from proven experience from similar installations in

the same locality, from full scale testing or based on published data relating measured en
condjfitions to current density for instance as detailed in Annex C.
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area shall be included in the CP design, refer to 8.4. Guidance on which items are to be cathodically
protected and which items only act as a drain on the CP system is provided in Table C.4. Any anode
support structure shall also be included in the CP current calculation requirement.

To account for the effect of seawater velocity, metocean data shall be used to derive a marked-up
seawater flow velocity profile across the water depths. Recommended methodology is described in
Annex B. The upper water level shall be the frequently wetted zone at 50 percent non-exceedance level,
FWZs o,

The current demand shall be calculated based on the surface area including the frequently wetted zone
(FWZ), to structure pile toe level or suction bucket toe level. The structure should, as a minimum, be
divided into the following zones:

a) FWZgyo, to FWZs o,
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b) FWZg,,

:2022(E)

to seabed/scour

c) Seabed/scour to pile toe/suction bucket level

The current

demand shall be calculated for the initial, mean and final (re-polarization) event.

The total current demand shall be calculated as the sum of current demands from each of the zones,
defined above from FWZs o, to toe level.

The total current, I}, required shall be calculated as given in Formula (1):

Itotal = Izone(FWZ 50 % to FWZ5 %) + Izone(FWZ 5 % to seabed—scour depth) + Izone(seabed—scour depth to toe level)

(D

i.e. summatjon over the individual zones.
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VZs o, to seabed/scour shall be subdivided into zones of maximum 10 m depth to accouy
harked-up seawater flow velocity, see Figure 6.

b1 increments may be adjusted if the marked-up flow velocity profile provides justific
nstance where the profile is very steep, larger increments may e used.

for the subzones from FWZ; 4, to seabed/scour shall be calculated as given in Formulg

A

zone ~‘!zone 'fc

is the currentin A,

is the current density in A/m?,

is the surface area of the zone inm?;

s the coating breakdown facter, for uncoated bare steel parts of the structure, f, = 1

F densities for the initial,” mean and final (re-polarization) events for structural
shall be calculated:

cabed/scour: Fotiinstance, as per the guidance in C.4.

eabed/scouriThe derived marked-up seawater flow velocity profile shall be used to fin
density for'instance as provided in C.2 for each of the above zones. The marked-up seay
ocity in-the vertical centre of the zone shall be used as basis.
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1 FWZggo, 8 Aggm?
2 IWZsyo, P Ucpy, m/s
3 Wi, 10 Ugpy, m/s
4 Arwzso % - Fwzs %), M 11 Ucprwzs0 9%-5 %), M/S
5 41.(FW2Z5 % - max. 10 m below FWZ5 %), T* 12 seabed/scour
6 AZ.(maX. 10 m below FWZ5 %- max. 20 m below FWZ5 %), m? 13 toe
7 Ay (to seabed), M? 14 structure
Figure 6 — Steel structure areas and zones relative to seawater flow velocity
Figufe 6 shows the structure to the left with structure levels on the y-axis: toe, seabed/scolir and levels
for frequently wettedzones (FWZs o, FWZs o, and FWZys ;). Annex B provides informatiqgn on how to
deriye the frequently)Wetted zone based on metocean data.
A represents the/Surface areas in the individual zones to subdivide the structure into:
—  BrwzE0%-5 %)
—  AFW4(5 %-Max 10 m below FWZ5 %)

—  Apwz(Max 20 m below FWZ5 %-Max 10 m below FWZ5 %) €tC until seabed or scour depth, and

— Agg for below seabed.

The X-axis represents the marked-up seawater flow velocity as defined and derived as detailed in
Annex B. Above seabed/scour the marked-up seawater flow velocity (Ucprwzs0 9%-5 %) Ucp1 Ucpz €t€)
as shown on the X-axis shall be used to find the current density for instance as shown in C.2 for that
given zone. U.p is the vertical centre of the zone to be used in the calculations.

Below seabed, the surface area may be subdivided as shown C.4 with the corresponding current
densities shown. Guidance on calculation of current densities for reinforced concrete foundations can
be found for instance based upon C.5.
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8.6.3 Calculation of current demand, internal surfaces

Internally, the surface areas for compartments with free-flowing seawater shall extend to the highest
internal water level, which for free-flowing conditions will be HAT.

Flow inside a monopile is dependent on the size, number, and location of the openings in the surface
and the sea state outside the monopile. In order to estimate the appropriate current densities a
detailed study of the seawater flow velocity within the structure is required along with study of the
environmental factors, dissolved oxygen concentration, pH, salinity etc.

Guidance on current requirements for different dissolved oxygen contents can be found for instance in
Annex C.

8.7 Electrical continuity and continuity bonds

Where the foundation structure incorporates bolted flange to flange connections or_where a w¢lded
jacket structure is used, the electrical continuity in the structure may allow for adequate current|flow
from the anpdes to the structure.

Electrical continuity bonding shall be established between the MP and TP where the MP and TP are
grouted, andl where either

— externall galvanic anodes are welded to the TP,
— internal galvanic anodes are connected to the TP, or

— impresded current systems are utilized with the negativeeturn or ‘drain point’ connected tp the
TP, or all

These contihuity bonds shall be designed so that the f@ll current from both an external and intg¢rnal
CP system ¢an be carried between the MP and TP.and that the voltage drop across the bondg and
connection points is not such that it adversely affects the CP system performance. The continuity pond
design (crogs section, length and contact resistances) shall meet the requirements of the CP ang the
electrical S:Lety and earthing for lightning ptuxposes.

Some redundancy in the provision of centinuity bonds is recommended. Design of the continuity pond
may be based on a total of 10 mV voltage drop across all the parallel connections using the maximum
design CP clirrent (see 8.6). This reeommendation is relevant to galvanic anode systems in which|case
the design driving voltage for the anodes for galvanic anode systems shall be reduced accordingly (see
Clause 10 for ICCP systems).

If the connertion is bolted, the connection shall be made using appropriate methods to avoid loos¢ning
as aresult of vibration‘and deterioration due to corrosion.

NOTE Direct pifvbrazing ensures a metallurgical bond between the copper core of the cables and the steel of
the MP and TP and is a suitable low resistance connection method.

Bond resist
because of the many parallel connection points through, for example continuity bonds and wedges etc.
and should always be conducted in conjunction with visual inspection of the bond integrity. Current
flowing across the bonds can be measured using a high accuracy DC clamp meter.

Material selection and corrosion protection of the contact points shall be chosen so that the connection
is durable, reliable and maintainable over the CP design life, bearing in mind that these connections
often are placed above water and will not receive protective current, but they will be in a humid, saline
and sometimes tidal exposure area.

These details shall be documented in the CP Design Report along with the extent to which the volt drop
in cable bonds between TPs and MPs and between anode cages or arrays and MPs has been calculated,
which reduces galvanic anode currents and what provision has been made in the design to remedy this.
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Current drains and interactions

Current can be drained by structures or elements of the structure that are not intended to be fully
protected by the CP system.

NOTE 1

Examples are

cable protection systems,

cable armouring,

the area of the foundation or structure above and below the level where full protection is required, and
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ained, see Annex I.

2 Theoretically all structures in a typical windfarm developrent will be electrically in|

Ent structures; the electrical resistance of the steel wire armour and the localized distributid
s dictate that one structure will not significantly affect its neighbour’s CP system performang

nterconnection between structures should be acknowledged and could, theoreticall
e novel foundation designs or CP systems.

Installation considerations during design

hcket structures, galvanic anodes and 1ICCP anodes with their cables and conduits can
e fabrication yard before launch: Mathematical modelling see Annex I can be used td
ibution of potential and inform the optimum choice of anode location.

honopile or transition piee’structures, due to installation constraints during pile driv
CCP anodes are not norrhally pre-installed on driven monopiles. Anodes are either
ition piece or separdtelanode cages on the monopile or anode array on the seabed are
be electrically connected to the MP at the offshore site after driving operations are co

uation of current and potential over monopile surfaces apply equally to ICCP system
ms. Mathematical modelling at the design stage can optimize the design in respect
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The CP design shall ensure that anodes and monitoring systems are installed where the possibility of
disturbance or damage from external sources is minimal and, where appropriate, anode replacement is
facilitated.

For the internal protection of MP/TP foundation structures, anodes may be suspended from the deck of
the transition piece or from the lower internal platform. The suspension of anodes will take place after
the monopile has been driven into the seabed and the TP has been installed.

Either the time between installation of monopiles and transition piece may be significant, or the
coupling of anodes to the structure is completed sometime after installation, or both.

The periods where the CP system is not operational should be recognized and any effect on structural
integrity should be accounted for in the structural design.
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If galvanic anodes are suspended as ‘strings’ or vertical arrays, particular attention shall be given to the
resistances, voltage drops and attenuation within the anode string and to the durability of suspension
system, including any use of wire rope above the water level.

Cable conductor size selection, bond cable length and low contact resistance structure connection
details shall

be documented in detail in the CP design report, Clause 15.

9 Galvanic anode systems

9.1 General
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9.3 Galvanic anode alloys

Aluminium and zinc alloys are the materials most often used as galvanic anodes in open seawater.

Aluminium based galvanic anode alloys developed for marine applications have been specifically
formulated to perform in seawater with a slightly alkaline pH, high salinity and a significant content
of oxygen. For some areas the seawater and seabed conditions can be outside predefined ranges of
the above, and in these cases aluminium anodes should not be used. Unless otherwise documented,
aluminium anodes should not be used in conditions where the electrolyte resistivity exceeds 2 Qm.

In some circumstances, such as some monopile internals, when replenishment with fresh oxygenated
seawater does not freely occur, it has been found that significant reduction in pH of water in the enclosed
compartment can occur due to reaction of aluminium with seawater and this significantly affects the
efficiency of the alloy and the efficacy of CP, see References [33] and [34].
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The behaviour of certain aluminium alloys can also be adversely affected by burial in seabed mud,
particularly if the current output remains low, see ISO 15589-2I8],

Zinc based anodes can be used for offshore structures, but their higher density can lead to a higher
CP system mass. Zinc anodes can be used in brackish and freshwater applications. Zinc does not cause
significant acidification in non-replenished seawater and it may be used in internal CP of structures if
oxygenated water replenishment is uncertain.

Magnesium anodes shall not be used in internal spaces containing seawater due to excessive hydrogen

generation.
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hmercially available aluminium galvanic alloy suitable forprotection of mostlow carbor
tural steels is that described as A2 in EN 12496 andWwhere zinc alloys are required
496 is suitable. For steel and corrosion resistant alloys sensitive to hydrogen embrittl
e is given in ISO 12473 and Alloy A4 of EN 12496 'may be an appropriate choice if oth
icting measures are not employed.

Anode selection

hape of an anode (whether aluminjum or zinc) determines its resistance to remote eart
urrent output for a selected driving potential.

galvanic anodes used for both external and internal CP for offshore wind farm found
bzoidal cross section and eonsiderably longer than the cross-section dimensions. The
determinant of anode current output and the alloy mass determines the anode life.

es are either of the.stand-off type or flush-mounted to the structure. Long slender stan
rally have a higher current output availability. Flush mounted anodes are often short
urrent availability due to increased resistance.

preferable,/if all the anodes for an individual CP zone are the same size e.g. external
ppile structure or anodes for the internal space of a monopile structure. Mixing ano
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the total charge availability (current capacity) from all the anodes shall be considered. EN 12495[18]
and DNVGL-RP-B401[23] have further details.

The selection of an anode shape for any situation shall be made with due consideration to the CP design
and the required distribution to achieve uniform potential distribution on the protected structure.
External anodes mounted directly on the structure will result in hydrodynamic drag forces from the
anodes and cyclic stresses which impact structural design. Anode location may also be dictated by the
need to avoid impeding future operations.

For external anodes, the exposed anode steel insert (core) is generally welded to the structure, TP or
frame of an anode cage or sled. The insert material shall therefore be of a weldable grade of steel. Flush
mounted anodes may be bolted to the supporting structure especially if their eventual replacement is
being considered, see also 8.3.
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Anodes for use inside a monopile or a jacket are normally smaller in size than anodes for use externally.
If internal anodes are to be used, there are likely to be size limitations in respect of access and handling
mass issues. Anodes suspended in strings within the internal spaces of a monopile structure may have
lifting eyes and cable connection points integral with the exposed insert ends.

Anode inser

ts (cores) shall meet the requirements defined in EN 12496.

Inserts for aluminium anodes shall be grit blasted to a surface finish complying as a minimum to grade
Sa21%, of ISO 8501-1. This finish shall be maintained up to the time of casting and any further surface

contaminati

Inserts for z

on prior to casting shall not be permitted.

dto

1SO 1461011,

Electroplatg
grit blasted

Inspection
However, th
is common i

The inspect
be consider
foundation

b

incanodes can he treated the same as for aluminium anodes or can be hot dip g:ﬂvnnic
Any further visible discolouration prior to casting shall not be permitted.

d zinc coatings are not suitable for anode inserts. A suitable minimum surface) profi
insert surfaces is 75 um. The use of steel or chilled iron shot for blasting is ndt'permitt

triteria for anodes as manufactured are detailed in EN 12496 and DNVGL-RP-B40

the offshore oil and gas industry.

on criteria for anodes, frequency and nature of physical and electrochemical testing,
ed in respect of the overall anode requirements for the offshore asset and its indiv,
tructures and shall form part of the anode supply requirements and documentation.

9.5 Anode requirements

To satisfy t
type selectq
that requirs
when requi
re-polarizat|
“final” currd
as defined i
calculation

given in Anjy

The life of
electrochen
operate for {
formula givg

The alloy n

bd and quantities installed when correctly-distributed. This current demand inc
bd for initial polarization and also any in€reased demand for re-polarization puryj
red throughout the CP design life and, the anodes shall be able to satisfy the deman|
ion at the end of their life when fullutilization has been reached. This is often calle
nt demand i.e., it is the current te:bé supplied by the anodes at the end of the anode’
h the CP design life, not necessarily the end of the structure service life. Guidance o
method for determining thetcurrent output from a particular shape and size of ano
lex E.

an anode will depend.©on its mass, the current output, its utilization factor anc
ical capacity of the-alloy, Annex E. The alloy mass required to be installed initial
he whole of the CR'design life is calculated from the mean current demand according t
bn1 in Annex E.

jass requiréed can be determined for the whole of the structure or for each indiv

structural member-orfor each surface area zone.

The numbey

of anodes (N) required of the type selected can be calculated from Formulae (3) to (5]

e for
ed.

1023],

se are based on sometimes relatively large tonnage procurement for.a'single structufre as

shall
idual

he CP design, the current demand, see 8.6.2, shall be satisfied at all times by the ajnode

udes
oses
d for
1 the
5 life,
h the
de is

| the
ly to
o the

idual

):

N=>W,
Nz Itotal
Nz Itotal

where

Mygtal

Manode

30

tota

1/ Wanode and
(initial)/lanode(initial)

(final)/ Lanode final)

(3)

(4)

(5)

is the minimum total net mass of galvanic anode material required, in kilogram (kg)

is the net mass of an individual galvanic anode material, in kilogram (kg)
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Lioral(initian iS the total current required for polarization of the structure, in amperes (A)

I

a

Liotaigfinan 1 the total current required for re-polarization of the structure, in amperes

node(initia)iS the initial current output of an individual galvanic anode material, in amperes (A)

(4)

Linode(finar) IS the final current output of an individual galvanic anode material, in amperes (A)

hree criteria shall be satisfied to achieve an adequate CP design.

For well coated structures the final or maintenance current demand may be the design controlling

fact

9.6

Galv
distr
protd

Ano

docujmented in the CP design report, see Clause 15. The location of allindividual anodes sh

onc

Galv
instg

Whe
or o1
on W

to h

intern

If an
by mjutual interference between anodes shall be evaluated. Mathematical modelling techn
used

If mg

of a

The
the

partTcular the anode and cathode polarization curves, shall be selected by the CP designer,

had

Anode distribution

inic anodes placed on jacket structures are typically welded onto the_structure 4
ibuted to provide an adequately uniform current distribution and e¢ortrespondin
ective level in order that the CP criteria are met for all surfaces intended|to receive CP.

de distribution is critical to the successful design of a galvanic anod€CP system and sh

gnstruction and as-built drawings.

inic anodes are not normally pre-installed on monopiles and are located on the TH
lled anode cages on the monopiles or on the seabed.

Fe it is necessary to group anodes together either.0fy the TP, on one or more anode cagg
mats on the seabed, the result is that current is wniformly distributed to the structureg
ater depth and whether coatings are used-in conjunction with CP or not, it may b
ve anodes installed at different elevations; in order to achieve the CP criteria over
ded to receive CP.

d

pdes are not uniformly distributed-én'the structure, the reduction in anode current oy

The impact of mutual interference shall be factored into the design calculations.

delling is used for calculating the reduction in anode current output caused by mutual
odes, it shall be undertaken by specialists in modelling. However, the input paf

ralculated current output in seawater (electrolyte) is based on the calculation of the 1
node to remoteearth. The current output is reduced by close proximity of

node to.anode,

node'to structure,

nd shall be
bly uniform

buld be fully
11l be shown

or as post-

bs on the MP
. Dependent
e necessary
all surfaces

tput caused
ques can be

nterference
ameters, in
Clause 5.

esistance of

anode to the sea/alr interrace, and

anode to seabed.

It is recommended that anodes are placed below -1 mLAT so that they are always immersed. See
Reference [37] for the reduction in current output for the proximity to seawater surface. These effects
are significant even if the anodes are below -1 mLAT, and it is recommended to evaluate the effects and
take it into account in the design.

Anodes should be located to minimize their exposure to mechanical damage, for instance not near boat
landings. Anodes should not present a risk of snagging for items used for operation or maintenance,
such as cables, tethers or umbilicals.

When anodes are attached to intermediate structures such as anode cages or sleds mounted on the
foundation structure or remote from it, then electrical connection shall be ensured by cable. Cable
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connections from the anode support structure to the foundation structure can be by attachment to
specific connection points. Cables can be preinstalled on the anode assembly before installation leaving
only the foundation structure attachment to be made.

When cables are used for anode attachment, these are likely to be relatively longer than the shorter
cable bonds used for continuity purposes, see 8.7 and due consideration shall be given to cable sizing
and volts drop down the cables, see Annex F.

Cable connection points are vulnerable to movement due to sea currents and due consideration shall
be given to the security of cable connections at each end. Intermediate connection plates and bend

restrictors or cable clamps are recommended.

