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INTERNATIONAL ELECTROTECHNICAL COMMISSION

DESIGN OF EARTH ELECTRODE STATIONS
FOR HIGH-VOLTAGE DIRECT CURRENT (HVDC) LINKS -
GENERAL GUIDELINES

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote nternaf
cp-operation on all questions concerning standardization in the electrical and electronic fields. To this end
addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Rej
blicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”).

pfeparation is entrusted to technical committees; any IEC National Committee interested in the Subject deal
ay participate in this preparatory work. International, governmental and non-governmentalorganizations lig
ith the IEC also participate in this preparation. IEC collaborates closely with the Interpational Organizatig
andardization (ISO) in accordance with conditions determined by agreement between’ the two organizatio

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

C Publications have the form of recommendations for international’use’ and are accepted by IEC Na
ommittees in that sense. While all reasonable efforts are made to“ensure that the technical content o
blications is accurate, IEC cannot be held responsible for the\way in which they are used or foi
isinterpretation by any end user.

order to promote international uniformity, IEC National Committees undertake to apply IEC Publica
nsparently to the maximum extent possible in their natiorial and regional publications. Any divergence bet
ahy IEC Publication and the corresponding national or regional publication shall be clearly indicated in the |

C itself does not provide any attestation of conformjty. Independent certification bodies provide confo
apsessment services and, in some areas, access. to)I[EC marks of conformity. IEC is not responsible fo
services carried out by independent certificationbedies.

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

o liability shall attach to IEC or its directors, employees, servants or agents including individual expertd
embers of its technical committees and IEC National Committees for any personal injury, property dama
ofher damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
ekpenses arising out of the publication, use of, or reliance upon, this IEC Publication or any othern
blications.

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

tention is drawn to the)possibility that some of the elements of this IEC Publication may be the subject of p
rights. IEC shall not be held responsible for identifying any or all such patent rights.

redline/version of the official IEC Standard allows the user to identify the changes mag

ising
ional
and
orts,
Their
with
ising
n for
ns.

ional
m all

ional
IEC
any

tions
iveen
htter.
rmity

any

and
e or
and
IEC

ns is

htent

eto

the previous edition IEC TS 62344:2013. A vertical bar appears in the margin wherever a change

has peen made. Additions are in green text, deletions are in strikethrough red text.
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IEC TS 62344 has been prepared by IEC technical committee 115: High Voltage Direct Current
(HVDC) transmission for DC voltages above 100 kV. It is a Technical Specification.

This second edition cancels and replaces the first edition published in 2013. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

Theltext of this Technical Spegification is based on the following documents:

Full
the

Thellanguage used for the development of this Technical Specification is English.

Changed the requirement of earthing resistance limit for short-time unipolar earth system in

5.1.3.

orrected the coetficient before pg from 0,015 9 to 0,008 in touch voltage limit calculg
rmula (3) in 5.1.5.

eleted the analytical calculation formulas of earthing resistance for seayand s
lectrodes in 6.1.3.

hanged the current density limit from 100 A/m?2 to 40 A/m2 ~ 50 A/m? for,the’sea electrd
hat are not accessible to human beings or to marine fauna in 6.1.7.

xtended some detailed technical requirements for the measuremeént”of ground/water
arameters in 6.2.5.

eformulated the types and characteristics of electrode elemént material for sea and s
lectrodes in 6.3.2.

dded an informative Annex B: Earth electrode design proecess.
dded an informative Annex C: Test results of human body resistance.

eleted the formula for calculating the average-sail resistivity using harmonic mean w
rocessing the measurement data in D.2.6 of Annex D.

Annex H.
CIGRE 675:2017 is added to the bibliography.

Terminology and way of expressions’are modified using more commonly used terms in
HVDC electrode design industries and English speaking countries, so as to make
fleaders understand the content'more easily.

Draft Report on voting

115/276/DTS 115/293/RVDTS

informatign-on the voting for its approval can be found in the report on voting indicatg
bbove table.
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Extended some detailed technical requirements of electrode online monitoring system in
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This document was drafted in accordance with TSO/TEC Directives, Part Z, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside’ logo on the cover page of this publication indicates tth it
contains colours which are considered to be useful for the correct understanding of|its
contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

The high-voltage DC earth electrode is an important part of the DC power transmission system.
It takes on the task of guiding the current into the earth under the monopolar-metallic earth
return operation mode, and the unbalanced current under the bipolar operation mode. Further,
it secures and provides the reference potential of—valve converter neutral point under the

bipo

lar/ monopolar operation mode, to protect the safe operation of the valves.

DC earth electrodes include land electrodes, sea electrodes, and shore electrodes. Today,
there are around tens of DC electrodes in the world. Their influence on the nearby and far away
environment is produced when there is DC current continuously leaking into the earth through

DC

The

a)l

c) lnfluence on nearby ponds and organisms in the sea;

earth electrodes.

r influence on the surrounding environment includes:

nfluence on humans, mainly due to step voltage, touch voltage and transferred“voltage;

nfluence on the electrode itself, mainly reflected by-earth ground temperature rise
corrosion on the electrode;

nfluence on the AC power system, mainly reflected by the>DC voltage excursio
ransformer neutral point;

and

h of

e) iInfluence on buried metallic objects, mainly revealed by the corrosion of buried mefallic

A gf

pipelines, AC grounding grids, tower foundations for powertransmission lines and armo
Cables, etc.

eat deal of experience has been accumulated inthe research and design work in n

cou
aim

cou
infl
to rd

To

tries, and relevant national standards or enterprise standards have been developed.
f this document is to develop the design guidefor DC earth electrodes, on the site seleg

can be referred to by the-specialized_employees electrode design engineers in diffe
tries, to ensure the safe operation of ‘earth electrode under different modes, control

ence on the environment nearby and-the environment far away to the acceptable level,
asonably decrease engineering costs.

bnsure this document is more - scientific, precise and practical, tEC/PAS-62344:200
rred-to.—and some research results obtained in recent years are adopted.

ired

any
The
tion,

material selection, shape, buried depth, adoption of equipment and connection styles, efc. It

rent
the
and

i7is
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DESIGN OF EARTH ELECTRODE STATIONS
FOR HIGH-VOLTAGE DIRECT CURRENT (HVDC) LINKS -
GENERAL GUIDELINES

Scope

This document applies to the design of earth electrode stations for high-voltage direct current

(HV
follg
elec
tran

2

The
cong
For
ame

IECH
IEC

IEC
Part

IEC
3
For

ISO
add

DC) links. It is intended to provide necessary guidelines, limits, and precautions \tq
wed during the design of earth electrodes to ensure safety of personnel and &

trodes, and—prevent reduce any significant impacts—they—may—exert on BE pd
smission systems and the surrounding environment.

Normative references

following documents are referred to in the text in such a way that some-or all of their con
titutes requirements of this document. For dated references, onlycthe edition cited app
undated references, the latest edition of the referencedcdocument (including
ndments) applies.

/TS 60479-1, Effects of current on human beings and livestock — Part 1: General aspe
TS 61201, Use of conventional touch voltage limits,—‘Application guide

61936-1, Power installations exceeding)V kV AC and 1,5 kV D(C
1. -Common-riles AC

TS 61936-2, Power installations exceeding 1 kV a.c. and 1,5 kV d.c. — Part 2: d.c.
Terms and definitions
the purposes of this document, the following terms and definitions apply.

and IEC maintain terminolégical databases for use in standardization at the follo
esses:

EC Electropedia: available at http://www.electropedia.org/

SO Online browsing platform: available at http://www.iso.org/obp

(ground) electrode

be
arth
wer

tent
€es.
any

cts

ving

conductive part that is in electric contact with local earth, directly or through an intermediate
conductive medium

[SOURCE: IEC 60050-195:49982021, 195-02-01]

3.2

land electrode

earth electrode buried in the ground-mere-than—tkm-away-from-the-coastline above the high

tide

water level and located away from the shore and not influenced by water bodies
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3.3
shore electrode

3.3.1

electrode located on the shore above the low tide water level, where the active part of
electrode is in contact with the soil or with underground water, but not directly with seawat

the
er

Note|1 to entry: Compared with land electrode, beach electrode is relatively close to the shore and is influenc
watef bodies.

3.3.7
pond electrode

elaclkrogae
CitHO-C

bd by

land

elecffrode located on the seashore below the low tide water level, wherezthé active part is dir¢ctly

in contact with seawater, within a small area which is protected by a&breakwater against w4
and|possible ice damage or damage from other floating debris

3.4
sealelectrode

electrode located away from the shoreline-at-a-distange deeper-than100-m-into-the-seali

body of seawater

3.5
eledtrode station

ves

In a

whole-system facility which-guides transfers-gurrent from/to electrode line to/from the earth or

sea |water, usually including the feeding cable, towers, switchgear, fencing and any neces
auxiliary equipment in addition to the electrode itself

3.6
conimon or shared earth electrode

earth electrode system, which,;is composed of a single earth electrode or multiple ¢
electrodes in parallel, shared,by multiple converter stations

NoteHH-to-entr - mainhv—consists of earth-electrodesand-intertie lnes between-sub-earth - electrodes—in-diff]
Note o et y-—Hmaty aFth—etectrogesanaHhterde HRes oetw afth—erectroaesHh—att

sary

arth

rent
Feht

EOTISIStS—O+ oGeS ARG e e HREeS BEeEtWEeEeR-—Suo

3.7
eledtrode site
site [where the,earth electrode is located

3.8
eledtrode line

overhead fime or underground cabfe Used 10 connect the neutral bus I a converter statt
the earth electrode station

3.9

feedingredl

electrode element

earthing conductor buried underground or in the sea for guiding earthing current into
surrounding medium (soil or sea water)

3.10
feeding cable
cable used to guide current from current-guiding wire to-feedingrods electrode elements

n to

the
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3.11
current-guiding wire
main branch used to conduct current from electrode line (or bus) to feeding cables

3.12
current guiding system
system used to guide the current from electrode line to-feeding-reds electrode elements

Note 1 to entry: It consists of current-guiding wire(s), disconnecting switches, feeding cables and connections.