Further gen

EN 17243 h
internally v
If installed
documented
Clause 11 an
electrolyte Y
drop in the
anode to an
anode currg

10 Impre

10.1 Gene

Impressed g
the structut
terminal of {
electrolyte §

The DC cury
protection
the dimens
electrodes,

over the wh
zones see Fi

Impressed (
being able {
typically, in
and related
the require

eral installation requirements are described in 8.9.

hs information of potential distribution on internal surfaces of tubulars. Anodeés-inst
Vithin flooded monopiles required to be subjected to particular design tequirem
as anode ‘strings,’ the attenuation of current along the string shall bé~ealculated
; it is generally necessary to connect anodes with insulated and sheathéd copper c4
d to connect these to the TP or MP. The MP and the water column within it; forms a restr
Folume within which the anodes shall deliver current to the MP suxfaces; the vertica
seawater will not be insignificant and will be significantly greater below the seabed
pde spacing and the anode/cathode (steel) spacing shall be,small and this will reduc
nt output. Mathematical modelling of the proposed arrangeéments is recommended.

ssed current systems

ral

urrent systems provide the DC current required for CP of the steel structure by conne
e to the negative terminal of a controllable DC power supply and connecting the pos
he power supply to one or more impressed current anodes immersed or buried in the
s the structure.

ent output delivered by the power supply is controlled to obtain and maintain an adec
otential level on the whaole steel surface of the structure. This control of the curren
ons, number and location of the anodes, along with number and location of refej
shall be determined(so that the protection potential criteria is achieved and maint{
ple surface of the structure intended to receive ‘full’ CP for the expected CP service lif]

pure 2, Figure 3 Figure 4 and Figure 5.

urrent system anodes are generally smaller in size and mass than galvanic anodes, {
o providedhigh current output due to the driving voltage from the power supply b

cabling to operate and need adjustment to ensure that the polarization limits are w
ments. They require automatic potential control using reference electrodes to meg

alled
ents.
and
bles,
icted
volt
The
e the

cting
itive
same

juate
F and
ence
lined
e, for

while
eing,

the range 0 V to 24 V DC. Impressed current systems require an electric power supply

ithin
sure

and mainta

n within criteria, both most negative and Ieast negative steel to electrolyte (seawater)

potentials. They will not function if there is either a loss of electrical power or damage to connecting
cables or reference electrodes, or both.

Offshore wind farms have numerous unmanned structures which makes operation and maintenance
difficult and expensive. This results in a risk from a non-functioning CP in cases of power failure, fuse
or circuit breaker trip activation, reference electrode failure, electrical or software system failure and
anode, or cable failure. Also, there is a risk of system failure as a result of lightning events where the
anodes act as part of the earthing system, through the power supplies.

Key features in the impressed current CP system reliability are:

data infrastructure to ensure continuous performance data available for the owner enabling him to
respond in a timely manner;
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— owner organization ability and commitment for timely operation, maintenance and repair;

an upfront operation and maintenance manual and failure response plans; the operation and
maintenance manual shall include directions on how and when repairs are to be handled.

The design of impressed current CP systems is complex.

An operation and maintenance manual should be provided for each impressed current system, see
Clause 14. Cable failures shall to some extent be expected, and the design shall take this into account.
Cable routing internally within the structure is a possible way of reducing the risk of cable failure.
The mean time before failure (MTBF) of electronic components shall be carefully evaluated, and a
repl: cement prnr‘pdnrp isrecommended to be in p]m‘p at time of installation

Any
chlof

hpplication of the impressed current systems in closed compartments will generate hy
ine gas (corrosive and explosive) see 8.2.3.1. Precautions should be taken tofayoid

ydrogen and
rorrosive or

expld
gase
The 1

work
10.2

10.2

Inst4
avail
and Y
until

4

q

q

The
fully

10.2

In or
the d
and

curr
unco

sive conditions when ICCP is used. Safe ventilation of chlorine and hydrogen gasis essg

b are potentially an explosion risk and chlorine presents both corrosion(and person
isk of accelerated corrosion above the water level, particularly to the ‘airtight’ deck, la
ing platforms and support beams shall be assessed, documented andmitigated.

Design considerations

1 General

llation of foundation structures take time for a large wind farm, and electrical powe
pble before typically 6 months or more after installation of the foundations, when toy
vings/blades have been installed and the power'grid connected. Temporary corrosio
power is available shall be provided, using fortexample:

ralvanic anodes;

protective coating;

tlectrical power from alternative.sources, such as solar panels, diesel generators or sin

dpplied.

lesign calculations and material, installation, commissioning and operation specificat
documented in the Desigh report, see Clause 15.

2 Resilience ofimpressed current CP system by design

der to provide a degree of resilience and increase the reliability of impressed current
esigner.(see Clause 5) shall consider and document if multiple power supplies should

bntial. These
nel hazards.
dders, lower

- will not be
vers, nacelle
n protection

hilar may be

ons shall be

CP systems,
be installed

pperatéd*on each foundation. After initial polarization it is expected that the maiptenance CP

entdemand will be such that power supplies will normally operate at < 50 % of current]
ated structures. If two units are operated in parallel and one fails, it is possible that an

capacity for
appropriate

design will enable adequate CP criteria to be maintained, at least in non-storm conditions, with only one
unit operational. This would give time for planned repair or change out of the failed DC power supply.

Similarly, the designer shall consider and document if more than two reference electrodes per DC power
supply shall be installed, so that if one fails another can be selected, remotely or locally, to control the
least or most protected conditions. In addition, it shall be possible to operate the DC power supply
in a constant current or constant output voltage mode if all the reference electrodes fail. Even if all
reference electrodes fail, the DC power supplies shall not revert to nil or maximum current output; it
shall be automatic or possible by remote control for the power supply current to be set at an appropriate
constant value to maintain polarization but prevent excessive polarization. This will not permit
optimum performance but will permit a degree of CP during the period between failure and replacement
of reference electrodes. Where the ICCP system is in potentiostatic mode, it is recommended to have a
limit to voltage and current in the rectifier system to avoid overprotection.
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Due to the operation and maintenance demands of impressed current CP systems, the operation and
performance data should be available in real time at a central monitoring location, anticipated to be
onshore and linked to the turbine performance central monitoring location. This should generate out of
optimal performance alarms. The operating procedures and personnel requirements for operation and
seeking specialist advice, where necessary, shall be documented.

Location of permanent reference electrodes below seabed could be considered, where conformity with
a protective potential is required by the CP design.

Anode system designed in accordance with this standard shall be capable of providing the high current
densities required for initial polarisation, therefore some loss of anode system output can generally be
tolerated dyringnormat-operati ttions-whenrthe-maintenanceeurrent-density-is—stffietent to
maintain polarisation of th

) c =
e structure.

The CP sch¢me and the anodes shall be rated and distributed to provide the initial or.polarizption

current den
to the desig
structure w
for a well-cq
densities mj
The mean o1
will provide

The CP desi

ity and to ensure that even the most remote areas of the structure are able toffully pol
criteria. Itis expected that the design criteria potentials will be established over the e
ithin 2 to 3 months of the CP system being set to work, for a bare structGréand 2 to 3 w
ated structure. Full polarisation with approximately stable conditions and stable cu
y take up to 12 months for bare structures and up to 3 months forwell coated struct
maintenance CP current density, generally being <50 % of the initial or polarization v4
resilience by way of this ‘spare’ capacity.

bner (see Clause 5) shall consider and document if the reference electrodes and anode

arize
ntire
eeks
rrent
ures.
lues,

5 can

be replaced)underwater, by diver or ROV.

10.2.3 Current requirement of impressed current CP system
The maximpim protection current demand for a CP -zome (I,,,) shall be calculated using formulae
according tqg 8.6.
The CP systgm should be designed with a contingency factor so that it is able to provide a current{/,
which is at :East 25 % more than the calculatedmaximum protection current demand I ,,,, depenpding
on the geometry and the coating of the, structure. This factor may be increased based upon the
mathematicpl modelling as recommendéd in 8.9. CP systems with anodes only on the TP of mondpiles
may requirg a factor in excess of 1,257and should be subject to modelling for best estimate, as givgn by
Formula (6)

Tiotal 21'25’Imax (6)
10.2.4 Impressed current CP system components

The components ofithe impressed current system shall include

DC powgrsource,

anodes,

reference electrodes,

dielectric shields, if a sufficient distance between anodes and the steel structure cannot be achieved,
anode positive and structure negative cables, along with their connections, see Clause 11, and

seals, where cable penetration of watertight components is required.

10.2.5 DC power source

The DC power supply is typically a transformer-rectifier (TR) which converts AC input to DC output.
Alternative power supplies such as switch-mode devices, solar power, wind energy may also be used,
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but their ability to deliver the necessary DC voltage and current continuously for the full CP design life
shall be assessed and documented in the CP Design Report.

NOTE1 Simple thyristor-controlled transformer rectifiers are generally reliable. However, the added
complication of integrated data logging and remote monitoring and control, can reduce reliability although
there is merit in the use of simple thyristor-controlled transformer rectifiers with separate data logging/control
devices of proven high reliability.

The DC power supply output voltage shall be calculated taking account of the resistance of the electric
circuit (cables, anodes and cathodes), the ohmic voltage drops in seawater and the EMF generated at
anode and cathode interfaces (typically 2 V) under the operating conditions and the recommended

oper

All e
maxi

NOTH
operd
is me|
the sf
7.3. T
negaf

Subijd

ating voltage of the anodes, Annex G

ectrical equipment shall be sized to provide the calculated maximum current, $ee”]
mum expected driving voltage for the required CP design life.

2
te with potential (potentiostatic) control where the steel to electrolyte (seawatég)-potential of
asured with respect to fixed reference electrodes and the current and voltage|eutput adjuste
ructure to electrolyte potential within set limits of most negative and least negative potentia
he power supply shall have the ability to remotely change the potentiakset points (least nega
ive) and to switch from potential control to constant current.

ct to the planned location of the power supply, the equipmentshall comply with the elec

compatibility requirements of IEC 61000-1-2.

Offs]
prov

The

both
be cd

Imprj
poss

ore wind turbine assets are highly susceptible to<lightning strikes. Surge protect
jded on the AC input, the DC output and all CP monitoring circuits, in accordance with IE
fompetent person (see Clause 5) shall determine-the appropriate surge protection lev
possible electrical system earth faults and syrges due to lightning. The surge protectig
ordinated with the lightning protection planner for the structure.

essed current systems shall have their performance monitored and surveyed, Clause 1
ble by diver if the owner or the diving contractor requires that dc current to anodes

[0.2.2 at the

National electrical regulations apply to all electrical equipment. DC powgersupplies shall normally

the structure
1 to maintain
1, see 7.2 and
ive and most

fromagnetic

jon shall be
C 61400-24,.
bls to reflect
n level shall

B. This is not
be switched

off during diving activities.

The |mpressed current power_supply where anodes using platinum or mixed metal oxides or where

the iptention is to meet the IMCA Safe Use of Electricity Underwater Codel31l shall meet the following

criteyia:

a) Ibe in full phase réctification with a maximum of 100 mV AC RMS ripple from 5 % tp 100 % DC
¢urrent outputstested at 5 % current at 2,5 %, 5 % and 10 % voltage, at 30 % currgnt tested at
10 %, 30 % ad-60 % voltage and at 100 % current tested at 30 %, 60 % and 100 % voltage;

b) e fittedwith ripple detection that will shut down the equipment and isolate the DC ofitput circuit
if the AG-ripple exceeds 100 mV AC RMS;

c) Mbedfitted with a residual current device (RCD) on its AC supply with a trip current pf 30 mA at
40 mS;

d) have a DC voltage not exceeding 24 V.

For other anode types than platinum based these requirements may be different; but if divers are to
work safely near energised anodes, these requirements shall be met.

The design of the CP system shall be documented by a competent person, Clause 5 to be incapable of
exceeding the safe body current of 40 mA DC at a calculated safe distance between the diver and any
operating impressed current anode at the maximum rated output of the CP system (which may be in
excess of the design current). Guidance on the calculation of safe distances is given in IEC 60479-1,
IEC 60479-2 and IEC 60479-3.

NOTE3  Some guidance can also be found in the IMCA Safe Use of Electricity Underwater Codel31l.
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Some owners or diving contractors may require the impressed current CP system to be switched off
during inspections, see Clause 12 and 16.3. This might not allow full operating data to be collected by
divers, but ROVs can be used. The diver safety criteria stated here are for guidance only. Establishing
the conditions to be met before divers operate in the vicinity of operational anodes is not within the

scope of the

standard, but they are available within Reference [31].

10.2.6 Impressed current anodes

10.2.6.1 General

s the

Annex G pr

expected an
consumptio
disclose the

Impressed
niobium or
low consum|

Magnetite a
are free of a

NOTE
available for

As the curr
galvanic an
attenuation
and shall be

As the impr
may result i

Anode to elq
of the neceg
electrical re
Some impre|
not be excee

10.2.6.2 Lg

The numbe

sents the characteristics of r‘nmmnn]y used imprnccnr‘] current anode m:\fpri:\]c’ thati
ode consumption rate (wear rate) expressed as g/Ay for environmental exposure{’A
h rate depends highly on anode composition and some manufacturers may not wi
composition that they use.

furrent CP anodes, fabricated from platinum coated or clad anodes baSed on titay
tantalum substrate, or mixed metal oxide coated titanium (also known'as MMO/Ti)

ption rates at high anode current densities[38l,

hodes also have low consumption rates with high current densitiesbut larger surface
dded heavy metals such as ruthenium and/or iridium.

There is less extensive track record for the performance of magnetite anodes in seawater th

Pt coated, clad Ti or Nb, or MMO/Ti anodes.

ent output of the impressed current CP anodes is-generally higher than for an indiv
de, in theory fewer impressed current anodes caii*be used to protect a structure. How
of current and potential from an area of steel polarized by an impressed current will ¢
taken into account in the CP design.

bssed current CP anodes are usually smaller and lighter in mass than galvanic anodes,
h lower loads affecting the structure'to be protected than galvanic anodes.

bctrolyte resistance shall be calculated and documented. It shall be used in the calcul
sary DC output voltage to deliver the maximum design current in seawater at its hi
sistivity which, due to lowtemperature, may be in the late winter or early spring mo
ssed current anodes haye limits to anode/electrolyte voltages as in Annex G; these s}
ded without data demonstrating that it is secure to do so.

cation of anodes

- and location of the anodes shall be determined to achieve the protection critey

Clause 6. Parrticularattention shall be given to not exceeding the negative limit adjacent to the an

and to achig
anodes, in p

bvingithe appropriate least negative protection criterion at points most remote frorn
hrticular at the seabed or below the seabed.

node
sh to

lium,
have

5 and

an is

idual
ever,
ccur
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htion
rhest
nths.
jould

ia in
odes
h the

As many structures are to be fitted with anodes, and as offshore installation is costly, the most frequent
method of using impressed current CP on offshore wind turbine structures has been to locate these on
the TP sometimes on cantilevered arms. Verification by modelling that the current spread fulfils the
protective criterions is recommended to be completed before any design is adopted.

Optimization of anode locations, either on the TP or elsewhere on the structure (jacket or monopile), or
on the seabed should be subject to computer modelling, see 8.9 and Annex I.

Impressed current CP anodes may be located remote from the structure, which will provide a more
uniform current distribution, but this also gives challenges in relation to connecting anodes to the DC
power supply, in particular in respect of protecting the anode cables from damage during installation
and the full CP design life.
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Impressed current CP anodes will normally be more efficient if not embedded in seabed, but anodes can
be specifically designed for seabed embedded operation if there are specific reasons for doing so.

Location and orientation of anodes should take into account the following:

10.2

Anod

vuln

anode performance shall be considered and the structural sufficiency of anodes and cable 1

systems (conduits, tubes etc) to withstand predicted peak sea/wave loads shall be docuI:

loss

CP sy

The

systg

mou

10.2

Refe

enab
to el

mea

A mi

addi

foun

10.2

Indiy

outer sheath damage, 1f they pass between structure and remote anodes.

environmental loading;
avoidance of damage from debris, falling objects and boat movements;

reduction of problems of fabrication, transportation and launching or installation;

the possibility of interference with other metallic conductors such as armoured cables with possible

6.3 Anode and attachment mechanical design

es, their mounting/attachment devices and the cable conduits supplying.'them are
brable to mechanical damage. The effect of the attachment and meghasiical proteq

bf a small number of impressed current CP anodes can significantly reduce the perfor
rstem due to the relatively high current output of individual anédes.

design shall include and document measures to prevent‘direct contact (short circy
m) between the anodes and the structure, either by cable failure or by deformation
hts or the anodes themselves.

7 Reference electrodes

rence electrodes shall be placed in a representative number and at representative
le both adequate performance monitoring and to serve as the source of controlliy
pctrolyte (seawater) potential for potential (potentiostatic) control. Reference elec
ure both:

q

Iast negative potentials.dt a location most remote from anodes and, optionally

3t a location that is anticipated to be representative of the mean potential on the struct

q

himum of two reference electrodes per DC power supply shall be provided. For CP syst¢
ional reference.electrodes should be provided, with a minimum of four per DC pow
Hations of complex geometry more reference electrodes should be provided.

[

8 Dielectric shields

particularly
tion on the
hanagement
ented. The
ance of the

it of the CP
bf the anode

locations to
g structure
trodes shall

ost negative structure to electrolyte potentials typically at a location proximate to an anode, and

ure.

m resilience
er supply. In

idual impressed current CP anodes usually deliver higher current than individhial galvanic

anodes. To prevent localized over polarization, and to improve the electrical current distribution to the

stru

cture, impressed current systems shall therefore utilize:
dielectric shields, or
a spacial separation between anode and cathode, or

a combination of a dielectric shield and a spacial separation

The overall arrangement shall be such that, at maximum design current output from the anode the
critical negative potential limit, see 7.2 shall not be breached. Calculations for sizing shields are in
[SO 20313:2018, Annex K.
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The electrochemical reactions occurring at the anode surfaces produce corrosive products and gases
which may deteriorate the dielectric shield. The electrochemical reactions occurring at the cathode
close to the anode can result in disbonding of the dielectric shield. The selection of materials and their
application of the dielectric shield shall be resistant to these reactions and the dielectric shields shall
have a realistic design life equal to the CP design life.

Materials selected shall be resistant to cathodic disbonding and to corrosive chemicals produced at the
anodes (notably chlorine and acidic conditions) and not be prone to significant deterioration or ageing.
Anodes and their dielectric shields may be subject to wave and impact damage. They shall be supplied
with documentary evidence of performance in the anticipated environment.

n be

Liquid appl
used on the
suitability a

Dielectric sH
and a secon
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High build liquid applied coatings and glass reinforced resins can be considered+{or dielectric shiel

if the CP deqd

High densit
characterist
for dielectri

If new mate
to chlorine,
at voltages
report shall

10.3 Insta
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The installation of the materials and;equipment shall be carried out in accordance with the relg

drawings, sj

Junction bo
should be ay
If external jy
paste or gel

Installation

Cd \,thiuso, 5}aoo lCillfUl \,Cd ICDillD, lJl cfa]fu ;\,atcd }J}qoti\, Ul C}aDtUlllCl iL DhCCtD %
structure adjacent to the anodes or incorporated into the anode assembly subject to
s immediately above.

lields can comprise a thick (e.g. 4 mm) primary shield, generally provided ith the aj
lary shield comprising a coating with known good performance under cathiodic disbor]

ign life is comparable to the coating/resin life time.

y polyethylene (HDPE) is a polymer with good acid, seawater and hydrogen resist
ics. High build epoxy coatings, some with glass flake, can“dlso have suitable perform
C shields, subject to the precise polymers used.