3.13
jumper cable

electrode elements placed at some distance from each

operation mode in the HVDC power transmission system, using DC lines and earth (or|sea
watgr) as the current loop

return system
set of devices designed and built specifically for earth<&etlrn operation mode

Note|1 to entry: It mainly consists of the electrode line, earth electrode) current guiding system, and other auxXiliary
facilifies.

system rated current
nomlinal rated current of one converter'pole of the HVDC system

3.17
maxXimum short-time overload- current
j i d-d d aned-fo 0 opergtion

maxiimum current-fer-whichtheasseocia e
i that can be sustained in monopolar operation condition of DC

avelfage maximum current flowing through the earth electrode for a few seconds (generally [less

unbplanced current
difference of current between two poles during operation of a bipolar DC system

Note 1 to entry: For-symmetrical balanced bipolar operation mode, the unbalance current flowing can be controlled
automatically by the control system within about 1 % of the rated current.

Note 2 to entry: For—asymmetrical unbalanced bipolar operation mode, the current flowing through the earth
electrode is the difference in currents between the two poles.

3.20

cathode

electrode capable of emitting negative charge carriers to and/or receiving positive charge
carriers from the medium of lower conductivity

Note 1 to entry: The direction of electric current is from the medium of lower conductivity, through the cathode, to
the external circuit.
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Note 2 to entry: In some cases (e.g. electrochemical cells), the term "cathode" is applied to one or another
electrode, depending on the electric operating condition of the device. In other cases (e.g. electronic tubes and
semiconductor devices), the term "cathode" is assigned to a specific electrode.

[SOURCE: IEC 60050-151:2001, 151-13-03]

3.21

anode

electrode capable of emitting positive charge carriers to and/or receiving negative charge
carriers from the medium of lower conductivity

Note 1 to entry: The direction of electric current is from the external circuit, through the anode, to the medium of
lower conductivity.

Note|2 to entry: In some cases (e.g. electrochemical cells), the term "anode" is applied to one or another electfode,
depehding on the electric operating condition of the device. In other cases (e.g. electronic tubes and semiconductor
devides), the term "anode" is assigned to a specific electrode.

[SOPYRCE: IEC 60050-151:2001, 151-13-02]

3.22
curfent-releasing density
32214

| N . | it i ¢}

‘ ) f foodi )

3.23.2

| N . | it .
eu#enkreiease&t&eaﬁh#emw%a%ea@#eeke&wﬁaee—&n#mz}
3.22.1

linepr current density
current released to earth from a unit length of ele¢trode element

Note|1 to entry: It is expressed in A/m.

3.223.2
surflace current density
current released to earth from a unijt area of the coke-soil interface

Note|1 to entry: It is expressed in AlmE:

3.23
des|gned lifespan
designed operational difespan of the earth electrode, typically of the same order as|the
operational lifespan-ofthe converter station

3.24
corrosion lifespan
timg integralef current when an earth electrode runs as an anode, such as monopolar opergtion
and |bipalar operation with unbalanced current, during its designed lifespan

Noteldl te entry- 1t is expressed in the unit of ampere hour (Ah)

3.25
thermal time constant

time required for the temperature of the soil-to-reach-the-steady state-temperature-atthe-initial

immediately adjacent to the active elements of an electrode to reach
63,2 % of the steady state temperature rise at a given current

3.26

earthing resistance

resistance between an earth electrode and remote earth—atan—infinitedistance with zero
potential
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3.27
step voltag

difference in surface potential experienced by a person or animal bridging a distance between
two feet without contacting any other grounded object

Note 1 to entry: For a human the distance between the two contact points on the earth is normally taken as 1 m.

3.2

touc¢h voltage

potgntial difference between-a-grounded-metallic-structure-and-any-pointontheeartim{rom
the structure the surface potential at the point where a person is standing and thepdtential of
a grpunded structure touched by him

3.29

transferred voltage

notdntial difference-annlied-to-a nersonwhen this nerson-stands-on-theldround near the dart
potgntial-difference-applied-to-aperson-when-this person-stands-on-the-ground near-the-darth
elecfrode and touches a conductor grounded at a remote site, or when this person standp on
thejground-far-away-from-the earth-elecirodeand-touchesa-conductor-grounded-neat{-the
[ e

speg¢ial case of the touch voltage where a voltage is transfefred into/out of a point near the
elecrode site from/to a remote point far away from the glédtrode site

3.30

insylated metallic structures

metallic structures buried in the ground-nearansearth within the electrode interference arealand
coafed with insulating material to isolate the structure from earth

3.31

bare metallic structures

metallic structures buried in the ground-nearan-earth within the electrode interference arealand
not coated with insulating material

3.3

coefficient of uneven current density distribution

ratig of maximum current-releasing density at any specific point of an earth electrode, tg the
avefage current-releasing density of that earth electrode

Note|1 to entry: This ‘parameter reflects the uniformity of current released from the earth electrode tg the
surrgunding medium:and is a dimensionless quantity.

3.3

equjvalent-earthing current

ratiqg of time integral of current of an earth electrode operated as a cathode or anode to its
designed lifespan

Note 1 to entry: It is used to analyse the corrosion impact on underground metallic objects in the vicinity of the

electrode.
4 System conditions

4.1

The system conditions to be considered during earth electrode design mainly include the
amplitude and duration of the current relating to the earth electrode, and designed lifespan and
polarity.

General principles
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4.2 System parameters related to earth electrode design
4.2.1 Amplitude and duration of the current

The operation current and duration of DC earth return operation systems should normally be
specified in local regulations, bid documents, or specifications. In the absence of such
documents that can be used as a reliable source, the following values may be used as a
reference during design:

a) the amplitude of earth electrode rated current is equal to the HVDC system rated current
(Iy)- The maximum duration of this current corresponds to that of the monopolar earth return
operation mode of the earth electrode. The duration of rated current can be continuous or

lime

put

b) the amplitude of the maximum short-time overload current is typically 1,13 Iy. |The

aximum duration of this current is generally the time allowed for operation at maximfhum
verload current-after with the redundant cooling equipment-isput-inte inservice;

c) the amplitude of the maximum transient overcurrent is determined through system stability
alculation, typically in the range of 1,25~1,5 I. The maximum duration is generally a|few

r less than 1 s;

d) the amplitude of bipolar unbalanced current is the difference of the operating currenis of
o poles. For DC power transmission systems with two _Symmetrically operated poles) the
alue is very small relative to I, e.g. 1 % of I. The duration is the same as the bigolar

¢peration time of the-earth-electrode HVDC systemy
4.2.2 Polarity

Poldrity of the earth electrode-shal-comply should be selected to be consistent with sygtem
opefation and environment protection requirements. For anode type earth electrodes,| the
corrpsion of earth electrode material-shat shéuld be-taken-inte-account considered.

If there are any long buried metallic structure-rear within the-earth electrode interference grea,
corrpsion at the-far distal end of thexmetallic structures should also be-taken—into—=acepunt
congidered. For cathode type earth-electrodes, the focus should be on the corrosion impagt on
proqimal end of buried metallic sstructures—near within the-earth electrode interference grea.
Shopld the cathode type earth _€lectrode be a sea electrode, the impact of compound sedimgnts
neaf the earth electrode is also a concern.

For parth electrodes with\reversible polarity, in addition to the above issues relating to cathode
and|anode type earth)electrodes, attention shall be paid to safe operation with revergible
polﬂjrity. The earth'electrodes for bipolar and asymmetrical monopolar VSC systems-are-gften
sholilld be designed with reversible polarity.

4.2.3 Designed lifespan

The| design of an earth electrode should generally allow construction and operation of
assgcidted converters in a series of steps. The designed lifespan-shall should not be-the-spme
as |ess tiam tiratof the converter statiom using- this eartiretectrode " Where o specific tifespan
is specified, the minimum designed lifespan of an earth electrode should be 30 years or more.

Within the designed lifespan of an earth electrode, loss of earth electrode material caused by
corrosion shall not affect its normal operation. During calculation of earth electrode corrosion
during a lifespan, the following aspects-shal should be-taken-inte-account considered:

a) monopolar system: for an LCC monopolar system (or a bipolar system with one pole built
and put into operation at an earlier stage), the polarity of the earth electrodes can be
determlned by the system pIannmg studles Whett&eespeeme{:eqe#ememsatestated—the

ode For a VSC asymmetric
monopolar system (or blpolar system ConS|st|ng of asymmetrlc monopole converters), the
design of both (all) electrodes needs to allow for polarity reversals and anodic operation, as
the system changes power direction by changing the current direction rather than changing
voltage polarity;
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b) bipolar system operated in monopolar mode: after a bipolar system is put into service, the
situation where one pole is out of service for repair or maintenance and the other pole
(healthy pole) is operated using earth-as-the-eireuit return, shall be considered. In this case,
the ampere hours during operation as an anode shall be calculated based on data provided
by the system planning studies;

c) bipolar operation: during bipolar operation, the ampere hours of unbalanced current during
operation as an anode-shall should be-selected calculated.

4.2.4 Common earth electrodes

For a common earth electrode(s) shared by multiple converter stations, the worst case which

should be-taken-intoaccount considered is where monopolar_earth return operation_mode
occrs simultaneously at more than one converter station with the same polarity. Calculatign of

eart
curr
dem
com
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the
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The
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5

5.1
5.1.