Fials are proposed for use as dielectric shields, theyshall be rigorously tested for resist
hypochlorite, hypobromite and if the material is.applied to steel, for cathodic disbond
n excess of the normal cathodic disbondmeiit, tests for protective coatings. The D
document the testing and/or long-term track’record of the selected dielectric shields.

[lation of impressed current CP:systems

monitoring systems shall be installed so that the design objectives and functionalit
are reliably delivered for the.full CP design life.

pecifications and proeedures.

kes and the connéctions within them are a source of unreliability in CP systems.
roided wherevérnpossible. They should not be used externally on the foundation strud
inction boxésare unavoidable, they should be made more resilient by filling with dielg

workishall be in accordance with applicable codes, regulations and standards.
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All material

5 and assembled systems shall be inspected and tested at appropriate stages during syipply

and installation.

Inspection and testing shall be in accordance with inspection and test plans (ITPs).

The ITPs shall be sufficient to establish that the overall CP system is

a) manufactured and tested in accordance with the drawings and specifications

b)
‘)

38

installed and tested in accordance with the drawings and specifications

fit for purpose for offshore deployment and use for the full CP design life
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ITPs shall be prepared and used to meet the above requirements by competent personnel meeting the
requirements of Clause 5 or similar.

NOTE National and international regulations can apply to the location and connection of the DC power
supply enclosure

Due to many structures being installed in a wind farm, it is often seen as cost beneficial to install
the anodes on the structure itself. If remote anode locations are used, great care shall be taken that
the anodes are not covered in the seabed at time of installation or over time, unless the anodes are
specifically designed for this application. Local and global scour movement shall be considered when
routing cables. In addition, special considerations shall be given to cable management and durability

over
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integ

10.4

If th
the 3
coml
powd

NOTH

+tha carvica nftha cuctanm
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toring and control reference electrodes and the data logging and remote-contrel sys
ral part of the impressed current CP installed equipment, see Annex H.

Hybrid systems and temporary power for impressed current systems

e structural design dictates that there should be no corrosion during the installati
sset or during times when the impressed current system is inoperable, either a hybr
ination of both galvanic and impressed current CP systems) shallbe used or the use of
br impressed current system shall be considered and documeéntéd in the CP Design.

The provision of a full stand by impressed current systém is unlikely to be practical or e

In a hybrid CP system, the galvanic anodes shall be distributed and shall have sufficient cu

to ac

Whe
systd
is th

hieve the CP criteria, see Clause 7, for such periods‘as defined in the design documentg

e bare steel structures or partly coated sfructures are planned with impressed
ms, it should be born in mind that the desigi-driver also for a temporary galvanic anod
e initial stage, and the number of anodes in such case would be the same as for a s

anode CP system. Alternatively, temporary power may be considered.

Itis
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Elect
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recommended that reference eléctrodes are placed remote from the galvanic anodes
m.

Continuity bonds

rical continuity betiveen parts of the foundation shall be as in 8.7. However, the design
be appropriateder the higher total current of the impressed current system. Due t

driving voltage avdilable with impressed current systems, the CP designer (see Clause 5) 1

high
The

b1 voltage drops in the bonds than can be permitted for galvanic anode systems.

tems are an

n period of
id system (a
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ronomic.
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tion.

current CP
e CP system
ole galvanic

in the GACP

of the bonds
b the higher
hay propose

fable bends between TP and MP shall be designed to be suitable for both the CP system design and
for the eleetrical fault current and lightning surge.

11 Cable systems

11.1 General

CP cables to include cathodic impressed current anode positive cables, negative structure return cables
and reference electrode and structure test cables.

Galvanic anode cage/MP bond cables and connection systems require particular attention. Cables
connecting suspended anodes within internal spaces shall also be properly considered.

All the cable management include penetrations, tubular/conduits, mechanical supports, junction boxes
and terminations.
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Within offshore wind farm developments, cable systems also include the AC inter array cables and the
AC export cables from the wind farm sub-stations to shore. Depending upon their characteristics and
construction these can impact the CP design requirements.

Cable systems apart from these have no influence on CP system design or performance and are not a

subject for this document.

11.2 Cathodic protection DC cables

CP and monitoring cables exposed to seawater shall have a minimum of an insulation and an outer

sheath.

For CP cabli
conductors

strands per
immersed iy

PVC should
as sheath fd
resistant to

NOTE1l XI

NOTE 2 EJ
is a chlorosu
petroleum h
resistant to 1
(IEC 602281
direct pin br{
from impresg
sleeves) to th

hg, whether galvanic anodes or ICCP systems, copper conductors shall be used. Alumii
shall not be used. Suitable cables are stranded copper cables, with a minimutn)of 4
core and with separate insulation and sheathing. Only cables having proven:pefform
| seawater in conjunction with CP shall be used.

hot be used for immersed CP cable insulation. It should neither be used‘ds an insulatio
r impressed current anode cables nor near to anodes as it is wateft permeable and i
chlorine.

LPE/XLPE insulation and sheathing is water resistant, tough and gésistant to acid and chlorine

R/CSPE insulation and sheathing is flexible; it is widely uséd for ship cabling. The outer s
fonated polyethylene (CSPE or CSP) and is ductile and noteh resistant. It is resistant to aci

nost organic and inorganic substances. It is often used@n conjunction with flexible or very flg
P1 Class 5 or 6) stranded copper. It is often used forbonds between TP and MP and is suitd
zing. It has acceptable performance in seawater €xcept when exposed to active chlorine gene
ed current anodes. For this reason, it is recommeéhded to provide an additional shielding (e.g.
at part of the cable that is in close proximity.of‘the anode. The additional shielding is recommg

ydrocarbons. The inner insulation is ethylene propylene’ rubber (EPR), which is resilient

nium
even
ance

l nor
S not

heath
1 and
and
bxible
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rated
PTFE
nded

on the cable for a distance of at least 25 cm from the anode’s edges.

NOTE 3  PYDF (Kynar)/HMWPE insulated and-shieathed cable is widely used on cables used to feed impr
current anodes in onshore applications, due to, its-excellent chlorine and acid resistance. However, the min]
bend radius dnd low temperature propertiestare poor; the insulation can be subject to cracking, leading to f3
of the cable.

bssed
mum
ilure

e full
1] be
rable

The cable shall be sized to be both sufficiently mechanically strong and, electrically, to havg
design current capacity and a low-voltage drop in accordance with the design. These elements shj
documented in the CP design-réeport. The specified maximum current rating for a given size of
shall never e exceeded.

mm?2
ever,
mm?
rent,
. The
n maximum

Cables for Bonding and for impressed current anodes should be a minimum of single core 16
(7/1,70 mm) copperpinisulated and sheathed as above. Internal anode connection cables may, how
have a smaller crogs-section in accordance with their maximum current output, but not less than 6
subject to the~size being sufficient robust for its location. The size will depend on maximum cuy
length and catettated—ve Bond-cables-may-be-multiplesingle—core T ot
cable cross section shall be lar

current and length, see 8.7.

ge enough to be mechanically robust, the size will depend o

For CP monitoring purposes a minimum size of single or multi-core 2,5 mm? (50/0,25 mm) copper,
insulated and sheathed cable shall be used.

For permanently fixed reference electrodes monitoring cable should be 2-core with one core connected
to the reference electrode element and the other connected to the nearest part of the structure (via the
electrode housing).

The electrical termination between the anode cable and the anode shall be watertight, chemically
resistant and mechanically robust. As even small damage in an anode cable can result in rapid system
failure, it is recommended that all anode to cable connections are factory made at the manufacturer’s
facility under controlled conditions. Total encapsulation of splices and connections is required to
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prevent water permeating into the splice, which will eventually destroy the connection. Encapsulation
is achieved using heat-shrink sleeves containing adhesive mastic manufactured for CP purposes or
multi-component wrapped or moulded connections.

In the external immersed zone and in the tidal and splash zones, all cables shall be protected by a pipe
or similar conduit that can withstand the forces at hand, storm waves, ice, debris etc. Consideration may
be given to incorporating the cables into substantial secondary steel tubulars such as boat bumpers or
internal cable routing in the structure.

There may be installation advantages to connect cables from instrumentation and anodes into
1ntermed1ate ]unctlon boxes between the anodes and the TR/CP momtormg and control unit. However,
this praetiee i pecification
and i stallatlon of any such ]unctlon boxes The env1ronmental classmcatlon of the ]unctlon box shall be
apprppriately rated with regards to the environmental location and the specified relative fo EN 60529
and ¢onsideration may be given to encapsulating of connections within the junction box.

For vjoltage drop calculations, see 8.7.

11.3 Inter-array and export AC cables
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array cables and export AC cables are terminated at wind turbine generator (WTG) {

pffshore sub-stations. They may be installed via cable entries and often short ]-{
ppiles or they may be installed externally to both monopilé.and jacket foundations, wit
es for both WTGs and substations.

rt cables have lead or semi-conductive sheath. Array cables have either Cu shed
nate and non-conductive sheath or Cu sheath only;'All export and array AC cables are a
lanical strength, typically with galvanized steel wire, for export cables it can also be st
ur wires.

iter metals are electrically bonded to thieXfoundation structure, typically at the hang of

janical protection to the cable. Typically Inter Array cables are sheathed with a variety
e include:

\ ‘serving’ of bituminous eommpound impregnated hessian tape and polypropylene stra
\ ‘serving of polypropylene strands
An extruded sheath.of XLPE.

All of thiese’ cable constructions are likely to have their copper or aluminium conduct

XLPE. Many\are described as ‘XLPE cables’; this does not necessarily confirm that the outer
uring is XLPE.

Steel

wife armouring and metallic sheathing when earthed to a structure receiving CP can

nstallations
ubes inside
hin external

th with Al-
rmoured for
hinless steel

f point from

h the cable is supported. The cable,including its armour, is outer sheathed providing additional

bf materials;

nds

prs insulated
sheath to the

be a source

of current drain. They can also form an electrical connection between structures. Further

information

is given in 8.8.

The CP design shall document these issues and how they have been addressed. For CP systems installed
inside monopiles, the design shall take account of the locations of any internal AC cables and any other
installation aids for the cables or restraints for ]J-Tubes. These may impede the proper distribution
of internal anodes if not appropriately considered and they may also affect current distribution and
current output from anodes by being a non-conductive surface close to the anodes (if XLPE or similarly
sheathed) or by being a close cathode (if ‘served’ with a poorly insulating material).

If there is no CP within the internals of the MP, and above the immersed zone, there will be no CP to the
armour wire and the galvanising will be consumed also attempting to provide CP to the MP internal
surfaces. Mechanical cable protection systems (CPS) of power cables will often not be electrically
continuous with the structure. They may need their own CP system.
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J-tubes are normally welded on to the structure, and hence in continuity with the structure, they will
receive current where placed in the CP electrical field, and should be considered, both externally and
internally, where run inside MPs. Export cable armouring wires and array cable armouring wires
running inside J-tubes do not in general receive CP, and mitigation should be considered to ensure the
durability of the cables themselves.

Generic sketches of array and export cables are seen in Figure 7.
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conductgr 1  conductor
conductgr screen 2 conductor screen
insulation 3 insulation
insulation screen 4 insulation screen
bedding [(tape) 5 metallic screen
metallic screen 6  wrapping layer
laminated sheet 7  separation sheet
polymeric sheet 8  armouring

thin outer electrode 9  outer sheet
bedding (tape) 10 filling
armouring

serving

fibre optic cable

filters and binders

Figure 7 — Array cable to the left and export cables to the right
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12 Commissioning and surveys

12.1 Objectives

CP system commissioning shall be as soon as possible after the structure is installed offshore and the
CP system has been set to work (galvanic anodes have been connected to the structure, or impressed
current system is energised). If other means of temporary protection than cathodic protection are used,
e.g. coating, then CP system commissioning may be postponed, provided that the extent of corrosion
protection and any residual corrosion does not compromise structural integrity, i.e. the fatigue life of
the structure, until commissioning is completed. The time from commissioning until protection has

been

achieved shall be taken into consideration as relevant
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1 The CP system is expected to reach an approximately steady polarized state after a fe
hted structures, with protection criteria being achieved more quickly. For well coated structur
ia may be achieved within few weeks and an approximately steady polarized state ,within a m

2 There canbeacostor operational reasons to undertake the commissioningsurvey while
lation contractor is on site, or to wait until the installation contractor has cleared the sitd
Is and to return with lower cost access. It is important to know as soon.as possible if there
the CP system, but it is also important that the survey is not planned before’polarization to wit

ple. See 12.2 and 12.4 (g and h) for guidance on the timing of initial pp$t installation surveys.

brinciple objectives of the CP system commissioning and commissioning survey are:

o document that the CP systems function in accordance with the performance requij

T.2 and 7.3

o determine, in as far as is possible, if the CP systém will continue to perform in acco
he design objectives and the structure will remain satisfactorily protected from corr
ull CP design life.

missioning and surveying specifications shall be prepared by competent persons
rements of Clause 5. The competent person may be the CP designer.

P surveying and monitoring, see*Clause 13.

missioning and survey reports shall be provided. Requirements to documentation can
be 15.

commissioning and-survey reports shall recommend any necessary changes to the
operation and @mgnagement (mainly applicable to impressed current systems) and

v months for
es protection
bnth or so.

the structure

of high cost
hre problems
hin criteria is

ements, see

rdance with
bsion for the

meeting the

be found in

CP systems,
the survey

methods and interyals, see 12.2 and 12.4.

12.2 Galvanic¢ anode systems

12.2{1General

The as-built location number, dimension and masses and any particulars of the anodes shall be recorded
and verified against the detailed design.

A structure to electrolyte potential survey (baseline measurements) should be carried out after
minimum 30 days of polarization for coated structures and minimum 60 days for non-coated structures
and before one year after the installation of the structure and after connecting the galvanic system.

The conformity of the CP systems to the appropriate protection criteria, see Clause 6 shall be established
in detail on a representative percentage of structures, taking best and worst-case structures, hence
deepest water depths, deepest pile toe level, but also considering variation in seabed composition and
variation in seawater flow velocity across the developments.
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For wind farms with +100 structures a minimum of 25 % of the structures should be subject to detailed
surveys (baseline measurements). For smaller developments with a lesser number of foundations, the
ratio of number of structures subjected to detailed survey should be increased.

For galvanic anode CP systems, where the function relies on a cable connection or a physical connection
between TP and MP, or between anode cages and anode sledges and the structure, the baseline
monitoring should be increased to 100 %.

NOTE1 These are baseline measurements, against which future performance may compared. The number of
foundations required to be surveyed at this time do not necessarily reflect the number requiring survey during

service, 13.4.
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hended that some foundations are surveyed at fixed positions, to permit an evaluati
ments of polarization and any deterioration in anode or cable bond performance~As‘a
and commissioning time across an asset or development will differ, it should bé ctonsig
dations should be subject to baseline measurements, in order to provide polapization

ht of anode to electrolyte (seawater) potential should not be part-ofta normal det
ackets or monopiles) but may be helpful in any investigation of inadequate performan

e to electrolyte potential surveys shall be undertaken in accordance with Clause 13.

11l be assessed by a competent person, Clause 5. The competent person may be th

y results do not provide a consistent and clear picture of the protection levels, or if
ire inadequately protected, the number of structures measured should be increasq
esentative baseline measurements and the structures with inadequate performance

hiled external surveys

seawater surface (clearly identifying level relative to LAT) and in increments each 1
d or scour protection level:

ructures each survey shall measure the structure to electrolyte (seawater) potential 3
cketlegs and at repréesentative braces. The measurement shall represent relative scenz
nodes, at braces, close to and far from anode location.

hts shall be undertaken as indicated in Clause 13.

hiled internal surveys

es-with internal galvanic anode CP systems each detailed survey of each foundation

finstallation dates and environmental conditions during the early month&-of operation.

bn of
ctual
ered
data

hiled
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e CP

some
d, to
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m to

t the
\rios,

shall
level

structure to electrolyte (seawater) potential at seawater surface (clearly identifying

relative to L

AT) and in increments 1 m to 2 m to seabed, scour or heave level.

At the same time as the potential survey, the anode string or assembly currents shall be measured.

Internal environments may change as a result of operating cathodic protection in fully or partially
closed compartments, in these cases water quality and air quality parameters like pH, temperature,
dissolved oxygen (DO), and gas detection for chlorine, hydrogen and hydrogen sulphides shall be
considered.

Measurements shall be undertaken as indicated in Clause 13.
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12.3 Permanent CP monitoring systems

Permanent CP monitoring systems are recommended for representative structures fitted with galvanic
anode CP and shall be applied to all structures fitted with impressed current systems. In the latter case
they provide the ability to operate the CP system in potential (potentiostatic) mode.

The as-built location number and dimensions and any particulars of the internal or external CP
monitoring system, including reference electrodes, any monitored anodes and any cable management
systems shall be recorded and verified against the detailed design.

The current output from any installed monitored anodes shall be recorded at the commissioning

SUrvesx Thacurrant outnut from nonamaonitorad anadoc mav hao datarminad ucinatachnian S described
Py et r e ottt pa T I o o ot or S oo oty e S ) 2

in Annex E.

12.4

Com

a)

b)

f)

g)

h)

Impressed current systems
missioning of the impressed current CP system shall include the following,‘in the ordej

¢heck wiring to ensure security of all connections, continuity of all circuits and corf
negative terminal to structure, positive to anodes);

perform structure to electrolyte (seawater) potential measurements with respect to
feference electrodes (before energising the CP system) to liaye a baseline corrosion po

n selected foundations: perform steel to electrolyte potential measurements immediaf
o all installed fixed reference electrodes using iminersible potential measuremen
¢omprising a reference electrode and a voltmeter-to’determine the accuracy of the fix
¢lectrodes;

¢arry out electrical tests to confirm electtical safety of the DC power supplies first
¢hecks are performed on the DC output;

f design current output; check golarity of DC current output at the DC power supply. d
yoltage and current with calibrated portable instruments;

fepeat steel to electrolyte potential measurements with respect to all installed fixq
¢lectrodes (after energising the CP system to 10 % of design current) to confirm that
dre more negative than/those measured at 12.4 b);

get the TR autopofential (potentiostatic) control circuit ‘set point’ at a potential (less n
11,00 Vwrt Ag/AgCl/seawater) anticipated by the competent person, Clause 5 to be the
o ensure that'all immersed locations on the foundation meet the appropriate potential
[lause 6:and that no location shall be more negative than -1,10 V wrt Ag/AgCl/seawatsg

¢ontinuously data logging monitoring the structure to electrolyte potentials with thg

indicated:

ect polarity

he installed
tential;

ely adjacent

equipment
bd reference

before any

gwitch-on the DC power supplies tosupply direct current to the structure at approximately 10 %

heck output

d reference
hese values

pgative than
rorrect level
criteria, see
r;

permanent

jnonitoring system; the competent person, Clause 5, shall assess the data after 30 days

of operation

to 60 days of operation; the DC power supply settings shall be adjusted until the

appropriate

potential criteria are attained over the entire foundation as indicated by the fixed reference

electrodes; the competent person may be the CP designer;

At the earliest when the online CP monitoring data indicates that sufficient polarization has
been reached, or at the latest after 100 days after energizing, a detailed potential survey shall be
undertaken on all foundations fitted with the impressed current CP, to document that the system

meets the performance requirement.

During surveys using ROVs or drop cell reference electrodes, the impressed current CP shall be switched
ON and shall be operating in its normal auto potential (potentiostatic) control condition.

See 10.2.4 on monitoring during operating ICCP.
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Particular attention should be given to ensuring that any CP system that has been switched off is turned
on again and its performance confirmed before personnel leave the structure.

The physical condition and specific location of all DC power supplies, anodes, cables, conduits, and
monitoring system components shall be verified and recorded at time of commissioning. The current
and voltage output of each transformer rectifier shall be measured with calibrated portable instruments
as shall the AC ripple at the DC output terminals of the equipment. The function of the RCD trip shall be

proven. The

DC current from each anode shall be measured with calibrated portable instruments.

13 CP surveying and monitoring
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entials more negative-(better protected) than reality.
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In addition to potential measurements, measurement of the anode current output provides information
that may be used to verify that the installation is operating as intended and, in the case of galvanic
anodes, to determine their remaining life, Clause 14. Current flow onto (or from) the structure can be
assessed using field gradient methods.

Permanent CP monitoring systems have the significant advantage over portable surveys in being able
to collect data in all weather conditions, all sea states and all tidal flow rates and close to the structure
minimising IR drop errors. Depending on the extent of polarization, the quality of calcareous deposits
and the water velocity, structure to electrolyte (seawater) potentials can be significantly less negative
(less protected) during storms and high-water flow rates than in quiescent conditions. There are
records of de-polarization of as much as 100 mV, see Reference [39].

Best practice in assessment of CP system performance is to assess the combined fixed monitoring
and portable survey data, with the survey data informing the potential variations over the structure
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due to anode distribution, attenuation and variations in seawater flow velocity with depth, and fixed
monitoring data informing potential variations due to environmental changes with time. This is
particularly important because most foundation external CP surveys are undertaken by divers and
small ROVs, or drop cell electrodes, and these are deployed, for safety reasons, in calm weather and
often at slack tide. Under these conditions the CP performance will be unrepresentatively better (more
negative) than during ‘average’ conditions of wave height, tidal flow rate and temperature.

Measurements using portable reference electrodes should supplement those from the permanent
reference electrodes at the commissioning survey. It is recommended to perform comparative
measurements between permanent electrodes and drop cell measurements, as the latter will
be significantly in error due to being distant from the structure which adds IR error and results in
meagUrements of average structure to electrolyte potentials and not local ones at the logation of the
electirode. If the portable electrodes are accurately placed by diver or ROV they can be usedo ‘calibrate’
or vdlidate the permanent electrode accuracy.

Techpiques for monitoring the CP system are described in EN 13509(2],

NOTE 1 Potential measurements conducted at the galvanic anode only represents the anode fo electrolyte
potential as measured not the structure to electrolyte potential.

NOTH 2  Bare steel in seawater, with a CP system that operates in a way. that most offshore CP $ystems have
operated, will have begun to have established calcareous deposits within the first month of the CP system
operation. After one month it can be expected that the structure toeléctrolyte potential will have¢ reached the

designed protection criterion, see Clause 7. Although there is meritin/any data measured before tl
to eldctrolyte potential data collected before the CP system has been working for a month is unlikg
the lqnger-term performance. Over the following months, if the.seawater flow velocity is static (it s
strucfture to electrolyte potentials will stabilize and, as the calcareous deposits become fully forme

his, structure
ly to indicate
eldom is), the
1, the current

density will reduce. This process of achieving protection levels and reducing current density will be
periolds of high-water velocity (tidal currents and/or sterms).

disrupted by

considerable
Annex C and

NOTE 3  The current density demands of bare steel in seawater at any given location will vary
with seawater flow velocity and to a lesser extentwith temperature and oxygen concentration, seg
Refenence [39].

Factgrs affecting offshore wind strudture CP performance and its assessment:

a) 4areas remote from anodessand controlling reference electrodes are likely to becorpe less well
rotected in times of high'seawater flow velocity;

igh water velocity occuirs with high tidal variations;

or those locationsaffected by estuarine fresh water flows galvanic anode system in pajrticular will
e affected hy)changes in water electrical resistivity. Less saline water will have a higher electrical
esistivity, and this will reduce the ability of galvanic anodes to deliver current; levels qf protection

ay deteriorate;

1l sturvey data taken in calm weather, in the summer, is likely to be falsely optimistic if used alone
o-estimate full year performance;

for monopile foundations there will often be continuity cable bonds between the TP and MP;
well-designed bonds in good condition may have voltage drops of 10 mV to 20 mV; bonds in poor
condition or of inadequate design may have volt drops of ca. 100 mV. Most surveys, diver, ROV
or drop cell measurements are undertaken with a connection to the TP; if the bond volt drop is
100 mV, a measured structure (monopile) to electrolyte (seawater) potential of -0,80 V wrt Ag/
AgCl/seawater will actually be -0,70 V wrt Ag/AgCl/seawater. For this reason, a survey inspecting
the physical condition of the MP/TP connections should be made and damage rectified if needed;

f) accurate structure to electrolyte potentials can only be measured with the reference electrode
close (ideally < 50 mm) to the steel; although there are volt drop errors (making the data appear
better than reality), as the electrode is further away from the structure the largest effect is that
the measurement taken is increasingly an average of the entire structure and not a local potential
level; for monopiles with the anodes on the TP, where there may be 200 mV attenuation down a
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bare monopile and where the least well protected values are close to the seabed, an electrode that
is not located close to the structure may collect data some 100 mV more negative (better) than is
the case on the MP near the bed; accurate reference electrode placement can be achieved by diver
or ROV; drop cell surveys can produce poor data with electrodes taken many metres away from
the structure by water current flow; the use of weighted guide wires shall be used to reduce these

errors;

g)

potential measurements utilizing ‘direct metallic contact’ (the test connection to the immersed

foundation) at the point of measurement, either by diver or ROV, the measurements avoid errors
due to volt drops in the TP/MP bonds, for coated structures this is however not recommended as
stabbing electrodes will damage the coating.

As in 10.2.]
minimum, p
electrode lo
out of optim

For both ga
(impressed
monitoring
asset and f¢
state and tig

It is essenti
and any nec
consideratig

the operation and performance data for impressed current CP systems, including

Cations should be available in real time at a central monitoring location and should gen
al performance alarms.

current systems only), impressed current DC output voltage and current and
data shall be accurately reported, in detail, with fully identified-data in respect of
undation, locations and depths of measurements and, wherever possible, tide leve
al flow rate.

h] that full records of any CP monitoring be maintainedso that any trends are ident
pssary remedial measures can be planned and effectively carried out. In the case of re
ns, additional surveys may be required either for-the whole structure or parts

ower supply dc output voltage and current and steel/electrolyte potential at all refer

vanic anode and impressed current CP system detailed surveys, visual)ihspection rej

as a
ence
Prate

borts
fixed
date,
, sea

ified,
frofit
of it,

Clause 14.

s of
ons

Other obsen
both anoded
are not part

vations of galvanic and impressed current anode physical state and visual inspectio
and structure should also be recorded as.part of the CP records, even if such observa
of a dedicated CP monitoring regime bufsee NOTE in 14.5.

h

13.3 Refenence electrodes

The zinc/seq
reference el
is expected
AgCl/0,5M
itis robust.

iwater electrode (Zn/seawatér) and the silver/silver chloride/seawater (Ag/AgCl/seaw
pctrode are the ones most{commonly used in offshore applications. Where seawater sal
to be variable or less than 30 %o, then silver/silver chloride/0,5 M potassium chloride
KCI) reference electrodes may be used. The Zn/seawater electrode is not very accuratg

ater)
inity
(Ag/
e, but

bable
may

For measur;
due to sulpH
be considerd

bments in sediments or below seabed, the Ag/AgCl/seawater electrode may not be us
ide contamination, and here Zn electrodes or Ag/AgCl/0,5 M KCI reference electrodes
pd.

vater
, see

Dual refererf
reference el
Annex H.

ce€lectrodes with both the Zn and the Ag/AgCl/seawater (or 0,5 M KCI, where the seay
eetrode is not suitable) elements are recommended to be used in fixed installations

Reference electrodes used for field measurements shall be calibrated before and after use for
measurements. This would normally be at the beginning and end of each day's work. Reference
electrodes and their calibration are described in more details in ISO 12473.

13.4 Frequency of survey and monitoring

The number of measurements taken shall be determined by the complexity of the structure and the
number, type (impressed current or galvanic) and location of the anodes. Sufficient measurements
shall be taken to provide a representative view of the distribution of potential, including the likely
least negative (least well protected) locations and the most negative locations (for impressed current
systems, adjacent to the anodes, where over-protection is possible, causing damage to coatings and
concerns regarding reduction of fatigue life).
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Measurements should be repeated at the same representative locations at appropriate time intervals
throughout the structure service life, so that trends in the protection level and hence CP system
performance can be determined. Relative to the size of the offshore wind farms, this may be applied
to a number of fixed structures combined with additional structures over a period of time, so that all
turbine structures are measured over a period of 3 years to 10 years. If unexpected results are found,
the number of measured structures should be increased; subject to the data first obtained, the detail
and methods of survey may require revision.

For impressed current CP systems, the DC power supplies, anodes and reference electrodes shall be
physically examined, in part by diver or ROV and the condition of all the above and below seawater
cabling with its associated protective ducting, cable management and junction boxes shall also be

asSsey

Even
to electrolyte potential survey (commissioning survey) shall be undertaken forla rej

prop

and

prog

14

14..1 General considerations

Whe
step,
to an
documented prior CP surveys and any prior knowledge of the original CP design, design cri
built

also

For 4
ensu

Poss

a)

b)

c)

In th

sed on aregular basis, with not more than 5 years to > years intervals.

for structures fitted with permanent CP monitoring equipment, an initial detaile

prtion of similar foundations, as defined in Clause 12. Thereafter, a schedule of det
rhecks are recommended at intervals to be agreed as part of the structure integrity 1
Famme.

Retrofit cathodic protection systems

h it is suspected that an existing CP system may need to be replaced or augmented, tH
the existing performance levels e.g., potentials and;potential distribution shall be deter
y retrofit design consideration. The starting point for such an assessment is the availa

documentation. This study should be carried’out not only for individual foundation st
hcross the windfarm development in order to determine the extent of any shortfalls iy
large wind farm a study of a selection“of structures can be undertaken provided the
res a realistic conclusion for the whole development.

ble reasons for retrofitting CP‘systems or equipment are:

1

q

o augment a system instdlled at construction that did not achieve full polarization of
tructure;

o replace or augment a system that has failed in service e.g., an impressed current
lhas proven unreliable, premature consumption of galvanic anodes or a galvanic anode
¢oated structure’that could not maintain polarization as the coating deteriorated;

flo provideé continued protection to a structure when the original CP system has reachs
its CP_design life and the structure is required to continue operations for some time aff
ife.€xtension.

d structure
bresentative
hiled survey
nanagement

en as a first
mined prior
bility of any
feria and as-
fuctures but

protection.
sample size

the original

system that
system on a

d the end of
erwards i.e.

£ CaSE Of a) ard by potential measurentents cottected over a period amd compared imac

1ronological

manner will indicate whether remedial measures are required after a more exhaustive, visual
inspection of the installed anodes.

In the case of c) potential measurements alone will not indicate whether the CP design life of the existing

CPs

ystem can be reassessed and possibly extended.

14.2 Survey before retrofit

Offshore retrofits are complex and high-cost undertakings. Any reductions in their scope that can be
derived from an accurate and detailed survey and assessment of existing performance can produce
considerable savings in the retrofit costs, greatly exceeding survey costs.

If an impressed current CP system has totally failed, there is little benefit in a detailed survey.
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Galvanic anode systems seldom totally fail. They may be deficient in current or current distribution
or restrained by failed or inadequate TP/MP or anode cage/MP bonds, or depleted and, while still
operational, unable to provide the full current or likely to fail within the structure service life.

All of these different conditions require different remedial work or retrofits, and it is essential that
the owner and the retrofit/remedial CP designer has sufficient survey data to fully understand why
the work is needed, what its optimum extent is and what benefit can be relied upon from the original
CP system. Critically, if the retrofit can be undertaken before the foundation is fully depolarized (the
calcareous deposits dissolved), the design initial current density can be reduced.

On representative
within the gsse
specification prepared by a c

foundation structures across all types, sizes, depth variations and locations
T o rsrecordr e ok e On OF

ompetent person, Clause 5

s to
n as

In addition |to prior survey data obtained in accordance with Clause 13 it will be advantageo
undertake & current density survey to measure cathode current density at the same locatid
potential m¢asurements are obtained and also anode current densities.

NOTE Tle Swain Clip meter[52] or equivalent can be used for direct measurement gfanode current thiy
insert or othg¢r attachment arrangements and the Field Gradient Survey method (FiGSJ-er'equivalent is a su
field gradien{ measurement techniquel9l,

ough
table

1ould
e the
hrate

When it is d
be installed
extent of se
structures i

onsidered that inadequate protection is being achieved, fixed reference electrodes s}

on selected structures and potentials monitored over ayperiod of time to determin
hsonal and environmental conditions. It is recommended that a minimum of two sep
h an asset are monitored in this way.

bsent
sible,

The extent |of the survey shall be such that a competent person is able to determine the pr
performancp of the CP system, the residual life of any components (e.g. bonds, anodes) and if pos
the causes df any deficiencies in the CP system.

All of the gbove work shall be closely supervised”by the competent person, Clause 5 and alll the
equipment @sed shall be subject to regular calibrations at a minimum of each week and ideally gvery
day. The caljbrations shall be to a procedureprepared by the competent person and shall form part of
the record df the survey.

From the sufvey the CP designer shouldbe able to determine an optimum retrofit or remedial CP dgsign.

14.3 Retrdfit for inadequate protection

The design
maintained
the original

of a retrofit £R-system to augment a system that has not fully polarized initial
full polarization requires detailed assessment. It may be required to determine wh
CP design was inadequate or whether there have been changes in operational param

ly or
bther
pters

causing the jnstalled system to become inadequate.

A thorough assessment of the current physical state of the existing CP system and equipment including
any continufitbonds and anode attachments is essential in the design of any retrofit system being
considered irrespective of the reasons for the proposed retrofit. In the case of augmentation, the design
current density for retrofit CP resulting from new and existing anodes may be according to the data in
Annex C unless other parameters can be justified.

14.4 Retrofit for structure life extension

The potential criterion used in the design of a retrofit CP system for structure life extension shall be in
accordance with Clause 7.

A structure being considered for retrofit for structure life extension purposes may have an already
well-formed calcareous layer if polarization levels at retrofit are not too positive. The demand for high
initial current availability may therefore not be necessary.
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If the actual operating current density is known this can be used as a basis for the retrofit. In the
absence of known actual operating current density, the originally specified mean current densities can
provide a margin of safety in the retrofit system leading to longer than designed CP system life in the
case of galvanic anodes.

14.5 All retrofits

The existing CP system at point of retrofit may have substantial remaining life and will contribute
to the combined CP system after retrofit. Due consideration of this contribution shall be taken into

account when designing the additional retrofit requirements.
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ures are to be contemplated. Methods of potential measurement and potential distr
are discussed in Clause 13.

ibution.

impressed current system is reaching the end of its efféctive life, the anodes ar
rode condition should be assessed and likely replaced. The tondition of the associate
ng, cabling and junction boxes shall also be assessed.

ralvanic anode systems, anode mass requirements (and thus life) are an important]
fit assessment. In this case not only shall the fequisite additional current be supp
ional anodes mass to be supplied may be mederated by the already existing anode
of retrofit. It follows that a comprehensiveZstudy and calculation of the pre-retrofit

sment of their remaining current capatity over their remaining life.

gradient measurement techniguest?l using rotating reference electrodes provide
sing actual current flows to or. from structural surfaces and anodes and can allow a c

s resulting from the medsurement process are to be determined and conservativel
int in the current calculations. An estimate of addition current requirements can then

consumption to date)of the anodes can be assessed from an extrapolation of the mea
ent output over.the period of service. However, reliable field data are essential if sou
o be made especially when calculating remaining CP system life or current avail
ing anodesy

Astraditional method of assessing anode consumption is by visual and dimensional ol
5. Estithates of the amount by which the anodes are depleted over a defined period can allow
verall average current supplied by the anodes by using the known alloy consumption rate. Thi

s critical. In
le, potential
bne or more

fic locations on the structure and clear definition of this is essential if only~ hot-sp¢t” remedial

bution over

her case the location of any retrofit equipment is critically dependenton the determined potential
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al conditions

at the time. Different surveyors/inspectors may interpret wastage differently and can also report inconsistent
evaluations of the same anode at different times.

In the case of a coated structure an assessment shall be made of the state of the coating, any coating
breakdown and any physical damage which may have occurred. This may involve physical examination
by ROV, or diver coupled with an assessment of current flows to the structure by field gradient
measurement. Based on this assessment an estimation can be made by the CP designer (see Clause 5),
possibly with support from a coating specialist, of the rate of coating breakdown until the end of the
retrofit CP design life.

Once the amount of current to be supplied by the combined retrofit and existing systems has been
determined, the amount of additional mass and current output (shape, spacing in the case of galvanic
anodes) can be determined using conventional methods (Clause 8 in combination with Annex B and for
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instance data based on Annex C) to satisfy the revised CP design life. The location of additional anodes
shall then be considered.

The resultant potential distribution from proposed anode locations should be subjected to computer
modelling, see Annex I, which will allow a thorough assessment of the effects of the proposed retrofit
solution and allow modification to optimize the location of any proposed retrofitted equipment.
Modelling should inform CP current and potential distribution when replacing an original structure
mounted CP system with a remote anode system.

Any retrofit CP system design should be documented in a design report see Clause 15.

shall

Each foundation installation is unique dpppnding on the abaove reasons for the retrofit which

be consider
installation
parameters
individual i
may possibl
attention. R

A key part
appropriate
potential di
offshore shq
to around 1
or less).

bd on an individual basis and with a clear brief from the owner. However, since mu
in awindfarm development may be of identical design and generally of identical operat]
it is important to determine whether a retrofit is needed for all installations or parti
hstallations at the location. The retrofit requirements, their design and imiplement
¥ be considered to be the same for all installations across the project if all ‘tequire rem|
bquirements will be different for each particular windfarm site location)

and possibly innovative high current anode usage, while ensuring optimum curren
stribution. All assembly and set-up work that does not necessarily have to be carrie
uld be carried out onshore in order to be able to save additional costs, which may am
) times the onshore costs (depending on the contractor dnd type of activity and work,

14.6 Equipment considerations

Monopile fo
operation af
a later retrd
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indations, Figure 2 can be fitted with origifial CP equipment on remote cages as a re
ter pile driving and TP installation. For these structures, galvanic anodes to be install
fit will follow the same principles as for‘the original installation. However, it is likely
bigns did not adequately address anode/anode proximity and reduction in anode cu
e by this. Any retrofit using groups-of galvanic anodes on cages, sleds or seabed array{
0 mathematic modelling, Annex T to calculate the anode array current output as w
d current distribution over<he structure.

hnic anodes are installed pre-fitted to the TP, then retrofit anodes may be installg
e assemblies on sleds)or cages and cable connected to the original structure. Impré
des can also be installed on remote sled assemblies.

undation stpuctures, see Figure 3, retrofit anode assemblies may either use remote
piles or galyanic anodes clamped around the tubular members at locations determing
ribution‘considerations.

tiple
jonal
cular
htion
edial

f a retrofit design shall be the minimizing of offshore work boat,-ROV and diver tinge by

F and
1 out
ount
more

rrofit
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that
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ssed
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ed by

applications involving mounting anodes on the foundation, the physical conditi
r‘this purpose shall be inspected and assessed to confirm that the additional load cz

n of
In be

carried, or whether remote anode Iocations should be considered.