The
lifes]
ovel
tem
tran
elec
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atg

hing current of the earth electrode(s) should consider the probability of superpositio

bnts from different converter stations.—Usually—higherrequests—of electrode &ites]
anded-when-common-electrodes-are-under-design- So compared with ordinary [electro

mon electrodes usually demand higher requirements for electrode site copditions.

designed lifespan of a common earth electrode shall be determinedas*the interval {

on is put out of use.

polarity of the common earth electrode is determined by“summing the directions
litudes of the currents from all the converter stations that share it.

Design of land electrode stations

Main technical parameters
( General principles

design of the land electrode shall ensurecits safe and reliable operation throughou
pan and under different earthing curreat conditions including rated current, maxin
load current, and maximum transient overcurrent. Different technical parameters suc
perature rise of the earth electrode;learthing resistance, step voltage, touch voltage
5ferred voltage shall be controlled~within the specified range by appropriate choice
trode shape and buried depth. M is important to note that the change of electrode shap
bl depth does not affect the_electric field strength further than 1 km to 2 km away from
trode.

a common earth electrode(s) or multiple earth electrodes within a short distance of ¢
r, the situation of leng time simultaneous and continuous operation of DC systems with

tion, the effect'ef/one circuit operated in monopolar earth return mode on the neutral vol
of other bipelar systems should be considered.

atio
o

polarity under(earth return operation mode shall be avoided as much as possiblg.

n of
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ulafion of parameters and performance of earth electrodes should be done with com

uter

software. See Annex G for the calculation principles.

5.1.2 Temperature rise

Under all circumstances, the maximum temperature of any point of the earth electrode shall be
lower than the boiling point of water at the local altitude. For example, at an elevation of 0 m,
the maximum allowed temperature is 100 °C. The temperature rise calculation method is-listed
mn-Annex-F described in Annex G.

5.1.3 Earthing resistance

The

determination of earthing resistance for the electrode shall consider two aspects:

a) the ground temperature rise-ef-seil;
b) touch and step voltage-rise-locally at the electrode station.
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For an earth electrode in any operation mode which-gives involves a large earthing current, if
the duration of the current is longer than the thermal time constant of the electrode (see-Annex
E Annex G for the calculation method), which is typically the case for rated current flowing into
the earth for a long time, the maximum permissible earthing resistance is typically dependent
on the permissible temperature rise, which should be in accordance with Formula (1):

1 2
Re s—\/zzm 28 (Ormax —0c) (1)
I p

d m

where

Ro | is the earthing resistance between the earth electrode and remote earth-at-an_ikfinite
distance with a zero potential (Q);

Iy is the-a—eertain earthing current which flows into the earth for a long time (A);

Am | is the thermal conductivity of the soil where the earth electrode is buried)(W/(m-°C));
Omay is the maximum allowed-sei ground temperature (°C);

is the maximum natural ground temperature-efseil (°C);

Pm | is the resistivity of the soil where the earth electrode is burigd“(Q-m);

Pe is the general equivalent earth resistivity at the electrode’ site (Q-m;—see-B-2-6-forthe

calculation-method).

2
R <1 2127 Gigo . —6.) (2)
emax — Ji max Cc \=7

d Pm

where

dfad is the heat dissination factor tunicegly in the ranae 5~10 Inthe abhsence of an accurate
aa IStHeNEeat-GiSSHAHOR Aoty PICahY therahgeo=1o—htheaSeRceoahaccHate

If thle duration of the current is shorter than the thermal time constant of the electrode,| the
maximum permissible earthing resistance could be increased significantly than that determ|ned
by Hormula (1) from the point #Wew of ground heating. In this case, the area of the coket}soil
intefface and current density~at-the interface is usually used to control the ground tempergture
riselinstead of earth resistanee (see 5.5.3).

5.1.4 Step voltage

The(step voltage of any ground point that can be accessed by the public shall not exceed the
safdty limits defined for humans and livestock. According to tests conducted on 1 028 subjects,

determlned with Formula (2) under maximum short tlme overload current of one poIe

Ey =7,42+0,0159 pg “)
ESp =7,42+0,03 p, (2)

where

Egp is the permissible step voltage (V);

Ps is the resistivity of surface soil (Q-m).

During contingency conditions, such as maintenance of the earth electrodes (1/8 or more parts
of earth electrodes are out of service), according to IEC TS 61201 and IEC 60479-1, the
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maximum permissible step voltage (Esp) shall be less than 70 V. Under such conditions, the

electrode shall be fenced to prevent access by the public and animals, and maintenance staff
shall be advised of the hazards and should take adequate precautions.

For common earth electrodes or multiple earth electrodes with a short distance, to lower the
step voltage, the situation where two DC systems run simultaneously with the same polarity
under earth return operation mode shall be avoided as much as possible. However, the case of
these systems running in short-time (e.g. < 30 min) earth return operation mode with the same
polarity due to accidents (e.g. equipment failures or human errors or lightning strikes, etc.)
should be considered during design. Considering that it is small probability, the maximum
allowed ground step voltage for common earth electrodes can be increased appropriately with
refefence to Formula (2) in this case, on the premise that the—secondary impacts on|the
surrpunding facilities have been evaluated and the maximum permissible step voltage.is-lgwer
than that in contingency conditions.

If apy point on the ground fails to meet the above requirement for maximum: step voltage,
miti$ation measures shall be taken.

5.1.p Touch voltage

For [earthed metallic structures that can be accessed by the public, the touch voltage of|any
point on the site ground shall not exceed Ey, obtained from Formula~(3) under maximum short-

timg overload current of one pole.

Ey, =7,42+0,0159 pg 4
Etp =7,42+0,008p, (3)

where

Eip, is the permissible touch voltage (V).

For parthed metallic structures that cannof\be accessed by the public, the maximum permisgible
tough voltage of any point on the site-gédund should be less than 70 V in general.

5.1.6 Current density

For Jand electrodes that are likely to run as anodes for a long time, the current density af the
confact-between-coke-and-soil'coke-soil interface should be limited to prevent electro-osmiosis
(moying of water by the electric field). For anode-type earth electrodes that run in monogolar
mode for a long time andare in fine particle (clay) soil, the permissible average current density
at the-surface-of cokéand-soil coke-soil interface should be limited to 0,5 A/m2 to 1 A/m?2 af the
ratef current of one-pole. For specified outage conditions (e.g. 30 % electrodes out of serv|ce),
the ¢current denSity may be higher as allowed by soil conditions.

wiatar
WiateH

poftion
or higher may

Foriearth eleetrodes t S
confent (h,the case of a coarse-grained soil with large pore size and e
of thefglectrode is below the water table, an average current density of 2 A/m

b t + HN | l pu | P | + £ l
e IS YTTTTTooTUTC vaAlutT UuliucTl TatTu vuiToclit Ul UTic Yyuic.

that run in bhinolar mode-—for lon
tAat—uh— o+

5.1.7 Field intensity in fish ponds

For earth electrodes near fish ponds, the field intensity of any point in the water should not
exceed 15 V/m when operating at+rated maximum short-time overload current.

For common earth electrodes or multiple earth electrodes within a short distance of each other,
the case of systems running in short-time (e.g. < 30 min) earth return operation mode with the
same polarity should be considered during design.
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5.2 Electrode site selection and parameter measurement
5.21 General principles

Selection of the electrode site is a critical step-during in the beginning of the earth electrode
design, and also a complicated process, during which technical and economic comparison is
required to select a safe, reliable, economically feasible, and environment-friendly site.

Local environmental impacts (see Clause 4) and remote environmental impacts (see Clause 7)

impact of earthing current on the environment, the sites which have lower resistivity in deep
groynd should be considered as the first candidate if possible. If the electrode will serve as
groynd return for more than one HVDC system with converter stations in the ¢lpse vicinity,|it is
recdmmended to consider the common earth electrode solution if it can meet all the syqtem
opefation conditions. Split earth electrodes or compact earth electrodescan be used if| the
technical and economic feasibility has been demonstrated.

5.2.p Data collection survey

Fo-find For the evaluation of a suitable electrode site, a survey within a radius of at least 10 km
shodild be conducted to obtain the natural conditions in thesneighbourhood of the prospegtive
electrode site;—which. The survey data should at leastlinclude the landform and terfain,
geological structure, hydrological-meteorological conditions, and ocean tide (for shore
electrodes or sea electrodes), and a technical ass€ssment should be carried out baseq on
Anngex D.

In addition, local development plans should bé.acquired from the local government or gther
releyant authority. For complete assessment of the electrode site under investigation,
information should at least cover existing and planned power facilities (such as substations|and
lineg), buried metal pipes, armoured or.earthed cables, and railway lines.

Depending on the tectonic gefting of the area, it is recommended to collect information of gxtra
high-voltage AC power facilities in a larger range, e.g. located within 50 km ~ 100 km or more
of the electrode site. Aligh-resistivity terrain will require a wider geographical survey than a
low-esistivity terrajnt

5.2.3 Distance from converter station (substation)

During-the-determination-of the-electrode-site In the site selection process, the impact of the

earth eleetrodes on surrounding converter stations and AC substations shall be-caleulpted
quaptified) See Annex K for the calculation method. If calculation and analysis are not poss|ble,
the fistance from the electrode site to any converter station or-220-k\-er-higher- high voltage
AC substation should be no less than 10 Km In general to-decrease minimize the risk of DC
current flow into the Y grounded windings of the AC transformers, and the minimum distance
from the electrode site to any aerial power line with earth wire should be-greater larger than
5 km to-decrease reduce the risk of corrosion of tower grounding-devices and foundation. If for
some reason it is impossible to-keep-ouiside maintain these distances, measures should be
taken to mitigate the effect, such as DC current-blocking devices in series with transformer
neutral and ground (see Clause 7), or insulation between earth wires and the towers.