When anodes are to be retrofitted either internally or externally, the original continuity bonds and
their existing condition shall be reviewed and assessed in order to determine if they are, or will remain,
adequate in dimension, connection integrity and electrical and physical loading capability. In this
respect it is likely that the original design of these was not robust, either in respect of voltage drop or
resistance to deterioration.

For internally retrofitted anodes, whether individually or in strings, they shall be individually
connected together with insulated and sheathed copper cables, see Clause 11 extending above water so
that secure connection can be made and anode currents correctly monitored.

Requirements for galvanic anode distribution and installation are included in Clause 9.
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Impressed current anode distribution and installation considerations are included in Clause 10.

15

Documentation

15.1 General

The CP design and specifications for the materials, installation, testing, commissioning, performance
verification along with recommendations for ongoing operation and maintenance of the CP system
shall all be fully documented by the CP designer (see Clause 5).

The
a)
b)
‘)
d)
e)

f)

rﬁ_rn_m—rrrﬁ—rr—ermanen Tecords shall Include as a minimur, the following documentation:
esign report;

gpecifications for the materials and installation;
¢ommissioning requirements with procedures;
3s-built documentation including performance evaluation during cemmissioning;

iperation and maintenance recommendations and procedures for performance verific
oth structure service life and CP design life;

environmental check list (see Annex A).

Thesle requirements shall apply to both internal and external CP designs.

15.2 Design report

15.2{1 General

The

glesign report shall, as a minimum, document, detail and demonstrate the following:

the basis for design.

.

[he relevant standards and codes-of-practice.

The basis of selection of'the CP system (galvanic anode or impressed current system)]
fisk and consequene®evaluation, in 6.3.

.

[he CP system‘design life and the reasons for any diversion between this and the stru
life.

The period of delay between installation of the foundation and the CP system being co

htion during

including a

cture design

hnected and
hall be made

perational (‘set to work’). An evaluation of the consequences during the delay period s
:Fncluding an evaluation of possible temporary corrosion protection to be applied.

The parts of the structure to be protected with CP intended to fulfil the CP performance criteria

requirements for the CP design life. This is to be linked to the corrosion protection
areas not provided with effective CP corrosion protection strategy.

Description of system including system type, system layout and anode details.

Coating break down factors adopted.

strategy for

Details of any specificinstallation methods required to achieve the required CP system performance

and the CP design life.

Any assumptions and requirements, e.g. operation and maintenance, required to achieve the CP

design life and performance criteria.
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— The chosen steel cathode current densities (initial, mean and final) at what elevations internally
(if applicable) and externally including the current density for ‘current drained’ areas which will
receive CP current but which are not anticipated to meet the design CP criteria and a justification
for these (see Annex B and Annex C).

— The chosen anode current density and capacity or consumption rate and a justification for these.

— Calculations demonstrating, for all elevations and zones and including both primary and secondary
steel, the surface area, and current demand for all representative foundation steel dimensions/
designs, including current drain to areas beyond the intended extent of the CP for initial, mean and
final conditions.

— Ifthere gireelectrically discontinuous elements within the structure, such as Monopile and Trangition
Piece, jystification for the selection of cable bonds and their connections, details and calculatigns of
contactjresistances, cable resistance and overall bond resistance and current capacity. Calculafions
to demanstrate that these resistances do not reduce the current output from anode$’to an ektent
not accqunted for in the CP design.

— Anassepsment of the period between the time that the CP system is first energised (or put to wprk”)
and the|chosen structure to electrolyte CP criteria and any other performance characteristic$ will
be achigved.

— A consideration of the extent to which the performance will deteriorate (the structure to electrplyte
(seawatfer) potentials become less negative) during non-storm ddys+in the coldest month of the{year
inrespect of seawater temperature and during peak seawater velocities and wave heights in stqrms.

— Demongtration that the protection criteria will be delivered, with both the least and most negative
potentials anticipated and calculations which is recommended to include mathematical modejling,
see 8.9 |Jand Annex I, showing the anticipated structure to electrolyte (seawater) potentialg and
current|density values over the structure at 3 montlis after the CP system is set to work, at thejmid-
point in|the CP design life and in the last 3 months of the CP design life.

— If CP is| to be applied to the inner surfages, the mathematical modelling if applicable shdll be
completed as a single unified model with,the external modelling and address any current and its
resultant polarization of steel due to current flowing into the internal surfaces or out of the strugture
internals from the anode system intended for the internal surfaces. If the inner surfaces are tq free
flooding compartments or to compartments with significant water flows with the tidal changes, the
holes or] openings between outer-and inner surfaces shall be addressed in the modelling.

— An index of all documents.that were used as sources of input in the design process, including any
relevant standards andcedes, identifying if there are conflicts between the CP design in the squrce
documents, standards-or codes along with which parts of these are used and which parts arg not
used, wijth justifieation for these choices.

— Anindek of all,output documents prepared or in the process of preparation in order to document the
design Irrocess.

— The CP designer’s recommendations for performance assessment of the CP systems, see Clause 13.
— A sensitivity assessment of extraneous factors which could affect the reliability of the design.

— ADesigner’sriskregister and any health, safety and environmental issues, including where relevant
local regulations have been considered in the design.

15.2.1.1 Galvanic anode CP system

In addition to 15.2.1, the following shall be considered and documented for GACP systems

— Calculations to determine the number, distribution, size and anode capacity (mass, utilization factor
and A-h capacity for the anodes.
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— The assumed or measured conditions inside any flooded areas of the structure intended to receive
CP or to be subject to some other corrosion protection strategy including water replenishment rates,
oxygen concentration, water flow rates and internal water levels.

Calculations and modelling to demonstrate that the steel core cast into the anodes will deliver the

design utilization factor and that the calculated final or re-polarization current can be delivered at
the end of the CP design life.

15.2.

1.2 Impressed current CP system

In addition to 15.2.1, the following shall be considered and documented for impressed current CP

systd

q

q

.

\
[(

q

[
[(

$elected anode material and geometry, selected power supply type, method of protéctin

The selected cable materials and sizes. Calculations of cable current capacities and v

!

gnd lightening) protection on all input and output-¢ircuits.

The chosen performance monitoring sensors, which may include but not limited f{

ms.

xtent of remote (from onshore) monitoring and control.

emonstrating, for all anodes and peak current output that the designed)cable cross s¢|
niform anode current output at a common power supply voltage, i.e{ with a <10 % var

[he selected dielectric shield materials and dimensions and a justification for these. The
hall include a detailed assessment of the reliability of thesselected items for full CI
vithout offshore interventions.

[alculations to determine the power supply currentiand voltage outputs and th
haracteristics of AC ripple on the DC output along with the requirements for surge (elg

[alculations to determine the number, distribuition, size, composition, wear rate and lif

tlectrodes for structure to electrolyte potential measurements, coupons or monitore
urrent density or current measurement or coupons for corrosion rate or confirmation

15.3
The

rotection and locations for these.

ue to the considerable operation and maintenance demands of impressed current CP
peration and performance)data should be available in real time at a central monitor
inticipated to be onshore’and linked to the turbine performance central monitoring
hould generate out‘of optimal performance alarms. The operating procedures an
equirements for-operation and seeking specialist advice, where necessary, shall be do

Material spécification requirements

1 General

g cables, the

Itage drops
ction allows
lation.

justification
P design life

ay

P necessary
ectrical fault

b for anodes.

o reference
1 anodes for
of corrosion

systems, the
ng location,
ocation and
d personnel
cumented.

to issue for

specifications shall comprehensively describe all CP materials, in sufficient detail

purc

asing, which will ensure the design requirements are met. Further requirements are detailed in
Clause 9 and 10.

The specification shall detail installation procedure including all details of the works necessary to
carry out the works.

The specification shall include the requirements for quality plan and quality control documentation

with

15.3.

inspection and test results.

2 Galvanic anodes

The anode specifications and drawings shall ensure that, for galvanic anodes, the designed anode casting
and core dimensions determined to deliver the CP performance shall not be varied by the construction
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contractor or the anode supplier. The anode cores and their welding details to the structure shall be
subject to structural assessment.

Specification for the galvanic anodes shall detail, as a minimum, the following:

15.3.3 Impressed current CP materials

15.3.3.1 Anodes

Specificatioh for the impressed current anodes shall detail the following:

56

conformity with EN 12496;

conformity with the CP design anode dimensions, with the minimum nett mass (of alloy) for each
anode and the minimum anode length for each anode being not less than the anode design mass and
dimensions;

core dimensions and material in conformity with the CP design anode core dimensions and material;

requirements for manufacturer’s drawing of anode construction, inspection and test plang and
approval mechanism for these;

composijtion of the anode alloy being close to the composition upon which the designyA-Hr capjacity
is based; this may require closer compositional limits than permitted in EN 12496;

number| of anodes of each size within the design to be destructively tested ifi order to demonsftrate
the corg location, any voids and/or porosity of the casting are in accordance&with EN 12496;

number]of samples from the furnace(s) for chemical analysis and for glectrochemical testing and the
acceptapce criteria for these tests;

inspection requirements and access for inspection by or on behalf of the owner;
documentation required;

packaging instructions to protect the anodes during transportation and handling.

type of janodes, the active element’/(e.g. mixed metal oxide) composition or type, coating, loafding,
wear rz[e, life and material substrate (e.g. titanium);

anode design life to be aehieved at the current rating required by the CP design;

requirements for ac¢elerated testing data to demonstrate performance of the anode active element
on its sybstrate, if there is a substrate;

requirements.for testing to demonstrate the coating loading on the substrate and adhesion between
the coatling and the substrate, if there is a substrate;

track record requirements of the selected anodes in marine environment;
dimensions and tolerances;

requirements for manufacturer’s specifications and drawings of the cable-anode connections
including the testing procedure and acceptance criteria for electrical continuity, chemical resistance
and mechanical integrity;

requirements for manufacturer’s drawing of overall anode assembly construction and inspection
and test plans and approval mechanism for these;

inspection requirements and access for inspection by or on behalf of the owner;

documentation required;
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packaging instructions to protect the anodes during transportation and handling.

15.3.3.2 Cable materials

For the DC current and monitoring cables specifications shall include as a minimum:

The

type of formation, conductor material, cross section;
longitudinal resistance;

insulation material and minimum thickness and colour;

gheath material and minimum thickness and colour;
fated voltages;

mechanical shielding or armouring if needed;

mechanism for these;

gny inspection requirements and access for inspection by or on behalf of the owner;
ocumentation required;

Iackaging instructions to protect the cables during trahsportation and handling.

cables shall be in accordance with the relevant/lEC Standards which shall be de

specifications.

15.3{3.3 DC power supplies

Specification for the DC power supplies shall*detail the following:

[P system design life and the requirement for the DC power supply to meet this;

e¢nvironment of the installatien site, including temperature, relative humidity and
¢hlorides or other corrosive)elements;

tlype (e.g. transformer tectifier or switch mode);
power supply design life without significant component replacement;
AC input, phases, frequency and voltage;

DC outputcurrent and voltage and DC output control;

feqliired over-voltage and over-current protections, lightning protection (for all circui
output including monitoring):

fequirements for manufacturer’s drawings of cable construction and tesfing regime and approval

'ined in the

exposure to

s, input and

transformer construction characteristics and class (if applicable);
rectifier construction characteristics;
maximum DC. ripple and frequency;

cooling and temperature control;

enclosure material, IP protection degree and any requirements for coating maintenance during DC

power supply design life;

auxiliaries and accessories: controls, alarms, signals and measurements, terminals,
safety tags;

© IS0 2022 - All rights reserved
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requirements for manufacturer’s drawing of DC power supply construction, circuit diagrams and
inspection and test plans and approval mechanism for these;

interfac

e with data acquisition system;

spare parts for commissioning, 2 years operation, 5 years operations;

inspection and Factory Acceptance Test (FAT) requirements and access for inspection by or on
behalf of the owner;

documentation required;

packagi

ng 1nstructions to protect the DC power supplies during transportation and handling.

15.3.3.4 Junction boxes

Specificatio

h for the junction boxes shall detail the following

environment of the installation site;

[P protdction degree;

materials of the enclosure and of internal equipment;

colour;

termingls of the DC positive, negative (if applicable), monitoring and data acquisition sy
junction boxes;

labellin

require
these;

b to identify all terminals;

ments for manufacturer’s drawing of junction box construction and approval mechanis

any inspection requirements and accessfor.inspection by or on behalf of the owner;

documentation required;

packagi

Ing instructions to protectithe junction boxes during transportation and handling.

15.3.3.5 Reference electrodés

Specificatio

58

type of
dual);

compos

enclosu

h for the referénce cells shall detail the following:

electrode-of reference electrode (e.g., Zn, Ag/AgCl/seawater, Ag/AgCl/0,5 M KCI; sing

ition; mass and form of electrode elements;

stem

m for

le or

re material and form of electrode casing;

cable details (e.g., conductor form, material, resistance, insulation, sheath, number of cores, form of
construction, filling, shield, armour, sheath, diameter, colour) length;

requirements for manufacturer’s drawings of reference electrode construction, inspection and test
plans and approval mechanism for these;

manufacture’s calibration test;

identification or labelling of individual electrodes;

any inspection requirements and access for inspection by or on behalf of the owner;

documentation required;
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— packaging instructions to protect the junction boxes during transportation and handling.

15.3

.3.6 Datarecording equipment

For the data acquisition system and/or data logger:

— parameters to be acquired and recorded;

— hardware and software specifications;

— data acqu151t10n system requlrements number of acqulsltlon channels type of interfaces, type of

— ¢

01nts, AC input type;

ompatibility of data with software for data export and analysis;
bnvironment;

bnclosure;

— protections;

q

JR— q

JR— q

juxiliaries and accessories: nameplates;

pare parts for commissioning and for 5-year operations;

pecifications for acceptance tests;

15.4
The

Thes
mon
syste
strug

Detal
locat]

inspection and Factory Acceptance Test (FAT) requirements and access for inspecti

ehalf of the owner;
ocumentation required;

ackaging instructions to protectthe DC power supplies during transportation and ha

Installation drawings.and specifications
pverall CP system shallbe detailed on the structure drawings.

e shall detail thelocations of all CP materials including all anodes, power supplies,
toring or dataMogging systems, junction boxes, reference electrodes, cables, cable 1
ms, ducts,\eenduits, penetrations and shall detail the fixings of all these CP compo
ture. Al'these locations shall be in accordance with the CP design.

jled‘drawings shall be provided for all cable routes, the cable management systems f

iorvof galvanic anodes.

eand thermal
s, alarm set

oftware requirements: input signals and interfaces, output data required and their organization,

jon by or on

ndling.

bond cables,
hanagement
hents to the

br them and

Where appropriate, specific installation specifications shall be prepared.

15.5

As-built installation and commissioning report requirements

An as-built installation and commissioning report for the CP system shall be prepared and shall
incorporate as a minimum the following:

a) A general description of the system, parties associated with the system (e.g., owner, CP designer,
contractor, specialist sub-contractor, vendor etc) and the key personnel responsible for the design,
supervision and commissioning of the CP system and their respective responsibilities.

b) A copy of the method statements and/or specifications and drawings in accordance with which the
CP system was installed and commissioned, indicating all deviations or variations there from.

©ISO
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ed description of the installation and commissioning works including key data.

d) As-built drawings detailing the installation and its components in sufficient detail to facilitate all
future requirements for inspection, maintenance and reconstruction of the system and its major
components.

e) All measurements and test data taken before or during commissioning.

f) Arecord of the “as-left” operating conditions of the system.

g) All test instrumentation shall have valid calibration certificates following ISO 17025 traceable
to national or European Standards of calibration. The documentation shall constitute part of the

perman

The as-builf
envisaged a
life shall be

Commission
each CP syst
structure tq
achieved ov

15.6 Oper

An operatio
minimum tH

a) Referen|

and a sq
b) Referen|
c) Details
d) Templat

assessn

ent records for the works.

installation report shall record any changes from the design parameters not‘know
f the time of the design. Any subsequent changes to materials, their location @t dnticiy
highlighted with justification for such changes.

ing data should include the results of surveys conducted after energizing (setting to v
em in order to assess if it satisfies the CP design criteria and operates/effectively, incl

electrolyte potential measurements to demonstrate that the, CP-protection criteri
br the entire structure intended to be protected by CP.

htion and maintenance requirements

hal and maintenance manual for the CP system shall‘be prepared and shall incorporatg
e following:

ce to a detailed description of the system (design report), initial performance document
t of “as-built” drawings and documentation.

ce to commissioning data, documenting:adequate performance at time of first polarizg
pbf recommended maintenance apdiinispection intervals and procedures.

es for data sheets for allhrecommended maintenance, inspection and perform
jent activities.

e) For impfressed current systems, operating procedures for the DC power supplies and perfornj

monitof
to the d
perforn]
optimall
and see

f) Alist of
and/or

ing systems, including error finding procedures and remedial actions as appropriate
peration and maintenance demands of impressed current CP systems, the operatior
jance data shduld be available in real time enabling the CP specialist to respond to d
performancé.alarms. The operating procedures and personnel requirements for oper
king specialist advice, where necessary, shall be documented.

the:major components of the CP system with data sheets and the source(s) of spare |
maintenance for these components and for the overall system.

'n or
ated

york)
1ding
h are

t As a

htion

tion.

ance

ance
Due
and
ut of
htion

parts

Other documents can also be included as considered necessary.

Each stage of the installation, commissioning and operation shall be either the subject to appropriate
visual, mechanical or electrical testing, or all and all testing shall be documented.

16 Safety

and cathodic protection

16.1 Objectives

The CP system shall comply with all safety standards and regulations related to electrical equipment
that may apply to offshore wind installations.
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This Clause deals with safety hazards due to CP systems and related to diving personnel during their
underwater operations. Safety aspects of diving operations are outside the scope of this document.
Reference should be made to appropriate statutory regulations.

The galvanic anodes system and the impressed current system are considered, in association with the
following main dangers: physical obstruction, electric shock, and evolution of dangerous gases.

16.2 Physical obstructions

The major risk from anodes is the entanglement of the diver’s umbilical or lifeline around the anodes or
the anode supports, and the mechanical damage to the equipment due to chafing. Thus, the following

galvd

a)
b)

4
f

Simi
edge

For
can g

16.3

Depq
affec

document[31l. In the event that an impressed current CP system equipment is defective,

inadjy
shoc

Duri
carri
swit

Colle
swit

NOTH
impr
curre
switg

NOTH
can b
and 1

nic anode and anode assembly characteristics are recommended:
ralvanic anodes with bent-shaped cylindrical stand-off supports, protruding from ano

lush mounted anodes

5 or corners or protruding ends.

articular situations where anodes are installed in areas where:gas can collect, expld
rise unless measures are taken. This could be a risk aspect inside a monopile, see 8.2.

Protection against electric shock

nding on the field gradient around the impressed current anodes, divers may b
ted and impaired. The safety risk is related to the-operating voltage and the AC ripp

Fertently makes direct contact with the actiye anode element, the diver might suffe
.

ed out close to impressed currentianodes, it may be required that the DC supply to
thed off.

ction of cathodic protection' performance data shall not be undertaken with the
thed off because the data will be invalid.

1  Despite the adviee in the IMCA document[31l, many diving contractors will refuse f{
bssed current systemsare switched on. Thus, it may not be possible to survey the performance
nt CP systemsdusinig divers. ROV’s should not be affected and should not require the CP
hed off.

2 Itis'pessible to design impressed current systems that are safe for proximate diver operg
e proven to be so. This involves the secure limiting of AC ripple in the DC current output of t
miting the power supply and anode operating voltage. Proof of safety can be by DC and AC

meas

le ends

arly, for example, anode cable conduits and junction boxes should be desighed to excludle any sharp

sion hazard
B.

e adversely
e. See IMCA
or the diver
- an electric

hg diving operations whether related\6ér not directly related to CP system, and any diving inspection

LP anodes is

CP system

o dive when
of impressed
system to be

tion and that
he CP system
ield gradient

urément ahead of diver approach to CP anodes. See Reference [31].

If the CP system is switched OFF for any reason, particular attention should be given to ensuring that
any CP system that has been switched off is turned on again and its performance confirmed before
personnel leave the structure.

16.4 Gas evolution

16.4.

1 Hydrogen evolution

Polarization of the structure to potential more negative than -0,80 V wrt. Ag/AgCl/seawater reference
electrode can result in the evolution of hydrogen gas at the steel surface. If the gas is allowed to collect
in confined air spaces, such as monopiles that are only part full of seawater, it may present a risk of
explosion.
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To avoid this hazard, the following measures should be taken:

a) all designs to include an adequate venting to prevent the build-up of hydrogen,

b) the stru

cture to electrolyte potential to be kept at values less negative than the threshold value at

which hydrogen evolution is not significant.

16.4.2 Chlorine evolution

Electrochemical reactions at the surfaces of impressed current anodes in seawater invariably result in
the evolution of chlorine gas, which is highly toxic and corrosive. If this is allowed to collect in confined

: 1 1. . 1 | 1 | - |
alr spaces apovetirewater Ime; it may presentaazara topersonterana natertars:

To avoid thi
with a recof
is recommel

b hazard, all designs shall prevent the build-up of gas, e.g., by installing a ventilation/system,
nmendation that the ventilation is powered and monitored in case of power failre. Also, it
nded to monitor that gas levels are within safe limits.
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(informative)

Environmental checklist

ISO 24656:2022(E)

Title of standard:

Documentnumber{ifavailable): exthod . foffst frrd ISOTC156-WG10
turbine structures
Version of the environmental checklist: | pate of lastmadifitation of the
First draft environmental fhecklist:
Environmental Stages of the CP system life cycle All
Issue stag-
Acquisition Production Use End-of-Life es
Reuse/
Raw Pre- Ma- | Incin-
mate- Mainte- Jse of terial | eration | Final
] manu- | pro- addi- . . |Trans-
rials | factured d Pack- nange“y . and |without| dis-
d ) uc- . Use d tional En- _ |porta-
and \materials| tjon | 288 anc’ | prod- n- | energy | pos- ",
ener- | and com- repair ucts ergy | recov- | |al
gy ponents Recov-| ery
ery
Inputs
Matgrials
Watgr
Energy
Land
Outputs
Emigsions of
dangerous gases
Relegse of hy-
drogen gas
Chlofine evolu-
tion
Waste
Noisg, vibration,
radidtioty.heat
Otheérrélevant ncpnrtc
Risk to the en-
vironment from
accidents or
unintended use
Customer infor-
mation

trans

portation.

NOTE 1 The stage of packaging refers to the primary packaging of the manufactured product. Secondary or tertiary
packaging for transportation, occurring at some or all stages of the CP system life cycle, is included in the stage of

NOTE 2 Transportation can be dealt with as being a part of all stages (see checklist) or as separate sub-stage. To
accommodate specific issues relating to product transportation and packaging, new columns can be included and/or
comments can be added.
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Document number (if available): | cathodic protection of offshore wind ISO TC156, WG10

Title of standard:

turbine structures

Version of the environmental checklist: | pate of last modification of the

accommodatg
comments caf

First draft environmental checklist:
Environmental Stages of the CP system life cycle All
Issue
stag-
Acquisition Production Use End-of-Life es
Reuse/
Raw Pre= Ma- | Incin-
. Use of . . .
mate- | manu- Mainte- . | terial | eration |Final|]
. Pro- addi- . o fTrans-
rials | factured Pack- nance | . and |without| dis>
and ; duc- aging Use | "ang | tomal | g, energy | pos- pgrta-
materials| tjon .| prod- | | tion
ener- | and com- repair | © .o ergy | recov—y~ a
gy ponents Recov-| ery
ery
Comments:
NOTE 1 The fstage of packaging refers to the primary packaging of the manufactured gproduct. Secondary or teftiary
packaging foi transportation, occurring at some or all stages of the CP system life aygle, is included in the stage of
transportatioh.
NOTE 2 Tranjsportation can be dealt with as being a part of all stages (see«Checklist) or as separate sub-stage. To

specific issues relating to product transportation and packaging,*new columns can be included apd/or
be added.
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Annex B
(normative)

Method of using metocean data to calculate marked-up seawater
flow velocity

B.1 | Abbreviations
Abrejviations are given in Table B.1.
Table B.1 — Abbreviations used in Annex B
Abbreviation Unit Description
CDh Deg. Current speed direction (going towards)
CS m/s Current speed (depth averaged)
FWZ m Frequently wetted zone
h m Water depth (distance from seabed t0 still water level)
HAT m Highest Astronomical tide
H o m Significant wave height (baséd on hydrodynamic modelling)
. s m Root mean square wave height
k m-1 Wave number
L m Wavelength
Ly m Deep-water wdvelength
LAT m Lowest astronomical tide
MWD Deg. Mean wave direction (coming from)
SWL m Stillwater level (excluding water surface variations due to waves)
(Y s Wave period (based on -1st moment of wave spectrum)
t, S Peak wave period
U(z) my/s Current velocity at level z above applied datum
WL m Water level or still water level (SWL) excluding water surface variatjons due to
waves
z m Vertical upward coordinate
o, m/s Standard deviation of wave orbital motion

B.2 Introduction

For CP design a methodology to derive a long-term time averaged velocity profile of combined waves
and currents is presented.

NOTE1 The actual data presented in this Annex relates to a specific site location and is for illustrative
purposes only.

Metocean data (water levels, waves, seawater currents, wind, and water- and air properties) are
in offshore wind applied for a large variety of purposes - including design conditions for corrosion
protection.

The metocean data handling is to be done as described in this annex and used as described in 8.6 using
also input from for instance Annex C.
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For corrosion and CP, the relevance of seawater flow relates to frequently occurring conditions of
structure wetting and seawater flow velocity:

a)

Frequently wetted zone;variations in water level and wave conditions result in parts of the
structure being permanently immersed, other parts frequently wetted and other part only
splashed/sprayed or rarely wetted. The part of the structure frequently wetted due to water level

variatio

ns and wave passage will drain electric currents from the CP system.

For CP design a FWZ is defined representing the frequently wetted part of the structure.

b)

Seawater flow velocity; the seawater flow velocity from combined waves and seawater currents
influence_the rpqnirnd CP cathodic current densitv to protect the structure The highpr the y

vater

flow ve
velocity

The variati

instantaneojus flow patterns around a foundation and further in terms of the current,velocity, V

levels and W
systems.

Metocean d|
properties.

validated an
can provide

Wave heigh
neighbourin
Annex used
speed toget

B.3 Metg
The sea stat]
water le
depth a
signific

peak wi

An example

The sea stat]

ocity the higher the required current density to protect the structure. The water,
influences and normally delays CP polarization/calcareous deposit development:

bn in seawater flow velocity and seawater level is complex. Both in,fegard tqg

ave conditions changing due to astronomical tides and passage of meteorological we

ata can typically be provided as long-term time series with¢heurly values of relq
The data are derived combining meteorological and hydrodynamic modelling, caliby
d sometimes assimilated to measured properties. Available.ér dedicated metocean st
hindcasted data dating back to late 1970s for most winddfarm sites undergoing matur4

L of a surface wave is defined as the difference between the elevation of a crest 4
g trough. For consistency with Metocean terminalogy, the term “current speed” is iy
for the water flow currents present in the sea<due to tide and wind forcing. The cu
ner with the water motion due to waves makesup the water flow rate.

cean conditions

e parameters of metocean modelling are typically defined by:
vel (WL) (sometimes named'still water level (SWL));

yerage current speed (CS);

aint wave height (Hgg);

ive period (¢,)s

e pfoperties can be detailed further:

flow

the
vater
hther

vant
ated,
dies
tion.

nd a
this
rrent

of these parameters is shown in scatter plots below in Figure B.1. The water level is shown
relative to mean sealevel (MSL).

The cur

The water Tevel can be split into tidal and surge components.

rent speed can be detailed with a velocity profile.

The wave conditions can be detailed with wave spectrum information (the wave spectrum describes

how the irregular waves observed in the seas can be decomposed (analysed) into a combination or

regular

waves of varying height and period).

Water column stratification can be observed in enclosed basins such as the Baltic Sea. In stratified
water columns, the top layer is typically warm and low saline, while the lower layer will be colder and
has a higher salinity. The stratification can be seasonal or permanent.

An example

66

of site data showing metocean data can be seen in Figure B.1.

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=5c6dd278a1ba39aa271353de205aee58

ISO 24656:2022(E)

Key Q

X1 $ignificant wave hei Wépmo' [m]

Y1 Ifeak wave perio @:}‘s]

X2 depth averag rent speed, CS, [m/s]

Y2 yvater leve , here given relative to Mean Sea Level (MSL) [mMSL]
a urren ction, CD, going towards [deg.].

b e% veraged current speed, CS, [m/s].

¢ Mean wave direction, MWD, [deg.].

d  Significant wave height, H,,, [m].

¢ Significant wave height, H_,, [m].
NOTE Site example. Hourly data 1979-2015.

Figure B.1 — Metocean conditions

B.4 Frequently wetted zone

The FWZ is the part of the structure that intermittently is immersed in water due to water level
variations and passage of waves. A good estimate for the Frequently Wetted Zone can be obtained by
coupling the water level and wave height time series.
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Waves are nonlinear having higher crests than troughs. Wave run-up (increase in height at the
structure) occurs on the front and back of the structure. The effect of nonlinearity and run-up will

increase structure wetting.

The significant wave height, H,,, will in open seas be approximately equivalent to the mean of the third
largest waves and can be taken as a good proxy for the wave height resulting in structure immersion

due to waves. A simple expression for the Immersion Zone can be obtained from Formula (B.1):

FWZ(t)=WL(t)+H,,, (£)

(B.1)

where tis time. For floating structures WL(t) should be replaced with FBL(t), where FBL(t) is free board

level of the floating structure.

Quantiles of the frequently wetted zone can then be applied for the CP design: (]9(]/

.

— FWZ;, 4,: The 50 percent quantile of the frequently wetted zone can be taken as aé& estima
the leve] to which the structure impacts the mean anode drain. ™

Applied to the example site location, the calculated frequently wetted zone is in E;gure B.2 compar]
amore complex approach considering the individual waves in the sea for indiw@iﬁal wave run-up (I
The simple ppproach is noted to conservatively give a slightly higher loc frequently wetted
than the indjividual wave run-up (IWR) analysis. Details of the individanN ve analysis are given 3
end of this annex.

Included in Table B.2 is also the IEC 61400-3-1[13], splash zone (S%\)\,S}efined from one-year return p
values of sti]l water level and significant wave height.

ite of

ed to
WR).
zone
tthe

briod
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%Qv Figure B.2 — Frequently wetted zone and splash zone
able B.2 — Example comparison of the frequently wetted zone and splash zone

Frequently wetted zone Splash zone
[m MSL] [m MSL]
Method FWZs o, FWZsg o, FWZgs o, Lower level | Upper level
WL+ H, 0,1 1,5 4,2 - -
IEC 61400-3-1:2019[13] - - - -49 5,4
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B.5 Seawater flow velocity

B.5.1 General

For CP design a long-term average seawater flow velocity profile can be derived representing mean
water flow rates across the water depth from seabed to a given frequently wetted zone quantile e.g.
FWZs o, and FWZys o,. The average velocity profile can be split into contributions from current speed,
wave motion and local flow patterns and turbulence caused by the structure.

B.5.2 Current speed

Current spe
current, U,(.
by Formula

Uc(2)

In addition

profile extending 10 m to 20 m down into the water column.

The wind fy
current veld
component

Longterm a
year long m

Within the
time, in whi
based on th

level in a tinpe step of the hydrodynamic modelling is below FWZy; o, the time step is not included i

averaging fd

B.2):

1/7
§CS Z+h
7 h

to this, the wind forcing generates a surface friction driven triangular shaped vel

iction driven current will in hydrodynamic modelling be-iticluded in the depth aver
city. For simplicity, the power profile can be taken to réprésent both tide, surge and
bf the current profile.

btocean modelling time series.

Frequently Wetted Zone, the averaging curfént velocity profile covers only the peri
ch the water level has reached this height. For example, for z = FWZys5 o, the averagi
e 5 percent of the time in the data time series that this level is exceeded, i.e., when

r the current speed for this level.

bd is driven in part by wind forcing and in part by tide and surge. The tide and surge-dfiven
7), has a logarithmic velocity profile, often simplified with the power law profile[25], shown

(B.2)

pcity

aged
wind

verage current velocity profile is exemplified in Figire B.3 based on hourly values of the 36-

bd of
ng is
vater
n the
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%’&?\ Figure B.3 — Long term time average current velocity profile

B.6 Wave motion

Wave motion generates elliptical shaped flow circulation in the water column - so-called orbital
velocities. This wave motion decays fast towards the seabed. The velocity amplitude of the orbital
velocity follows a hyperbolic profile, defined by wave height, wave period and water depth. The wave
orbital velocity amplitude of irregular waves can be described by the standard deviation (o, ) of the

wave orbital motion.
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An approximate vertical profile of the standard deviation of the wave orbital velocity can be derived as
Reference [41] by the use of the following Formula (B.3):

\/EO'U (z

NOTE

)_nHrmS cosh[k(z+h)]
" T,, sinh(kh)

(B.3)

Reference [41] only contains the expression in its reduced form as it looks when evaluated at seabed

(z = -h), where the denominator for the hyperbolic decay of wave motion equals 1. For evaluation of the velocity

profile across the water depth we simply replace “1” with “cosh[k(z+h)]

»”

V2 factor applied on the left-hand side in the expression is included to make the equation consistent

with regula
square wavg

The wave pé¢

1

t_:
ml1

e height, H_ ., in the expression can be taken as given by Formula (B.4):

10

V2

riod t,, 4 can be approximated by:

p

1

)

The wave nymber, k, is defined from the wavelength as:

_2n
L

k

where L is t]

L=L0 tg

and L, is thg

LO :1,5

Long term 4
of the 36-y¢
velocity is 1
z = FWZgg o]
exceeded.

The calcula
considering

e iteratively determined water depth dependént wavelength:

nh (kh)

deep-water wavelength:

-

b Tr%_

1

jverage wave orbital( velocity profile is exemplified in Figure B.4, based on hourly v
ar long metoceansmadelling time series. Within the frequently wetted zone, the aver
epresentative ofthe time the Frequently Wetted zone level is exceeded. For exampl
the averaging'is based on the 5 percent of the time in the data time series that this le

rfed wave orbital velocity profile is in Figure B.2 compared to a more complex appr
the. individual waves in the sea. The simple approach is noted to give a consi

comparison

I waves. l.e., for a regular wave the velocity amplitude is equal to \/EGU. The rootnpean-

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)

hlues
aged
b, for
vel is

oach
stent
b end

to_the individual wave analysis. Details of the individual wave analysis is given at thg

of this annex.
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Figure B.4 — Long term time averaged wave orbital velocity profile with depth

Structure generated flow amplification and turbulence

A conceptual sketch of the complex flow from current flowing past a vertical pile is shown in Figure B.5.
Very high turbulence levels are generated at the bed by the so-called horseshoe vortex, while the
convergence of streamlines at the side of the pile leads to locally increased current speeds.
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Key
approach flow
down flow

separati¢n
lee-wakd vortices
horseshge vortex

pile dianpeter

L O Ul b W N -

separati¢n line (The location where the incoming flow reverses due to adverse pressure gradient causgd by
stagnatign pression built upratthe pile. The S-line equivalently marks the boundary of the horseshoe jortex
footpring)

U velocity

Separatipn distangey(Distance from pile centre to separation line. X, is a measure of the size of the horsgshoe
vortex.)

6 boundar} layercthickness (Often taken equal to the water depth.)

a  Steady s¢awater velocity profile.

b Horseshoe vortex in front of pile.
¢ Vortex flow pattern at the lee side of the pile.
d  Streamlines at the side of the pile.

NOTE From Roulund, Sumer, Fredsge and Michelsen, 2005[42],
Figure B.5 — Seawater velocity past a vertical pile

The complex flow patterns around a pile in steady current is further complicated by presence of waves.
The detailed flow patterns will primarily vary with the flow being either wave or current dominated
and further with wave stroke to pile diameter ratio of the flow. These details are outside the scope of
the present annex. Reference is made to [43] for details.
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The convergence of streamlines at the side of the pile approximately doubles the flow velocities.
Measurements of the so-called bed shear stresses under the horseshoe vortex at the base of the pile
have shown up to around a factor 10 increase in the bed shears stress, equivalent to a local tripling of
the near bed flow velocities.

Above flow amplification are localized to the sides and base of the foundation it will likely be overly
conservative to apply these amplifications across the entire pile surface. Still it is evident that the
presence of the pile increases flow speed and turbulence. The height of near bed turbulence scales with
structure size but is limited to a relatively shallow zone close to the seabed. As an engineering approach,
an area and time average of the flow speed amplification is suggested to be taken as 1,5.