5.2.4 Environment conditions, terrain and landform

The electrode site should be-placed located far away from cities and densely populated-tewns
and-be-located residential areas, on a reasonably flat area, without ground erosions and rocks
outcropping, and avoiding lowlands, without risk of flood erosion or long-time flood submersion.
In addition, the location should be in an open space to provide a wide and conductive current-
releasing area and to facilitate making the necessary connections.
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In tHe beginning of the design of earth electrodes, the main physical parameters of the so

capdcity, maximum ambient temperature, humidity, and ground water table (see Annex [
detgiled surveying methods and technical requirements) should-be surveyed.

For

groynd structure and for the determination of the strucfure of the sedimentary cover within
elecffrode site. The exploration should be carried out ih a range not less than the size of
earth electrode and up to the depth of the bedrogk,%r the expected depth of the electrods

the
the
cou
be

elecfrode site.

5.2.6 Topographical map

1:1

survey. The measurement range should be defined in such a way to-ensure-optimaktlayout 4
for the optimization of earth €electrodes layout.

5.2.f Values selected during design

In

P Geophysical and geological surveys

blectrode site including the soil resistivity model, soil thermal cehductivity, volume the

the selected electrode sites, test holes shall be drilled:for a direct survey of the shg

case of a vertical or deep well electrode, a.survey method of well profiling that meas
resistivity of the well walls directly by means of a probe that is lowered down to the
Id be used for the direct access of the shallow ground geoelectric structure. This data
ysed for the calibration of the shallowyground layers of the final geoelectric model for

D00 or 1:2 000 topographic-maps should be drawn based on-measurementresults a

general, reasonable values shall be selected for soil parameters based on ad
surveys through analysis, calculation and sorting:

he reliability of the measurements should be higher than 95 %. For N effective va’Lues

easured at the same place (X4, X5, ..., Xy) , the average (Xp) and standard deviatio
an\be calculated with:

| on
rmal
for

llow
the
the
B. In
ires
well
hall
the

field
llow

tual

(o)

1< 2
o= WZ(Xn - Xp)
1
The value of soil parameters can be calculated with:
X=X,+1,96xkxo

where

(4)

(5)

(6)
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k = +1 for soil resistivity and temperature, and

k = —1 for thermal conductivity and volume thermal capacity.

5.3
5.3.

Eeef

alues selected for soil resistivity during the design should consider the influenc

alculation with Formula (6).
Earth electrode and associated components
[ General principles for material selection

compparisons based on engineering and market conditions. The selection shall-respect be ba

ont

ne following principles: good conductive property, good resistance ‘to-eresien corrosion

to ground aggressivity (pH, chloride content, etc.), easy mechanical processing, no toxi

neg

5.3.

htive effect, and cost-effectiveness.

p Selection of-feedingrods electrode elements and characteristics

Feeglingrods Electrode elements used for DC earth electrodes should be preferably mad

iron

If th

high-silicon cast iron, high-silicon chromium iron, ‘or graphite.

> pH value of soil and ground water is between'3 and 11 and the content of CI=+S0,2-

is leps than 500 mg/l, for anode type land electrodes with a service life shorter than 40 x 109
thefeedingrods electrode elements shouldbe made of iron.

If th

e corrosion lifespan of the electrodés is longer than 40 x 108 Ah or the soil has a pH v

less|than 3, the-feedingreds electrode elements should be high-silicon cast (chromium) iro
graghite.

If hi
the

The
sub

gh-silicon cast iron or highssilicon chromium iron is used for-feedingrods electrode elem
inal products should be-equipped with feeding cable.

carbon content ip~iron should be less than 0,5 %. Graphite should preferably be treate
mersion in linseed oil. The chemical composition of high-silicon cast iron and high-sil

chrgmium iron should correspond to the values listed in Table 1.

Table 1 — Composition of iron-silicon alloy electrode

e of

uinfavourable seasons, which means the season coefficient should be applied after

Hing—rod Electrode element material should be selected through technical and econonpical

sed
and
c or

e of

ons
Ah,

alue
n or

ents,

d by
con

Chemical composition High-silicon High-silicon
cas;t iron chromium iron

Silicon (Si) 14,25~15,25 14,25~15,25
Manganese (Mn) <0,5 <0,5
Carbon (C) <1,4 <1,4
Phosphorous (P) <0,25 <0,25
Sulfur (S) <0,1 <0,1
Chromium (Cr) 0 4~5
Iron (Fe) >82,5 >77,5
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5.3.3 Chemical and physical properties of petroleum coke

The chemical composition of the petroleum coke after calcination should correspond to the
values listed in Table 2.

Table 2 — Chemical composition of the petroleum coke after calcination

Substance Proportion
%
Carbon 295
Water <0,1
Volatile components <0,5
Sulphur <1
Iron <0,04
Silicon <0,06
Ash and others <1

The| physical properties of petroleum coke products used for DC ‘earth electrodes shpuld
correspond to the values listed in Table 3.

Table 3 — Physical properties of petroleum coke used for earth electrodes

Properties Values
Resistivity (at a volume weight of 1,1 g/cm?) <0,3 QO'm
Volume weight 0,9~1,1 g/cm?®
Specific gravity 2 g/lcm?
Space ratio 45 %~55 %
Volume thermal capacity >1,0 J/(cm?® °C)

5.3.4 Current-guiding system

The| earth current should.~be’ guided from electrode line to the current-guiding wire,
discpnnecting switchgear, feeding cables and connections in turn before it reaches diffgrent
feeding-rods electrode elements (more details in 5.6).

5.3.p Bus

The|current is-shunted distributed by the bus, which can be of either the strain or rigid types.
Strajin bus is typically composed of an aluminium-elad conductor steel reinforced-alumigivm
een«liuete{, and rigid bus is typically composed of aluminium pipe or copper bar.

5.3.6 Electrode line and its monitoring device

The dcb;yll Uf cicbtludc “IIU vdall IUU oCCITI1 ;II AIIIIUA E :II SUITIT Dybtclllb, U:thludc :iIIU IIIUIIitLring
(capacitor/reactor) devices are connected at the electrode end of the electrode line, to monitor
integrity of the electrode line. The technical requirements of such devices are typically
determined during converter station design. Their arrangement shall be considered during the
design of the current guiding system.

5.4 Electrode arrangement
5.4.1 General principles

The arrangement of land electrodefeedingrods elements can be classified as horizontal (trench)
and vertical (well) type, which shall be selected through technical and economic comparison
based on distribution of soil resistivity and terrain conditions. Generally, if the resistivity of deep
soil (deeper than 10 m below ground) is significantly lower than that of the surface or if the
ground water table is deep, a vertical well arrangement-sheould-—preferably might be used,
otherwise horizontal trench arrangement-should-preferably might be used.
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5.4.2 Filling coke

Horizontal earth electrodes should preferably use square or rectangular sections or other
suitable shapes according to the surrounding situation, and vertical earth electrodes should use
circular sections. The-feedingrod electrode element in the center is surrounded by filling coke,
as shown in Figure 1. The recommended density of the reinforced filling coke should be
between 1 000 kg/m3 and 1 100 kg/m3. The density for vertical electrodes should be higher in
the case of water-filled bore holes.

Coke

N\

Feeding rod

IEC 048/18
Coke

9

%

Trench \ Well

Electrode
element

IEC

Figure 1 — Electrode cross-section

B Selection of-earth electrode shape

The shape of the electrode shall be selected to achieve better current distribution and balance
as suggested below:

— if the electrode site-allews is flat and wide enough, first choose a horizontal single circular
arrangement. If this proves to be unsuitable, next choose a double concentric circular
arrangement, with the ratio of diameters of internal circle to external circle between 0,7 and
0,85. If circular earth electrodes are not possible due to limited site conditions, the electrode
arrangement should be as circular as possible, maximising the curvature radius at curved
parts;

— in case of rough terrain (such as ravine or loch),starshape-or horizontal linear arrangement

should could be used. In this case,-the-number-of branches-is-generallyno-higherthan-6;
and a properly sized-current-sharing electrode of circled loop-sheuld can be installed at the
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end (often with the highest current-releasing density) to reduce current-releasing density at
the end. If the soil resistivity at depths ranging from tens to hundreds of meters is very low,
vertical or deep well electrode is also a good choice;

— for horizontal multiple circles electrodes, the number of concentric circles is recommended
not to exceed 3, in order to reduce the shielding effect and improve the utilization efficiency
of electrodes;

— symmetric arrangement should be adopted-as-much the electrodes should be arranged as
symmetrically as possible to facilitate the layout of the current guiding system, impfove
urrent shunt uniformity and reliability of the current guiding system, and\ reduce
onstruction cost of the current guiding system.

5.4.4 Earth electrode corridor (right of way)
If egrth electrodes lie near any low-lying areas such as a trench, ditch or pondy and the byrial
depth of the earth electrodes is less than that of the trench, ditch or pond, the"distance from the
earth electrodes to its edge should generally be no less than 10 m.
5.4.5 Distance between sub-electrodes in the arrangement

In cse of vertical arrangement of the earth electrode-feeding—réds elements, the distgnce
between sub-electrodes should generally comply with Formula(7), as shown in Figure 2.
D =nL (7)

where
is the distance between sub-electrodes in vertical arrangement (m);
L is the length of the sub-electrodes in vestical arrangement (m);

n is the coefficient, 0,8~1,0.