Com
marH

H | 4 A | 1 ik £31 L 4 £ H A R_L 1t
UITICU CUITCTIIU dIlu vwdavie VUIUUILITS l,ll UITITS 4dI'T SIIUVWII do LU}J usulc IIr X 15u1c D.U VVIU

ted up by factor 1,5 at the bottom to be applied for corrosion design.
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Figure B. A%bined seawater flow velocity profile from combination of current and wave
velocitit?a’s figure marked legend 6 and with a marked up factor on 1,5 as figure marketl
legend 7

B.8 Individual wave run-up (IWR) analysis

Hourly sea states from hydrodynamic modelling can be converted into time series of surface elevation of
irregular waves. In the example a JONSWAP (Joint North Sea Wave Observation Project) representative
of North Sea irregular wave condition spectrum has been applied for this conversion. The individual
waves (height and period) are derived from so-called zero-crossing analysis of the irregular surface
elevation wave time series. Crest elevation of each wave and the horizontal wave orbital velocity at
the crest is calculated from 2nd order wave theory to capture nonlinearity in the wave. Wave run-
up is calculated converting the kinetic energy of the orbital velocity into a potential energy-based
run-up height. Finally, the still water level, wave crest level and run-up height are added to obtain
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frequently wetted zone based on individual wave analysis. Reference for run-up description is made in
Reference [44].

B.9 Irregular wave orbital velocity profile

Hourly sea states from hydrodynamic modelling can be converted into time series of wave orbital
velocities as function of time and vertical coordinates. Velocities above still water level can either be
obtained through profile stretching or by higher order wave theory. In the example so-called Wheeler
stretching has been applied. The wave orbital velocity amplitude profile of the irregular waves is

derived as V2 times the standard deviation (o,) of the wave orbital motion time series.

B.1(Q Data to be provided by metocean specialists to CP designers

This|document does not require the CP designer to be expert in metocean data;'it gives guidance on
whaf data should be available from metocean specialists and is required in the\CP design process.

Based on metocean data that will necessarily be available for use in the structural design of foundations,
metdcean specialists will be able to provide the following data to tHe7CP designer (Clayse 5). They
should be requested from the project metocean team by the CP designet:

— KWZ;,,,: The 50 percent quantile of the frequently wetted,zgne can be taken as a good estimate of
tthe level to which the structure impacts the mean anodedrain [See B.4 and 8.6.2].

— KWZ;,: The 5 percent quantile of the frequently wetted zone [See Figure 6].

— The combined (water) current [as B.5] and wave velocity profile [as B.6] with the x|l,5 mark-up
factor [See B.7] at the elevations as detailed in ¥igure 6 and are the ‘marked-up seawater velocities’.
They will vary with water depth.

Thesle data, derived from existing data, frotii-the metocean specialists, are key items for the CP design.
They are used as follows:

— The 50 and 5 percent quantiles.ofthe frequently wetted zone are used as detailed in 8.p.2.

— The marked-up seawater velocity is used to find basis for current density for instance ajs in Annex C
in particular Table C.2)(
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Annex C
(informative)

Guidance on cathodic protection current density requirement for
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e most significant of these environmental parameters in offshore &ind turbine found
Lhe variable seawater flow velocity and this is detailed in AnnexB.

ent recognizes that the CP current densities within Standatds and Codes developed
petent for deep water oil and gas applications have prgven inadequate for inshore
since these standards have either ignored or underzestimated the effects of sea
have generally proved very conservative in their recommendations.

nnex presents some guidance for the selection of current density, specific locations
cific and particular current density parameters for successful design and the guid
Annex should not be used as a substitute“for detailed consideration of current de
[s by a competent and experienced CP designer (see Clause 5).

itive guidance in this Annex is based upon a review of the available data. It can be

in conjunction with metocean data, Annex(B,for external seawater immersed surfaces and int

immersed s
the CP desig

The CP desi
densities pr

In respect of
that the infdq
very difficu
current des

hrfaces with a high degree of expectation of successful CP performance if all other asp{
n is undertaken in accordanee' with this document

bner should determine if.additional safety factors should be used to increase the CP cu
pvided in guidance below, or in particular cases, if these can be reduced.

buried or drivefr@lements of the foundations and steel in concrete elements, it is consid
rmative guidance in this annex represents safe values, for which actual measurement
t or impossible to collect and, as it will normally represent a smaller part of the tot
gn, it issuggested that it can be used without modification.

Any deviatipnsArom the suggested values in this Annex should be documented in the CP design r¢
and justified therein with a sensitivity analysis if appropriate.
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When coating/paint systems are used, in conjunction with the determined bare steel CP current
density requirement, coating breakdown factors shall be applied to determine the CP current demands,
see guidance in Annex D.

The CP designer (see Clause 5) should determine, with as much accuracy as is possible, the appropriate
Initial, mean and final CP current densities that are appropriate for the location’s environmental
conditions. Some safety margins may reasonably be added to any estimation, including those based
on data from nearby, or from field data from locations considered to be approximately similar or
from laboratory data. In a situation where, for example, measured CP surveyed and monitored (data
logged fixed sensor) performance values from nearby similar structures or retrofit cases have been
determined, and where full conformity with appropriate protection criteria has been delivered for a
minimum of 12 months with data covering cold winter storm conditions, the use of such data or the
same design data may be justified for new structures in the same or nearby locations. The assumption
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that past design parameters were successful solely on the basis of potential surveys using divers, ROVs
or drop cells, without monitored (data logged fixed sensor) performance data is not sufficiently robust.

In estuarine conditions, with brackish waters, the current densities for CP of steel in shallow waters
provided may be applicable for resistivity of up to 2 Qm. Where the resistivity is greater than 2 Qm,
it may be necessary to undertake current drainage tests or laboratory investigations to determine
current density requirements in waters for which there is no established CP historical data. While
it might be anticipated that current density requirements will reduce with increasing electrical
resistivity, the variations are complex and depend upon the ability of the estuarine waters, which may
be subject to contamination, to produce calcareous deposits at design CP potentials. Thus, current
density requirements in estuarine conditions may be greater than in undiluted, clean, seawater.

The

and ghall determine appropriate current density and electrical resistivity values. ThisasSe
be fully documented and presented as part of a detailed CP Design Report for the structure

C.2

external immersed and frequently wetted zones

The §
in ac
asses
guid

For 4
is co
varis
temp
see H

In th
but §
exist

Table C.1 — Indicative CP design current densities (Initial/Mean/Final) mA/m? for b

CP designer should assess the entirety of the environmental conditions at the site of-the

Indicative design CP current densities for the protectiom)of bare steg¢

ruidance in Table C.1 below is provided on the basis that seawatér flow velocity has bg
cordance with Annex B and that a marked-up seawater flow, velocity profile has bee

hnce below inaccurate.

xternally immersed steel it may be assumed that the dissolved oxygen content of t
hstant with increasing depth, at least for water depths up to 100 m relative to MSL. Tj
tions in temperature with time, whereby the highest current demand is expected d
erature water situations, due to higher dissplved oxygen and less protective calcared
eferences [39] and [45].

e data below, the primary variable\is seawater flow velocity and for bare, non-cor
ome ‘coarse’ temperature influences are given below and reflect the established vari
ing standards for steel in seawater.

seawater/external immersed and frequently wetted zones

installation
ssment shall
S.

] in

en assessed
1 made. Any

sment using a partial estimate of seawater flow velocityzwill be inadequate and will render the

he seawater
here will be
iring colder
us deposits,

roded steel,
ances in the

lare steel in

. Tropical Sub-tropical Temperate Arctic
Reglon zoafottzgg °C 12°Cto 20°C 7°Cto11°C <7 °C
Marked-up seawater flow
velogity m/s
Based on Annex B (Note 1)
0,3 160/45/95 185/55/110 210/60/120 250/75/150
0,5 175/50/100 205/60/120 230/65/130 275/80/160
0,75 200/55/105 240/65/128 265/70/170 320/85/170
1,0 225/60/110 270/70/135 300/75/180 360/90/180
1,5 265/70/145 315/85/170 350/95/190 420/115/230
2,0 315/80/160 380/95/190 420/105/210 505/130/250
2,5 354/85/165 460/100/200 460/110/220 550/130/265
3,0 390/100/195 470/120/240 520/130/260 625/155/310
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NOTE1 The marked-up factor is 1,5 on the derived depth seawater flow velocity curve and represents the
seawater flow velocity as experienced by the structure. The method of calculating the ‘sea water velocity’ based
on metocean data can be found in Annex B and should be used in the application of the data in Table C.1. This
means that a seawater flow velocity on 0,5 m/s will be experienced as 0,75 m/s at the structure steel/ seawater
interface.

NOTE 2  As these seawater velocities should be applied at incremental depths, the above table applies to all
depths to 100m below MSL.

NOTE3 At extreme depth, typically > 100 m relative to MSL, there is some evidence that CP current density
can increase due to sea water chemistry changes. The CP Designer should, in such circumstances which are
normally not encountered in offshore wind foundations applications, obtain detailed oceanographic and

seawater che
and docume

NOTE4 T
immersed st
anodes or by
extent of non
distributed i

NOTE5 T
-0,90 and -1
be expected {

NOTE 6
but they are
Initial curren
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-0,90 V. Initi
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NOTE 7

C.3 Indid
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Some guida
North Sea w
in Table C.2

Where the d
reaction in g

NOTE1 Lg
yet available|

|

The Initial current densities above do not reflect the higher valtes in the first hours and days

The values in Table C.1 are based on published literature, see References [35][39][45] and [46].

8
tany increase in current densities that are appropriate for that location.

e values in Table C.1 assume that current and potential distribution are uniform over the ¢
Fucture intended to be protected by CP. If this is not achieved either by uniformdistributi
the use of remote anodes, all of the above figures should be increased by a fagtor related t
-uniformity. Modelling see Annex I is a useful tool to verify adequate protectipn*where anodg
an inhomogeneous manner.

e values in Table C.1 assume that the extent of polarization within 12 mionths will reach bet
05 V Ag/AgCl/seawater. At polarized potentials outside this range, the Mean current densitig
o be higherl4al,

suitable for galvanic anode CP design using the process,in8.6. Using this calculation proces|
t density that will be delivered by galvanic anode CP will besignificantly greater than the calcy
6, due to the higher anode/steel driving voltage as thesteel is polarized from its natural pot
through partial protection (-0,70 V) and then to the protected range, typically more negativg
hlly, the current delivered will be at least 50 %ygreater than calculated in 8.6, due to the h

be.

ative design CP current densities for the protection of bare steel in
mmersed wetted zones

hce data for initial CR.current of low carbon steel, carbon manganese steel or cast ir
ater at 7 °C as a function of oxygen content and seawater flow velocity is reproduced b
from Table B.1 innkEN"17243.

poorly renéwed water system) the initial current density may also be reduced.

ng termperformance data of internal CP systems for the interior of wind turbine monopiles a1

mine

ntire
on of
o the
s are

ween
S can

of CP,
s, the
lated
bntial
than
igher

bn in
elow

issolved oxygen content is reduced (e.g. due to consumption of the oxygen by the cathodic

e not

In the case of deoxygenated systems with a residual dissolved oxygen content <1 ppm, CP is not
normally required.

Table C.2 — Estimated initial maximum current density required to protect clean carbon steel

80

in North Sea water at 7 °C. — (from EN 17243)

CP initial current density
mA/m?2
Linear flowrate 0, content
m/s 6 ppm 7 ppm 8 ppm 9 ppm 10 ppm
(see Note 2)
0 68 80 91 102 114
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Table C.2 (continued)

0,3 78 91 105 118 131
0,4 82 85 109 123 136
0,6 89 103 118 133 148
1 102 119 136 153 170
2 136 159 182 205 227
4 205 239 273 307 341
NOTE 2  Flow inside a monopile highly depends on tides, access from external seawater meaning number and
locatjorrofhotes i the monopite-Trorder toevatuate the vetocity, flow catcutationsare reedet:
It is the responsibility of the CP designer to establish the design current density requiref to achieve
protéction. This can be achieved by reviewing previous validated designs and published data. The basis
on which the current density requirements are established shall be documented;
Mean current density requirement depends on the degree to which the water is replaced within the
systém and the extent to which calcareous deposits have been allowed toform.
For ‘lonce through” systems or where the water is renewed regulatly; such that high oxygen level is
maintained; or for low temperature systems (<5 °C), which limits)formation of calcarepus deposit,
then|the maintenance current density may be similar to the initial design current density[indicated in
Tablg C.2.
For dystems where the water is replenished, the mean current density can be taken as 0,2 [to 0,3 of the
initigl current density subject to calcareous deposits béing formed. However, in a closed gystem, with
oxygen depletion, the current density requirement niay be reduced even more.
NOTHE 3 In closed compartments with limited water replenishment and risk of acidificatiop, it may be
considered appropriate to reduce the current density applied to the structure.
In offshore wind MPs it is expected that ifCP criteria are met and seawater chemistry is not gignificantly
chanfged by CP calcareous deposits willXform, and the Mean current densities will decrease. However,

significant seawater chemistry changes are likely with limited or no seawater reple
Alunjinium alloy galvanic anodes or impressed current CP are used.

pect of offshore wind MPyfoundations that are flooded there are three general conditi
, some by design and some by the change of characteristics in service. These are sumn

Inre

holes in the MPat more than one elevation, with the internal water level being at the ex
evel and there being no or minimal time lag between the inner and outer water levels:

hese systems will have a minimum water replenishment of the volume between
jeawater ingress/egress holes and the varying high tide level at every tide. These MPs

hishment, if

ns that may
harized as:

Iress/egress
rernal water

the lowest
may exhibit
e divided by

infernal water velocities, generally, related to the daily high water to low water distang
me [ 1 tIdeEs; On, tNere 1w ( NI A PO D
in the vicinity of the ingress/egress holes.

[1€ [1 AU O velo C

e turbulence

In this situation the internal seawater dissolved oxygen content (DO) can be expected to be

maintained at around that of the external seawater. However, caution and detailed

assessment

should be applied if there is any significant depth of water below the lowest ingress/egress hole,
such as where a ‘sump’ has been caused by drilling during piling. In such situations it may be

necessary to model the water flow within the MPs.

b)

MP internals that are flooded intentionally or unintentionally by way of limited seawater ingress

and egress that may be via leaking cable or J-tube seals or other unplanned water transmittal and/
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be enhanced by the intentional provision of small seawater ingress or egress in order to

avoid changes in sea water chemistry during the use of internal CP:

In this situation the DO may be somewhat depleted. In applications where CP is being installed
internally, the CP Designer should assess the appropriate CP current densities taking into account

the kno
uninten

wn DO and temperature, along with an assessment of the risk of increase in DO due to
tional leakage of seawater into the MP.

Sealed, with no water ingress and egress:

In this situation the DO may be significantly depleted. If any reliance is taken of DO depletion in

respect
through
water s
continu
applicat
CP curr
risk of i

From this b
can be prop
polarization
is not applic
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chemistry d
design life t
internal sur
water.

If the intern
internal met

The mean (
where the ¢

water column. It is to be noted that the\constrained electrolyte within monopiles limits the cu

distribution|
different to

eyed

the full depth of water within the MP and the corrosion rate both above and belo
hould be assessed by coupons or corrosion rate monitoring (ER) probes. As an alter
pbus water level measurement may be applied reflecting if water level is| static.
ions where CP is being installed internally, the CP Designer should assess theappropriate
ent densities taking into account the DO and temperature along with an,assessment gf the
hcrease in DO due to unintentional leakage of seawater into the MP.

bities
r re-
r and

ackground and both laboratory and field studies[4Z] and [39], indieative current den
osed as shown in Table C.3. For internal CP of offshore wind féundations, the final d
current density (intended for re-polarization after storm cenditions) has no meaning
able in the table.

ent should be made of the water flow rates, dissolved exygen, anticipated changes in water
uring CP design life, stratification and their impact on’€P current density throughout the CP
determine the optimum initial and mean steel (cathode) current densities for the stru¢ture
faces. If appropriate, different current densitiessmay be applied to different depths ip sea

al water level can exceed the elevationf any internal working platform, ladders or ¢ther

allic items, their surface areas shall.be included in the cathodic area calculation.

bd to
h the
rrent
in the vertical directiennwith a built-in risk of inadequate current distribution; this is
the external situation-

urrent density figures are givén,"under the assumption that anodes are distribute
urrent demand is, hence providing a uniform distribution of current and potential i

Table C.p — Indicative CB'design current densities (Initial/Mean) mA/m? for bare steel in
seawater internal immersed (see Note 1)
. Tropical Sub-tropical Temperate Arctic
Region
20°Cto 25 °C 12°Cto 20 °C 7°Cto11°C <7°C
All with Initial Mean Initial Mean Initial Mean Initial Meap
Zero Flow
Dissolved
Oxygen
ppm
1 9 10 4 11 4 14 5
2 17 21 6 23 7 27 8
3 26 31 9 34 10 41 12
4 34 11 41 13 46 14 54 17
5 43 13 52 15 57 17 68 20
6 51 15 62 18 68 20 81 24
7 60 17 73 21 80 23 95 27
8 68 20 83 25 91 27 109 32
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Table C.3 (continued)

Revi Tropical Sub-tropical Temperate Arctic
egion
& 20°Cto 25°C 12°Cto 20°C 7°Cto11°C <7°C
All with Initial Mean Initial Mean Initial Mean Initial Mean
Zero Flow
Dissolved
Oxygen
ppm
9 77 24 95 30 102 30 125 38
NOTE4  The above values assume calcareous deposits will form.
NOTES5  The assumed dissolved Oxygen (DO) in open seawater is 8 ppm to 9 ppm in temperate rggions.
NOTH 6  Ifthe internal seawater flow velocity exceeds 0,3 m/s; use the data in Table €1
NOTHE 7  The conversion of current density from one region to another is based on published literature see
bibliqgraphy.
NOTHE 8  The values in Table C.3 assume that the extent of polarization within 12 months will r¢ach between
-0,90 and -1,05 V Ag/AgCl/seawater. At polarized potentials outside this‘range, the Mean current [densities can
be expected to be higherl46l,
NOTHE 9  The Initial current densities above do not reflect the higher values in the first hours and days of CP, but
they fire suitable for galvanic anode CP design using the processin 8.6. Using this calculation procgss, the Initial

curre
from
-0,6(
-0,9(
drivi

C4
(am

Exte

extent or depth to which ‘full’ CP (polarization to the selected protection criterion) can be

be dd
elect]
lengf

Inter
facto
cont

nt density that will be delivered by galvanic anode CP will be significantly greater than the cal
8.6, due to the higher anode/steel driving voltage as,the steel is polarized from its natural

V. Initially, the current delivered will be at least 50 % greater than calculated in 8.6, due
g voltage.

bient temperature)

rnally, CP current will flowyto buried/driven pile external surfaces to a considerablg

termined by attenuation of current and potential controlled by the current density, the
rical resistivity andthe electrical resistance of the pile. Coating the pile external surf
h will increase-the depth to which ‘full’ CP can be provided.

culated value
potential (ca.

V) through partial polarisation (-0,70 V) and thén to the protected range, typically more negative than

to the higher

Indicative design current densities for the protection of bare steel in seabed

depth. The
applied will
soil/seabed
ice for some

attenuation

nal CP curreht will flow to buried or driven piles to a limited depth. In addition to the
rs affecting'external CP current distribution, internally the constrained cross section

elect

felectrolyte

hined. Within the MP or driven tubular pile will further constrain current flow. Effectively the
ricdl resistance of the column of seabed within the MP or pile reduces the current and presents

volt drops in the electrolyte. With uncoated steel it may be impossible to achieve ‘full’ CP fdr more than
a few metres below seabed.