~t 7

Sub-electrode

Figure 2 — Vertical arrangement

If egrth electrode-feeding-rods elements are horizontally arranged in a discrete way, as shjown
in Figure 4-b) sub-electrodes should have a distances less than 2 m to achieve a uniform current
distgibution at the coke-soil interface.

5.4.6

Optimal burial depth of earth electrodes should be selected through technical and economic
comparison based on the following principles:

a) step voltage-eontrol. If the electrode length is horizontally arranged,-and-the-soil-resistivity
is—uhifoerm; the minimum burial depth of the earth electrodes can be-caleculated estimated
with Formula (8) approximately.

h=_Pst (8)
2rE g,

where
h is the minimum burial depth of the earth electrode (m);
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ps Is the average shallow soil resistivity-ef-seit (Q-m);

T is the earth electrode current-releasing density, calculated with earthing current
divided by total length of electrode (A/m);

E is the maximum permissible step voltage (V/m);

sp
the earth electrode should-be

Sndebighelo oo —ondchall not be bur|ed in rock sand and gravel Iayers%@%ﬁh
high resistivity;

after the above conditions have been satisfied, the burial depth of the earth electrode should
be minimized to reduce earthwork;

ik farming is allowed on top of the area where the electrode is buried, the earth eleeirgdes
g$hall not be buried at a shallow depth to avoid artificial damage due to farming and-machine-
ided cultivation and impact of atmospheric temperature on the operation performange of
lectrodes. In general, earth electrodes should be buried to a depth exceeding 1,5 m.

y Segmentation of earth electrodes
barth electrode-feedingrods elements shall be divided into segments far better inspegtion

and|maintenance. The number of-feeding-rod electrode element segments shall be limitgd to
avoid impact on current distribution and prevent a complicated current guiding system. $ub-
electrode length shall be selected in such a way that other segments can still run safely [and
religbly at the specified maximum earthing current when one of these segments is put olfit of

use [(for maintenance).

5.5

5.5.

Min
cok

Minimum size of earth electrode
[ General principles

iimum sizes of earth electrodes refer to total earth electrode length, the side length of the
section and the-feedingrod electrode element diameter when the thermal stability or step

voltage conditions are met. The principles for determining these three important dimensjons

incl

5.5.

dde at least the following:

t constant rated current, the highest'temperature at any part of the earth electrodes ghall
ot exceed the boiling point of water;

t the maximum short-time oyerload current, the maximum step voltage at any point on the
soil surface shall nat;exceed the allowed value;

at the end of the.designed lifespan, the-feedingrods electrode elements shall| still
eet current-carrying. requirements after the corrosion is considered.

p Total earth(electrode length

In general, the length of the earth electrode (or-fleer occupied area) should be determjned
bas¢d on heating conditions (see 5.1.2 and 5.1.3), checked against the value allowed by
maxfimum step ‘voltage (see 5.1.4) and current density at the-surface-of the-coke-column cpke-

soil
con

For
the
any point (P) of the electrode may be conservatively calculated by Formula (9) to ensure that

the

interface (see 5.1.6), and finalized through optimization of the earth electrode matgrial
sumption.

earth electrodes running in earth return mode, if the thermal time constant is greater than
duration of the rated current, the-side-length area of the-ceke-section coke-soil interface at

highest temperature at any point (P) will not exceed the permissible value.

~~
HEN
((»]
~

Ty
S, 2k- T
P ”\/16ppcp<emp—ec>
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> 1y
’ 16IOPCP(9mp _ec)

S,>2k*xp %t

is-the-side-length-of coke-sesction the area of the coke-soil interface at point P (m);
is the matching coefficient, in the range of 0,9~1,1; see-AnrnexF Annex G;
is the linear current-releasing density at point P (A/m);

is the soil resistivity at point P (Q-m);

is the soil volume thermal capacity at point P (J/(m3 °C));

is the resistivity of the soil burial layer (Q-m);

is the highest natural ambient temperature of the soil at any time in the y€ar{(°C);
is the maximum permitted temperature of the earth electrode (°C);

is the duration of the rated current (s).

1 Diameter of feedingrods electrode elements

exp
sho

cted lifespan and permitted temperature rise, the Sizes of-feedingreds electrode elem
Id comply with both Formulae (10) and (11).

o > 4k1k2pprFVf+ﬂ'¢2pmgldx1073
- 70 &l g x1073

. 4SpppCp

7p,C

x103

re
is the side\length of coke section at point P (m), see Formula (9);

is the.equivalent diameter of the-feedingrod electrode element at point P (mm);

is. the protection coefficient, which is ratio of unit area ion current in the coke to the

earth electrodes running in anode mode for a long time, themaximum surface cufrent
ity at-soilcontactsurface the coke-soil interface should meet'the recommendations in §.1.6.

nsure that the-feeding-rods electrode elements have sufficient current-carrying capagity,

bnts

(10)

(11)

otal

r\nrrnnf’ bl = ﬂ,1~ﬂ’R;
is the electric corrosion accumulation effect coefficient, see Table 4;

is the service life of the anode (A-h);

is the electric corrosion rate of-feeding—+rod electrode element material in the
(kg/(A-h)), see Table 4,

soil

is the remaining equivalent diameter of the-feeding-red electrode element when the total

operation time of the earth electrode reaches the designed lifespan (mm);

is the-specific density of the-feedingrod electrode element material (g/cm3), see Table 4;

is the coke resistivity (Q-m);

is the coke volume thermal capacity (J/(m3-°C));
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is the rated current (A).

Others are the same as Formula (9).

Table 4 — Electric corrosion characteristics of different materials

Material Specific Density, g Corrosion rate, V; Accumulation effect
g/cm3 kg/(A-h) coefficient, k,
Iron (steel) 7,86 0,001 039 3,0
High-silicon cast iron 7,03 0,000 228 2,0/3,0 (in sea water)
Highfsilicon chromium iron 7,02 0,000 114 2,0
Graghite 21 0,000 114 >3,0
5.6 | Current guiding system

5.6.

Gen
read
wire
diffe

( General principles

erally, electrode lines from converter stations should first (or via electrode line monitg
tors) be connected to the bus, and then the current should be guided-to the current-gui
, disconnecting switchgear, feeding cables and connectionsZin turn before it reag
rent-feeding-rods electrode elements. The current guiding system should be designg

such a way that the current flowing through branches of the same level is equal or roughly ed

5.6.

The
wire
Ing

p Placement of the current-guiding wire

current-guiding wire can be overhead wire or undefground cable. The placement of §
should generally match the electrode shape to achieve good current sharing characteris
bneral, for symmetrically arranged earth electrodes, the current-guiding wire should als

arrapged symmetrically, e.g. Figure 3a) or Figure)3b).

Key

S
a
2 Al 5
| I a
2 19
1 1
a
1 2 IEC 1 2 IEC
a) “Overhead conductor is adopted b) Underground cable is adopted

ring
ding
hes
din
ual.

uch
stics.
b be

central tower

S-0
A-O
a-0

branch tower
location where the feeding cables branch.
electrode line

current-guiding wire (where overhead conductors are used) between central tower and branch tower.

current-guiding wire (where underground cables are used) between central tower and electrode.

a-1, a-2 feeding cables
A-1, A-2 feeding cables

Figure 3 — Placement of the current-guiding wire

5.6.3 Connection of current-guiding wire

To facilitate maintenance or commissioning, the current-guiding wire and feeding cable shall be
bolted on the ground or connected with outdoor disconnecting switch, as per IEC 61936-1 and
IEC TS 61936-2. If a disconnecting switch is adopted, the disconnecting switches should be
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installed on the current-guiding wire support structures. To ensure human safety, disconnecting
switches shall be fenced off or placed at a sufficient-distance height above ground.

5.6.4 Selection of current-guiding wire cross-section

The current-guiding wire cross-section should be selected based on the calculation results of
the current in different branches, and in such a way that safe operation of other current-guiding
wires is not affected under any earthing current operation conditions or when any electrode
segment is out of use (due to damage or for the purpose of maintenance).

If ca

ble is used as current-guiding wire, see 5.6.10.

5.6.

Because the operation voltage on the earth electrode bus is very low (typically no higher
10 KV even under transient conditions), the operation voltage on the bus is generally n
factpr controlling the insulation level of the current-guiding wire.

If the current-guiding wire uses overhead line, the possibility of short-circuited/insulator d

sho
125
the

If c4

5.6.

To f
grou
the

no |

5.6.

Eac

If thy

elenmpent can be connected to the current-guiding wire directly by one feeding cable, as sh

in F
as h

conmect each-feedingred €lectrode element and the main feeding cable, which connects

curr

Insulation of the current-guiding wire

Id be considered. Usually insulator strings with lightning impulse withstand level of at |
kV or at least two fully rated DC suspension insulators are used as-thé insulation betw
conductors and tower structure.

ble is used as current-guiding wire, see 5.6.11.

J Disconnecting switch

beilitate commissioning or maintenance, disconnecting switches should be installed in ¢
p of sub-electrodes. The rated current of the discarnecting switches shall be no less
maximum current that may occur in the corresponding circuit. The rated voltage shoul
bss than 10 kV.

y Connection of the feeding cable

n electrode segment shall be connected-to feeding cables.

bfeedingrod electrode element is miade of high-conductivity iron,-a-feedingrod an elect

gure 4a). If the-feedingred electrode element is made of poor-conductivity material
igh-silicon cast iron or highrsilicon chromium iron, an individual feeding cable is use

ent-guiding wire, as_ shown in Figure 4b).
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Feeding cable
—>

Coke / Iron /
IEC 052/13

allron usod for foogdina rod
7 -

Main feeding
Coke Branzzg?eeding cable
e\
\ ~ 4 A

—

Silicon cast iron or high-
silicon cast iron

IEC_053/13

Fedding cable ——»

Coke Iron
IEC

a) lIron used for electrode element

Branch feeding Main feeding
Coke cable cable
N e g N

High-silicon cast iron or high-
sificon chromium cast iron IEC

b) High-silicon cast iron or high-silicon chromium cast iron used for electrode element

Figure 4 — Feeding cable

5.6.8 Connection of jumper cables

To reduce the step voltage, each sub-electrode shall be continuous as much as possible. The
electrode may be-disconnected interrupted if it has to cross low-lying areas such as trenches,
ponds, or ditches, provided the electrical connections between the two segments are ensured.
Two jumper cables are typically used to join-disconnected separate electrode segments.

5.6.9 Selection of cable structure

Feeding cables and jumper cables should preferably use single core copper conductors with
insulation, e.g. Kynar or XLPE, to facilitate construction, operation and maintenance and to
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reduce the cost. For cable buried directly in soil, single core copper conductor cable with double
insulation may be used.

5.6.10 Selection of cable cross-section

The current-carrying cross-section of feeding cables and jumper cables (or cable-type current-
guiding wire) shall be selected based on the calculation results of the current with adequate
margin in different branches, and in such a way that safe operation of a cable is not affected
under any earthing current operation conditions or when the other cable is out of use (due to
damage or for the purpose of maintenance).

When selecting the cross-section of underground cable conductors, the maximum allowed
current-carrying capacity of the cable shall be calibrated based on the environmental conditjons
of the soil (such as the parameters of maximum ambient temperature, soil thermal conductipyity,
volume thermal capacity, and cable distance). In addition, the insulation cover shall~projide
good thermal stability.

5.6.11 Selection of cable insulation
Thelinsulation of current guiding system cables can be generally grouped into two levels:

e for feeding cable and jumper cable (or cable-type current-guiding Wire), the insulation level
should be generally no less than 6 kV and should preferably have)a metal sheath to preyent

1rlzoisture absorption into the cable;
[ ]

r branch feeding cables connected to high-silicon castiron or high-silicon chromium|iron
gub-electrodes, the insulation level should be generally'no less than 750 V and shpuld
referably have double insulation.

5.6.12 Cable welding position

For an electrode element made of iren (steel), during connection between feefling
cable and-feedingrod electrode element and between jumper cable and-feedingred electfode
elenpent, the recommended welding position.‘should be more than 5 m away from ends of the

For connections and splices betweén underground cable and-feedingrods electrode elemgnts,
hermic welding, arc welding or hydraulic compressed connections should be uped.

Pregsure-welding-or Bolt conneetion is prohibited.

The|welding shall be firm and tight. The welding contact resistance shall not exceed that of the
material of the same length with original specifications.

5.6.14 Mechanical protection for cable

All dnderground-cables shall be effectively protected. The cable should be fixed on a cpble
bradket and(bg protected by a properly sized PVC plastic pipe at the place where the feefding
cable entérs the ground. For current-guiding wires, feeding cables or jumper cables that| are
dire¢tly buried in soil, sand should be filled around them, with cement panels laid directly pver
the cable to protect it against damages caused by external forces. For branch feeding cables
connected to high-silicon cast iron or high-silicon chromium iron sub-electrodes, compatible
PVC plastic pipes should be used as shields.

All underground cable joints and welding points exposed to soil shall be sealed reliably with
epoxy resin.

5.7 Auxiliary facilities
5.7.1 Online monitoring

To determine or monitor the operation status of earth electrodes, monitoring devices that can
detect current distribution, temperature and humidity of the earth electrodes—shal can be
installed at the location of the current-feeding cable. Alternatively, installation-shall can be done
in a manner such that portable instruments can be used. Common detection devices can be
connected-via-detection installed in monitoring pits and wells. An online monitoring system can
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also be set up if-necessary required. See Annex | for-eperation-principle detailed information of
this system.

The current distribution detection device shall at least be able to detect current flowing through
different feeding cables. The detection well or sensor should be preferably placed at the access
point of the feeding cable or the location where high current-releasing density or high
temperature rise-eceurs may occur.

A main and redundant power supply system which may include the combination of local AC
supply, solar panel, batteries or diesel generator may be installed for the electrode monitoring
and control.

5.7. Soil-treatment Moisture replenishment

If reguired, water-filling devices should be installed for horizontal (trench) type earth €lectrgdes
to reduce soil resistivity and prevent soil from drying out. During design, suitable water filling
methods such as seepage wells can be selected based on site conditions.

5.7.8 Exhaust equipment

To facilitate release of gas generated during operation of the earth etectrodes and maintain
goodl operation characteristics of the earth electrodes, earth electrodes, especially deep |well
typg and shore type electrodes,-are-typicaty shall be equipped with-exhaust equipment.

5.7.4 Fence

If the step voltage or touch voltage exceeds safe limits, a wall or fence shall be erected, carrying
distinguishing marks to prevent or warn unauthorized people attempting to enter the site.

The|fence should be preferably made of insulatingmaterials such as brick, wood. If pon-
insufating material is used, small independent earthing devices should be installed, and| the
fenge should be-discontindous segmented usingnnsulators to avoid large transferred voltages.

5.7.9 Marker

Markers should be placed at properlocations above the perimeter of the electrode if requifed.
6 |Design of sea electrode station and shore electrode station

6.1 Main technical parameters
6.1.11 General

Des|gn of the sealelectrodes or the shore electrodes should ensure their safe and relipble
opefations throughout their life cycles and under different earthing current conditions inclufing
ratef current{/maximum short-time overload current, and maximum transient overcurfent.
Diffgrent techhical parameters such as earthing resistance, voltage gradient in water, ptep
voIt[ge, touch voltage and transferred voltage should be within the specified range.

6.1.

The temperature rise is not a dimensioning factor for sea electrodes and pond electrodes with
adequate water exchange, and it is not required to do this calculation.

Temperature rise

For beach electrode stations, the basic principle is that the maximum temperature of any point

6.1.3 Earthing resistance

The requirement for earthing resistance of sea and shore electrodes are the same as for land
electrode (see 5.1.3).
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Since the resistivity layers of sea and shore electrodes are not horizontal, the formula to
calculate the resistance to remote earth is more complicated than for electrodes with horizontal
layers{see-Figure-5}. In this case, calculation should be performed with computer programs.
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6.1.4 Step voltage

The step voltage of any ground point shall not exceed the safety limits defined for humans and
livestock (see 5.1.4).

Step voltages tend to be of a high level in beach stations if the electrode is buried at a moderate
depth. The fence will often be damaged if the station area is at risk of possible high tides, waves
and/or ice. If it is preferred to avoid fencing, the total station shall be made larger, or buried at
a greater depth.

6.1.5 Touch voltage

For earthed metallic structures that can be accessed by the public, the touch voltage of any
point on the site ground shall not exceed the safety limits defined for humans under the
maximum short-time overload current of one pole (see 5.1.5).
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6.1.6 Voltage gradient in water

The voltage gradient in water shall not exceed 1,25 V/m to 2 V/m in areas accessible to humans
or marine fauna.

6.1.7 Current density

The recommended average current density in sea water for sea electrodes and pond electrodes
is 6 A/m2 to 10 A/m2 in order to ensure a suitable gradient of 1,25 V/m to 2 V/m close to the
electrode (at a sea water resistivity of 0,2 Q-m). The anode should be shielded from fish, as
fish are attracted to the anode and not the cathode. If the sea electrodes or pond electrodes
are functioning in an environment open to free water but not accessible to human beings or to
mar[ie Tauna, the average current density can be raised 10 a value up 1009 40 A/mz~ 50 Afm?2.

For pbeach electrodes, in addition to electro-osmosis, Cl, generation should also be considgred
sincg it is not good for the-electrede environment. For water saturated beach elédtrodes,| the
recdmmended current density on the surface of the coke is 7 A/m2.

6.2 | Electrode site selection and parameter measurement
6.2.1 General principles

Selgction of the electrode site is a critical step during earth electrode-design, and a complicated
prodess, during which technical and economic comparison is required to select a safe, religble,
ecofomically feasible, and environment-friendly site.

Thelfollowing factors shall be considered when candidate séa‘electrode sites are compared|and
selelcted: distance to converter station, substations, pipelines, cables, etc., salinity of the|sea
water, slope of the seabed, resistivity on the shore, andiuniformity of the seabed.

6.2.p Data collection survey

To-flnd verify a-suitable possible electrode site, a-survey within a radius of at least 10 km shpuld
be gonducted to determine the natural conditions in the neighbourhood of the electrode|site
under investigation, which should at least include the landform and terrain, geological struciure,
ocean tide and currents in the sea. The survey shall show that the seabed is without clay so
that|the electrode does not sink.

Bes|des, in order to conduct enyironmental impacts evaluation, the surrounding facilities near
the plectrode site should alsobe surveyed, such as the existing and planned power faciljties
(substations and lines), bufied metal pipes, armoured or earthed cables, railway lines, fisning
areds, vacation beaches, cathodic protection system for marine metallic structures, etc. Cogastal
areds are often characterised by a layer of fresh water, rising to a higher level than the nearby
sealand a deeper layer of salt water, penetrating from the sea. If a distinct interface between
freshwater and saline water exists, survey should be done to determine which depth is the pest
for the active partof an electrode station. If the current is emitted in the freshwater layer, anpdic
operation withevolve only oxygen, not chlorine. If the electrode is close to, but still above] the
intefface,the’salt-water layer will absorb the current very effectively, within a short horizgntal
distTnce. If low resistance to remote earth and decrease of loss are the goals, the electrgdes
I

shall b€ placed in the saline strata, but some evolution of chlorine will be the result.