Corrosion rates for driven piles in marine seabed environments are generally assumed to be low,
EN 1993-5[16] with an assumed evenly distributed corrosion rate of (0,01 to 0,04) mm/side/year where
no CP is applied.

NOTE1 A correlation between EN 1993-5[18], corrosion rate and corrosivity in the marine seabed environment
has not been found. Some studies can be found in Reference [48].

If required, an evaluation of corrosion risk of bare steel in undisturbed seabed environment, based
on parameters as chloride, sulfate, pH, soil resistivity etc. may be used and evaluated based on, for
instance, DIN 50929-3[27], It is to be noted that these evaluations do not take the risk of microbial
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induced corrosion (MIC) into account, and a corrosion rate based on any of these are likely to be
underestimated in case MIC is or will be active.

NOTE 2  There is no known published evidence of active MIC affecting piles at more than 2 m below seabed,
irrespective of the presence of organic content, sulfates and sulfate reducing bacteria (known to result in highest
corrosion rates compared with other bacteria). The number of available data sets are low, and the CP designer
will need to make an engineering judgement on the risk of MIC below this indicative depth. Externally, due to
the large volume of electrolyte, it is possible to polarise the steel to significant depth below seabed. However,
internally, for example within monopiles, attenuation of cathodic protection current and potential can be
significant, due to the restricted electrolyte, and it may not be possible to provide adequate polarisation to any
significant depth below seabed.

On this basi
relative diff
‘full’ CP fon

5, taking 1nto account the relative ease of passing current to some depth externally an
culty of doing this internally, it is suggested that the immersed CP design should afitic
only a few metres below the seabed and that the CP modelling, both externally

d the
ipate
and

This
ified

internally should use the design parameters in Table C.4 below to indicate the extent of prptection
will dictate what is possible, without any additional particular attempts to fully proteet:to an idenf
depth.

Table C.4 —+ Indicative design current densities below seabed for CP and ‘eurrent drain’ bel

depth at which CP is determined not necessary.

DW a

Current density

mA/m?2

Maintenance
value

20

Initial value Re-polarizatipn

For levels where, protective potential is to be achieved? 20

depth from where full protection is neede-
below seabed

Drainage for
d? to-10 m
Drainage for

a2 Thelevel
risk of corrosi

NOTE Fori
the above valy

10 10 Not applicable

5 5

below seabed to achieve full protection from'a CP system should be evaluated on a case-by-case basis, t
on into account

depth -10 m below seabed to pile toe

hking

hternal monopile applications attenuation within the electrolyte contained within the monopile may prevent

es being achieved.

C.5 Indig
the protes

ative design current densities (mA/m? reinforcement surface area) for
ction of reinforcing steel in gravity base foundations

The current
below that

atmospherig
required fof

density required for CP of steel embedded in water saturated concrete will be signific
for steel embedded in concrete above the water. The current density for CP of std
ally exposed concrete, before corrosion has initiated, will be significantly below
CP,of>corroding steel in atmospherically exposed concrete. ISO 12696 provides guid

hntly
el in

that
ance

which has b
is evidence
density is generally approximately half that required for initial polarization.

This
rent

ben proven, in practice, to be generous (normally in excess of the actual requirements)

hy the fact fhnf' afterthe npp]ir‘nfinn of CP current for some time, the maintenance cu

The current density recommendations for CP of steel in water saturated concrete are from ISO 12696.
"A.4 Cathodic protection for steel in buried or immersed concrete structures

Cathodic protection for steel in buried or immersed concrete follows the same basic principles as for
atmospherically exposed concrete described in A.3. The principal difference is that the concrete is likely to
become water saturated, which will result in reduction in oxygen content at the steel surface under normal
exposure conditions, which will be accelerated under the application of cathodic protection. Where oxygen
depletion occurs, the potential will become very negative and the current required for cathodic protection
will be reduced.
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Hence, the current density required for steel in concrete that is buried or immersed for protection may be,
if the concrete is fully water saturated, considerably less than that required for atmospherically exposed
concrete. Typical current densities range from 0,2 mA/m? to 2,0 mA/m? for new structures (before
corrosion initiation) in water saturated conditions. For structures that are not fully water saturated and
are corroding before the application of cathodic protection, current densities may be as high as those for
atmospherically exposed concrete, up to 20 mA/m?.

The current density is also dependent on whether the concrete is fully immersed or whether one face is
exposed to air (e.g. as for tunnels, portions of diaphragm walls, underground storage tanks and where the
thickness of the concrete structure is typically less than 0,5 m to 1 m). If this is the case, then a differential
concentration (differential oxygen) cell can be created between the fully immersed face and the air exposed
face.[Where such conditions occur, a higher current density will be required on the immersed pprtion.”

It is ¢onsidered that these values are appropriate for use in offshore wind foundations)both for CP and
for cfirrent drain from a CP system. Based upon these figures the current densities shown|in Table C.5
may pe used:

Table C.5 — Indicative design current densities (mA/m? of steel reinforeement surfage area) for
the protection of reinforcing steel in gravity base foundations or,current drain allowance for
composite structures

‘Tropical’ ‘Sub-tropical’ ‘Temperate’ ‘Arctic’

Typjical seawater surface temperatures
Depth

MSL[to upper splash zone level and above,
where chloride contamination of concrete
surfice is likely 25 20 20 15

If chlorides are present at steel depth suffi-
cienf to initiate corrosion

>20°C 12 °Cto 20°C 7°Cto11°C <7°C

MSL[to upper splash zone level and above,
where chloride contamination of concrete

surface is likely
2,5 2 2 1,5
If chlorides are not present at steel depth

suffifient to initiate corrosion, and\corro-
sion has not initiated

MSL[to -30 m LAT if element is'not water
saturated from both sides;e.g. hollow col- 10 10 5 5
umn|not water filled inside

MSL[to -30 m LATif element is water satu-
rated from both Sides, e.g. if hollow column 2,5 2 2 1,5
is water filledinside

NOTH CP of steel in concrete from anodes immersed in the seawater (internally or externally) is expected
to protect the reinforcement to a level up to where it is frequently wetted, FWZ 5 o,. However, if sqme of part of
the frequently wetted zone has chloride contamination of concrete at steel depth sulficient to initiate corrosion,
impressed current CP of the steel in concrete, using embedded anodes (mesh, ribbon or discrete) can be required.
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Annex D
(informative)

Coatings and coating breakdown for CP design

D.1 General: coating systems

Coating syst
used for spd
describes v4
material an
ISO 12944

application

paint systen

Suitable co
NORSOK M-
which are dg
zone). DNV(
for CP desig
systems. Th
of Category

This annex
structures

are optimally applied, to optimally prepared surfaces and that these processes are independ
able D.1 categorises five separate coating systems with categories I, Il and III being identical

inspected. T]
to the same
categories 3
performanc
glass flake f

ems for offshore structures are generally epoxy based although other base coatingsiaré
cial applications. Coating systems are described in NORSOK M-501[29] and 1SQ+12941
rious coating types and describes mandatory pre-qualification and testing af-both co
1 applicators in addition to surface preparation and inspection and testingrequirem
s a multi-part standard covering all aspects of materials, testing, surface preparg

s and performance testing for offshore and related structures.

ating systems for offshore wind turbine foundation structures are describe

pscribed in SO 12944-2[4] as CX (offshore), Im4 (immersed)and CX and Im4 (tidal and s
iL-RP-B401[23], further classifies coating systems for.the purposes of coating breakg
n into three categories of performance for different)epoxy, polyurethane or vinyl-h

[[1 with NORSOK M-501 system 7B commonly used for offshore immersion purposes.

includes the above coating systems as appropriate for offshore wind turbine found
hs determined by appropriately qualified coating specialists. It is assumed that

categories in DNVGL-RP-B401 although all relate to epoxy-based coatings. A furthef
re included in this annex to cover the increasing use offshore of more durable, h
P coating systems. Category:lV is effectively NORSOK M-501 System 7A and Category |
lled coating system.

Table D.1 — Coating categories

also
L[4](5]
ating
ents.
tion,

and inspection and resting. There is a dedicated part (see ISO 12944:9[5]) which c¢vers

d in

501 as coating system 7B and in ISO 12944-9 [5] as appropfiate for various environnpents

blash
lown
ased

e coating systems described in NORSOK M-501 as systems 3B and 7 meet the requirements

ation
they
ently

two
gher
V is a

Coating Cat- I II III IV \%
egory
Related Stand- N/A N/A 1SO 12944-9[51  |ISO 12944-9[5] N/A
ard and Code Im4 CXIm4
categories NORSOK M-501 |NORSOK M-501 7A N/A
7B
DNVGL RPB401 | DNVGL RPB401 | DNVGL RPB401 N/A N/A
Catl Catll Cat III
Coating sys-| 2 component 2 component 2 component 2 component 2 component
tem epoxy based epoxy based epoxy based epoxy based glass flake epoxy
or polyester.
Lamellar glass
flake, non-mi-
cronised > 20 %
in mass
Minimum 1 1 2 2 2
number of
coats
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Coating Cat-
egory

II

11

IV

Nominal Dry
Film Thickness

> 250

> 350

> 600

(NDFT)
(um)

21000

Some of the codes and standards referenced in Table D.1 allow the use of zinc-rich primers. In this

docu

1 Zones.

NOTH

has b,

D.2

Even|

expe

ment zincrich primprc are notrecommended foruse in the immersed tidal and cp]nc
een carried out in full accordance with all relevant parts of the referenced related codésand s
Coating breakdown

cted and some damage occurring during installation is likely to. eccur. Both these

taken into account under the broad title of “initial coating breakdown?® in this document.

Duri

hg immersion service there may be some blistering and-€oating disbondment leadin

The coating systems in Table D.1 assume that surface preparation, application, inspectign and testing

andards.

with a well applied and inspected thin film coating, an initial ameunt of coating dgfect may be

features are

g to general

coating degradation which will be visually apparent. Theterm coating breakdown d¢scribes the

prog

and yhich will not be visually apparent.

NOTE 1

ressive loss of film electrical resistance occurring oyerthe period of service of the cog

Coating breakdown should not be confused” with coating degradation as appare

ting system

nt by visual

examjination. A blistered coating can remain electrically resistive whilst a coating with water abgorption after

time

The
accot
Brea

Tabld
in T

should not be used as default’ values without due consideration formed by specialist knd
expefrience. The valuescquoted in Table D.2 can be regarded as conservative and the o
asset should either specify the factors to be used or accept the factors proposed by the CE

Can allow significant passage of CP current even*when still appearing visually sound.

progressive loss of coating electrical performance due to coating breakdown can b

kdown factors may be quoted as.percentages or as decimalised fractions.

ble D.1. However, cautipn:is required when using these values since they are indicat

int by the use of numerical factorstinserted into the CP current demand calculationg

D.2 has factors for both.ihitial damage and annual breakdown rate for the coating

b taken into
(see 8.6.2).

's described
ve only and
wledge and
wner of the
designer. It

is expected that the €P designer will determine the breakdown factors in conjunction with an expert
coating specialist:
Table D.2 — Coating breakdown factors expressed as percentages
Coating category 1o m|w | v |1 | o |m|fiv]|v
Initial Initial Annual breakdown rate for Annual breakdown rate for surfaces
after coat- | after instal- | surfaces exposed to free-flowing | within confined spaces not exposed
Zone ing lation seawater to free-flowing seawater
a% b % c %/year ¢ %/year
FWZsyo, | Cat.1II 1,0 | Cat.1lI1,0 | NA | NA 1,5 0,8 0,6 NA NA 1,5 0,8 0,6
to FWZg, | Cat.1V: 0,75 | Cat.IV: 0,75
Cat. V0,5 Cat. V0,5
From Cat.I: 5,0 Cat.15,0 10 2,5 1,2 0,6 0,4 5 1,5 0,8 0,4 0,3
FWZs o, to| Cat.IL: 2,5 Cat.112,5
-30 mLAT | Cat.III: 1,0 | Cat.III 1,0
Cat.IV: 0,75 | Cat.1V: 0,75
Cat.V: 0,5 Cat. V0,5
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Table D.2 (continued)

Coating category 1o |m|w | v |1 | o |m|w]|v
Initial Initial Annual breakdown rate for Annual breakdown rate for surfaces
after coat- | after instal- | surfaces exposed to free-flowing | within confined spaces not exposed
Zone ing lation seawater to free-flowing seawater
a% b % c %/year c %/year
From Cat.I: 5,0 Cat.15,0 5 1,5 0,8 0,6 0,4 5 1,5 0,8 0,4 0,3
Cat.II: 2,5 Cat.112,5
30 mLAT ooy 11,0 | cat. 1111,0
toscour | o oLl o Lo oo
LdL. 1IV. U, 70 Ldl. IV. U,70
Cat.V:0,5 | Cat.V 0,5
From Cat.I: 5 10to25% | 1 1 0,5 0,2 0,1 1 1 0,5 0,2 0,1
scour to Cat.II: 2,5 | Lowin fine
pile toe ||Cat.IIl: 1,0 | sandsand
Cat. IV: 0,75 | Clay. Higher
Cat.V: 0,5 in gravels
and boulders
NOTE 2  Tlere is no splash zone for internal surfaces but there can be a tidal zone,
NOTE3  Cgating breakdown for coatings below seabed/scour level will depend on among other the s¢abed
material.
NOTE4  Cgtegory V coatings can contain different loadings of glass flake and be of thicker or thinner DFT{from

that in Table
therefore be

For initial cgating breakdown, values a and b shall be added together.

Coating per
roughness, t
and rigour
repair or da
today have

Images. The extent of secure data-on coating breakdown is small and the coatings avai

D.2. Micronised glass is not as effective as flake glassdn improving performance. Values for
reduced or increased accordingly if justified.

formance is significantly affected by (the quality of the surface, both cleanlinesg
he conditions in the paint shop at thetime of application and subsequent curing, the qu
pf the inspection and the extent of\post coating handling damages and the quality o

not previously been in service‘for 20 years plus. As stated in the text before Tabld

caution sho

as default values without due consideration formed by specialist knowledge and experience.

NOTES5 T
or damaged {

The calculaf
follows.

Initial ¢

; 0/, - —
pating breakdown /O'fcinitial =a (fcinitial after Coating) +b (fcinitial after installation)

1d be applied when usingthese values since they are indicative only and should not be

e integrated coating.aiid cathodic protection design can permit areas intentionally bare (unc
nd un-repaired). Any such areas will be in addition to those values in Table D.2.

ion of coating-breakdown for insertion into the current demand Formulae (see 8.6.2)

C Can

and
ality
f any
lable
1 D.2,
used

bated

is as

(D.1)

Mean co

ating breakdown %: f . nean = feinitial + £ €/2

Final coating breakdown %: f ;121 = feinitial + £ €

where

a,band
t

For uncoate

88

c are as described in Table D.2
is the design life of the CP system

d parts of the structure: f. i itia1 = /¢ mean = /e fina1 = 1 (100 %)

D.2)

(D.3)

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=5c6dd278a1ba39aa271353de205aee58

	Foreword 
	Introduction 
	1 Scope 
	2 Normative references 
	3 Terms and definitions 
	4 Symbols and abbreviations 
	4.1 Symbols 
	4.2 Abbreviations 

	5 Competence of personnel 
	6 Structural considerations 
	6.1 Structures to be protected 
	6.2 Materials 
	6.3 Corrosion protection strategy 

	7 Cathodic protection criteria 
	7.1 Temporary protection 
	7.2 Steel structures 
	7.3 Reinforced concrete structures 

	8 Cathodic protection design 
	8.1 Objectives 
	8.2 Design considerations 
	8.2.1 General 
	8.2.2 External cathodic protection 
	8.2.3 Internal cathodic protection 

	8.3 CP Design life 
	8.4 Surface area considerations 
	8.4.1 General 
	8.4.2 Structure subdivision 

	8.5 Environmental factors 
	8.5.1 General 
	8.5.2 Seawater flow velocity 
	8.5.3 Electrolyte resistivity 
	8.5.4 Seawater temperature 
	8.5.5 Calcareous deposits 

	8.6 Protection current demand 
	8.6.1 General 
	8.6.2 Calculation of current demand, external surfaces 
	8.6.3 Calculation of current demand, internal surfaces 

	8.7 Electrical continuity and continuity bonds 
	8.8 Current drains and interactions 
	8.9 Installation considerations during design 

	9 Galvanic anode systems 
	9.1 General 
	9.2 Anode current availability 
	9.3 Galvanic anode alloys 
	9.4 Anode selection 
	9.5 Anode requirements 
	9.6 Anode distribution 

	10 Impressed current systems 
	10.1 General 
	10.2 Design considerations 
	10.2.1 General 
	10.2.2 Resilience of impressed current CP system by design 
	10.2.3 Current requirement of impressed current CP system 
	10.2.4 Impressed current CP system components 
	10.2.5 DC power source 
	10.2.6 Impressed current anodes 
	10.2.7 Reference electrodes 
	10.2.8 Dielectric shields 

	10.3 Installation of impressed current CP systems 
	10.4 Hybrid systems and temporary power for impressed current systems 
	10.5 Continuity bonds 

	11 Cable systems 
	11.1 General 
	11.2 Cathodic protection DC cables 
	11.3 Inter-array and export AC cables 

	12 Commissioning and surveys 
	12.1 Objectives 
	12.2 Galvanic anode systems 
	12.2.1 General 
	12.2.2 Detailed external surveys 
	12.2.3 Detailed internal surveys 

	12.3 Permanent CP monitoring systems 
	12.4 Impressed current systems 

	13 CP surveying and monitoring 
	13.1 Objectives 
	13.2 General considerations 
	13.3 Reference electrodes 
	13.4 Frequency of survey and monitoring 

	14 Retrofit cathodic protection systems 
	14.1 General considerations 
	14.2 Survey before retrofit 
	14.3 Retrofit for inadequate protection 
	14.4 Retrofit for structure life extension 
	14.5 All retrofits 
	14.6 Equipment considerations 

	15 Documentation 
	15.1 General 
	15.2 Design report 
	15.2.1 General 

	15.3 Material specification requirements 
	15.3.1 General 
	15.3.2 Galvanic anodes 
	15.3.3 Impressed current CP materials 

	15.4 Installation drawings and specifications 
	15.5 As-built installation and commissioning report requirements 
	15.6 Operation and maintenance requirements 

	16 Safety and cathodic protection 
	16.1 Objectives 
	16.2 Physical obstructions 
	16.3 Protection against electric shock 
	16.4 Gas evolution 
	16.4.1 Hydrogen evolution 
	16.4.2 Chlorine evolution 


	Annex A (informative) Environmental checklist 
	Annex B (normative) Method of using metocean data to calculate marked-up seawater flow velocity 
	Annex C (informative) Guidance on cathodic protection current density requirement for cathodic protection of wind offshore structures 
	Annex D (informative) Coatings and coating breakdown for CP design 
	Annex E (normative) Anode resistance and life calculation 
	Annex F (normative) Calculation of voltage drop down connection cables 
	Annex G (normative) Typical electrochemical characteristics for commonly used impressed current anodes 
	Annex H (informative) Permanent monitoring system design process 
	Annex I (informative) Cathodic protection modelling 
	Bibliography 