6.2.3 Distance from converter station (substation)

During the determination of the electrode site and during the commissioning of the electrode
station, the impact of earth electrodes on surrounding converter stations and AC substations
shall be calculated or measured.

6.2.4 Environment conditions

The electrode site should be placed far away from populated areas, such as vacation beaches
if possible, to reduce public concern about earth electrode.



https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

In electrolytic processes there will always be a chemical action, because the materials in the
soil ground/seawater (more precisely the substances diluted in the ground/seawater) will be
decomposed and/or built up to new chemical substances, see Annex L.

In an anodic process in ground water of very low or zero salinity, O, (oxygen) is produced and
emanates, which is generally not seen as a problem since the atmosphere partly consists of O,.
WitH increasing salinity, the evolution of Cl, (chlorine) will take over, which is a kind of, foxic
gas|However, there will still be, even in salinities up to sea water level, a substantial-evolytion
of J,. The sum of evolved gases respects Faraday’s law of electrolysis, which says thaf the
masfs of decomposed material is proportional to the electric charge, i.e. the number of ampere
houfs.

6.2.5 Measurement of ground/water parameters

The|measurement of ground/water parameters shall meet the following.fequirements:

a) for beach/pond electrodes, the resistivity of seawater and shallow soil on the beach shpuld

e measured. The former can be measured by a liquid condgctivity tester, and the latter|can
Ee conducted by the Wenner or Schlumberger methods.&s Used in land electrode, buf the
ffect of seawater on the apparent resistivity measurement results shall be considerdd in
$oil model inversion analysis. Besides, the seawater’depth and seabed slope near| the
¢lectrode should also be tested or surveyed whighymay use the method of sonar or egho-
sounding. If required, the deep soil resistivity €Cotfld be measured by the magnetoteljuric
MT) method (see Annex D), which is used\to evaluate the impact on the surrounfing
acilities on land.

b) Kor sea electrodes, the factors like sea ¢Urrents, sea-bottom roughness and sea-bottom| soil
onditions should be investigated. Mafphological and geological investigations can include
ide-scan sonar, sub-bottom profilegand echo-sounders. Bottom conditions should alsp be

investigated by divers and/or withh under water vessels and documented by camera.|The
esistivity of seawater and soik'of sea-bottom can be measured by seawater/soil samp|ing.
esistivity measurements are-possible for sea electrodes, at least in shallow water arpas,
owever more complicatéd” than on land. The resistivity may also be measured on
ndisturbed soil samples-from the seabed.

c) The salinity of the seawater shall be measured in order to analyse gas evolution rates.
6.3 | Earth electrode and associated components
6.3.1 General\principles for material selection

The| material™shall be selected through technical and economical comparisons baseq on
engineeringsand market conditions. The selection shall respect the following principles:|low
dissL)Iution rate as well as low chlorine emission rate in anodic regime, low toxic or (Ther

negqtive’ effects, and cost-effectiveness.

6.3.2 Common-feedingrods electrode elements and characteristics

Feeding—rods Electrode elements used for sea electrodes or shore electrodes should be
preferably made of high-silicon chromium iron, or graphite embedded in coke. The carbon
content in iron should be less than 0,5 %. Graphite should preferably be treated by submersion
in linseed oil. The chemical composition of high-silicon chromium iron should correspond to the
values listed in Table 1.

Other material that can be used directly in sea water without embedment in coke are:

a) platinised titanium or niobium (Pt/Ti or Pt/Nb);
b) magnetite;
c) bare copper conductors (for cathodic operation only);



https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

- 38 - IEC TS 62344:2022 RLV © IEC 2022

d) mixed metal oxides (MMO).

Platinised titanium or niobium are also well-known electrode material for anodes, the most
widely available shapes of which are wires, meshes and rods, depending on the manufacturer.
But they are not very suitable for cathodic operation.

Magnetite, Fe3;0,4, is commonly used for cathodic protection purposes. The electrodes|are
usually produced in rod-form, 0,06 m in diameter, 0,72 m in length and other sizes as~well.|The
resigtivity of magnetite is about 5 x 107> Q-m —=10 x 10~2 Q-m. A disadvantage of this matgrial
is that it is brittle and not easy to manufacture.

Bar¢ copper is-good-choice an electrode material fit for cathodic-electrodespoperation only, as
anoglic operation will lead it to quickly corrode itself. A reason for this chojce is the possibility
of eptablishing reliable clamp connections by compression or by welding;“which will withstand
the environmental conditions of the seawater.

Mix¢d metal oxides (MMO) electrode is developed to prevent the corrosion during chlgrine
production by coating the titanium with special mixed metal/oxides (coating thickness in| the
rande of 5 ym to 20 uym). It can be used both in anodiccand in cathodic operations. Byt in
cathodic operations the dispersed current density shall be(limited to be much lower than thpt in
anodlic operation. This is due to the adsorption of the hydrogen developed in cathodic operdtion
by the crystal structure of titanium, and subsequent fohgtation of titanium hydride, which is byittle
and|leads to net damage.

6.3.8 Chemical properties of petroleum goke

See|5.3.3.

6.3.4 Current-guiding system
See(6.5.

6.3. Bus
See|5.3.5.

6.3.6 Electrode linesmonitoring device
See|5.3.6.

6.4 | Electrode arrangement
6.4.1 General principles

The| afrangement of sea electrode—feeding—+rods elements can be classified as horizgntal
embedded in coke (see Figure 5) or placed in cages directly on the bottom of the sea. If hets
are used, these shall be placed on sea bottom and covered by gravel or cement sacks.

The arrangement of shore electrode—feeding—rods elements can be classified as vertical
embedded in coke (beach type) or placed directly in seawater (pond type), see Annex M.
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Figure 5 — Sea electrode
6.4.2— Filling coke

For [sea electrodes and shore electrodes, the filling of coke, if used, should be performed on
the shore. Fabric shall be used to keep the coke in place. The sub electrode is then{placefl on
the seabed, covered by gravel or cement sacks.

For peach electrodes, the sub electrode is then placed in the bore holes madé|on the shorg.

6.4.8 Selection of earth electrode shape

The[physical layout of the electrode should be as round as possible. Wjth a net type electfode
(anqdes) the ends form a curve approximately to half circles agajnst the coast. See Figure 6.
Thigis to ensure the best possible current sharing among sub-electrodes, because the influgnce
of cprrent density on the production of Cl, makes it important that all sub-electrodes carry an

equally low part of the current. For shore electrodes, if the shoré is narrow, an elliptical or linear
shape electrode may be used.

Electrode cable Electrode element

S B IEC
Figure 6 — Sea bottom electrode with titanium nets

6.4.4 " Segmentation of earth electrodes

DC earth electrode sub sections shall be divided into a few segments for better inspection and
maintenance. The number of sub sections shall be limited to avoid impact on current distribution
and avoid the need for a complicated current guiding system. Subsections shall be performed
so one part of the electrode can be taken out for maintenance or repair without resulting in
unacceptably high potentials in water or ground close to the section out of service.

If the total electrode is composed of a number of sub-electrodes (which is preferred), then two
different "philosophies" shall be considered:

a) the sub-electrodes are placed such that they are easily accessible for inspection/repair.

This normally requires a small depth of burial and generally applies only to horizontal sub-
electrodes;

b) the sub-electrodes are inaccessible when installed, with the idea that they are of a
disposable (throwaway) type, which is left underground when damaged, if they are too
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difficult to salvage. A new substitution electrode is arranged close to the damaged one.-This

philosophy-isrelevant-to-vertical-electrodes;buried-at-large-depths-

6.5
6.5.

Current-guiding system
1 Placement of the current-guiding wire

For sea electrodes and pond electrodes, the busbar and other equipment, should preferably be
placed in a cabin at some distance (e.g. more than 500 m) from the electrode area, at a safe
level above sea surface. The current guiding wires between the busbar in the cabin and the
sub-electrodes, or subparts, shall preferably be made as individual smaller cables, or mutually
insulated sub-conductors in large cables. The extra (and equal) resistance in each sub-

conductor will tend to equalize the current sharing among sub-electrodes. If not, series resis

can
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lectrode of titanium net, 1,22 m x 16,5 m

Connection plate of titanium
Watertight heat-shrink joint

lectrode cable (feeding cable), copper conductor 10 mm?

Watertight heat-shrink joint

lectrode cable (current guiding wire), copper 35 mm?

Figure 7 — Titanium net
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6.5.3 Selection of cable cross-section
See 5.6.10.

6.5.4 Insulation of the current-guiding system
See 5.6.5 and 5.6.11.

6.5.5 Selection of cable structure

Feeding cable should preferably use single core copper conductor with insulation, e.g. Kynar
or XLPE, to facilitate construction, operation and maintenance and to reduce the cost. For cable
buried directly in the seabed, single core copper conductor cable with double insulation may be
usedq.

6.5.6 Mechanical protection for cable
See|5.6.14.

6.6 | Auxiliary facilities

To determine or monitor operation status of earth electrodes, monitoring devices that can dgtect
current distribution of the earth electrodes shall be installed at the location of current-feefling
cables (see 5.7.1).

Exhaust equipment should be considered for exhaust of Cl, (see 5.7.3).

7 [Jmpact on surrounding facilities and mitigation.measures

7.1 Impact on insulated metallic structures and mitigation measures
711 General principles

Tough voltage on any insulated metal structurecburied near earth electrodes caused by grqund
retufn current shall not affect safety and health of people in contact with the metal strucfure,
and|possible corrosion shall not affect normal operation of the structures.

7.1.2 Relevant limits

For underground metal pipes insulated by surrounding cement or asphalt, the voltage between
the pipe and surrounding soil shall*be within the range from -1,5 V to —0,85 V at the equivalent
earthing current. If this is not.the'case, proper precautions should be taken.

For pipes equipped with a-cathodic protection system, the voltage to earth on the pipes caysed
by garth electrode earthing current shall not exceed the capability of the cathodic protegtion
system.

At normal ratedscurrent, the touch voltage of a metal structure shall not exceed 70 V. If thjs is
not the case, proper precautions should be taken.

7.1.8 Mitigation measures

For [insulated metal pipes buried in ground with a voltage exceeding the limit, common
precautioms inctudeadditiomor Teimforcementof Tathodicprotectiom capabitities;—=addition of
pipe anti-corrosion coating, and separating a pipe into segments and connecting them with

insulative materials.

7.2 Impact on bare metallic structures
7.21 General principles

Impact of current field of DC earthing current on any buried bare metallic structure, such as
touch voltage and corrosion, shall not affect the-nermal-behavier safety of people in contact
with the metallic structure and safe normal operation of the metal structure.

7.2.2 Relevant limits

To protect personal safety, the touch voltage of any metal structure shall not exceed the value
defined in 5.1.5. If this is not the case, proper precautions should be taken.
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During analysis of corrosion effects of the earth electrodes on surrounding bare metallic
structures, the current density at the surface of any buried metal structure exposed to soil
should not exceed 1 pyA/cm? at the equivalent earthing current, and the corrosion shall not affect
normal operation of the metal structure. See Annex J for the calculation method.

7.2.3 Mitigation measures

The distance between earth electrodes and surrounding bare metal structures should be as
large as possible. If the minimum distance between earth electrodes and underground bare
metal structures, such as buried bare metallic pipes, is less than 10 km, or if the length of the
underground metallic structure is longer than the distance, the adverse effects of DC earthing
current of the earth electrodes on the structure shall be-ealeulated evaluated

In chse of excessive current flowing out of a bare metal pipe exposed to soil, corresponfing
anti{corrosion measures such as |nsulat|on coatmg or Cathodlc protectlon shaII be taken for the
metal pipe. -[The
insuILIatlon coating is usually made of concrete asphalt enamel or resin, and polyvmyl flucr|de
is the best choice. Cathodic protection is typically achieved in two ways: lprimary baftery
cathodic protection or external DC power supply cathodic protection.

7.3 | Impact on the power system (power transformer, grounding-nétwork, and
surrounding towers)

7.3 General principles

Risg of earth potential on an AC system near the earth electrodes resulting from the earthing
current is likely to cause DC component in neutral-groundeditransformers and consequently DC
biasing (see Annex A). The schematic diagram of impact’of the DC earth electrodes on AC

systems is shown in Figure 8.
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Figure 8 — Impact of earth electrodes on AC systems

(transformer _grounding network tower)

7.3.2 Relevant limits

The permissible DC current for windings of each transformer phase, if actual values are not
known, can be as follows: 0,3 % of rated current for a single-phase transformer, 0,5 % of rated
current for a three-phase five-legged transformer, or 0,7 % of rated current for a three-phase
three-legged transformer.

7.3.3 Mitigation measures

If the earth electrode DC current flowing through the transformer windings is higher than the
above limit, proper current-limiting or DC current-blocking measures shall be taken. The two
main methods are:

a) DC current-blocking capacitor;
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b) a small resistor connected in series with transformer neutral and ground.
7.4 Impact on electrified railway

If the earth electrodes lie near an electrified railway, simulative calculation should be performed
to analyse issues concerning touch voltage on communication cables and signal cables of the
railway caused by the earth electrode earthing current, DC current flowing through the traction
transformer, and corrosion of earthing devices. Under rated current, the touch voltage between
any point on the communication and signal cable and the common machine control room should
not exceed 70 V, the consequent corrosion of earthing devices shall not affect their normal
operation, and the DC current flowing through the traction transformer in the traction station
shall be within the allowed range (usually higher than those of general AC transformers).

7.5 | Other facilities (such as greenhouses and water pipes)

If the earth electrodes lie near facilities such as greenhouse or earthed metallic water pipes,
the {ouch voltage and transferred voltage generated on them shall be considered,Impact of the
tough voltage and transferred voltage can be reduced by earthing or removal ©r, 'relocatign of
these facilities.

If th¢ earth electrodes lie near a seismic station, simulative calculation and*measurement shpuld
be performed to evaluate the potential difference between observationcelectrodes and magnetic
flux |density caused by the electrode lines and DC transmission_lines. Measures such as
adjusting the direction, or the length of the seismic station observation electrodes can be taken.
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Annex A
(informative)

Basic concepts of earth electrodes

A.1 Basic concepts

Earth electrodes play a very |mportant role in the operation of DC power transm|s5|on systems
Firstly, they can
ret+ab44+ty prowde a transm|SS|on path for the Ioad current under monopolar earth return
opefsa - - TS : u s—overt

Sec Jndly, theyeafn—heteL provrde the ground reference for the neutral potent|al at the converter
statjon-(reetifying-vahve} to avoid equipment damage due to unbalanced voltage to earth’of the
two |poles. Hence the design of earth electrodes is critical during the design andconstrugtion
of te whole DC power transmission system.

A.2| Operation mode

A2 General

An HVDC power transmission system typically consists of threeparts: rectifier station,| DC
current line, and inverter station, as shown in Figure A.1.
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Figure A.1 — HVDC power transmission system structure

Depgending-on the number of nodes connected to AC systems, DC power transmission systems
can|be \grouped into two-terminal and multiple-terminal systems. Two-terminal DC pgwer
tranpmission systems can be further classified into three-types configurations:-menepelartype;

b+pe+ar—ty—pe—and—leaek—te—baek—type monopole, bipole and back-to-back.

A.2.2 Monopolar system
A.2.21 General
The monopolar system as shown in Frgure A2 is typrcally operated wrththe—pesmye onIy one

menepetaemetath&returmmede The monopole DC system usually operates in negat|ve poIe

mode, as it is less likely to be affected by lightning strikes and produces less radio disturbance
caused by corona than the positive pole operation mode. The monopolar systems can be
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operated in two modes, ground return via ground electrodes or dedicated metallic return as
shown in Figure A.2 and Figure A.3, respectively.

NOTE The terms “positive pole” and “negative pole” relate to the voltage polarity of that pole under the operating
condition when power is being transmitted in the direction for which the HVDC project was primarily designed. For
HVDC projects that are designed to be bi-directional, it is not possible to distinguish between the terms “positive
pole” and “negative pole”.

A.2.2.2 Monopolar earth (sea water) return mode
This is a DC power transmission system with an overhead conductor or cable and using earth

or sea water as the return-eireuit path.-lt-isalseo-called-a-one-lineone-earth-system-

¥ I
1

- IEC

Figure A.2 — Schematic diagram of-the-straettre-of
a monopolar earth/(sea water) return system

A power transmission system adopting monopolar earth/*sea water} return mode can gave
investment in lines. However, electrochemical corrosion” may occur in underground metal
faciljties—at-places—where-the-systempasses—by located within the interference radius off the
groynd electrodes, and nearby communication andimagnetic compass may be disturbed. [This
operation mode is applied in many systems, including the Gotland Island DC system in Swgden
and|the Sardinia-Corsica-Iltaly DC system.

A.22.3 Monopolar with dedicated metallic return mode

e ; irg Monogolar
system with dedrcated metallic return uses a Iow |nsulat|on conductor earthed at one engdl as
the return circuit, as shown in Figure A.3.-ltshould-be-noted-that The earth reference shown in
Figyre A.3 conducts no DC curfent and does not need to be designed as an earth electrodg.

= IEC

Figure A.3 — Schematic diagram of-the-structure-of monopolar dedicated
metallic return system

A.2.3 Bipolar system
A.2.31 General

As shown in Figure A.4, the bipolar line mode requires two conductors of different polarities
(positive and negative poIe) Blpolar systems can be further classified into three types 4e+petar

blpolar earth (sea water) system rigid DC current bipolar system and blpolar dedlcated metalhc
return system.
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Figure A.4 — Schematic diagram of-the-structure
bipolar earth/sea water system

3.2 Bipolar-neutral- grounded-at both-ends earth (sea water) return mode
mode of bipolar—reutral-grounded—at-both—ends earth/sea watér -system is show

re A.4. Both the neutral of the rectifier station and that of the inverter station are grour
is mode. It can be regarded as a system formed by two superimposed-ene-line-one-grg
opolar systems. Unbalanced current flows through the return-circuit during normal operg
s current is low (e.g. symmetrically operated bipolar system), corrosion on undergrg
bllic equipment is significantly reduced. Besides, in case of failure of any pole, the functi
can still use earth or sea water as the current return cipcuit and thus maintain 50 % of
er transmission.

3.3 Bipolarneutral grounded-at-one-end Rigid DC current bipolar mode
mode of rigid DC current bipolar-neutral-grotinded-atone-end system is shown in Figure

is mode, the system is not grounded at the-converter rectifier station end and thus av

—ends earth/sea water mode. It should be noted that the earth reference showr
re A.5 conducts no DC current and"does not need to be designed as an earth electr
disadvantage of this mode is that the operation is not possible when a failure occur
line. It also requires the currents in the two poles to be exactly equal, since there i
'n path for any unbalance(current. : —H : : :
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bsion ground interference as it only happens in the-mode—of bipolar-neutral-grounded-at

on
bde.
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bde;

Figure A.5 — Schematic diagram of

A.2.

IEC

rigid bipolar system

3.4 Bipolar-neutral-line with dedicated metallic return mode

The mode of bipolar-reutral-tine with dedicated metallic return is shown in Figure A.6. In this
mode, in addition to conductors for positive and negative pole, a conductor is used as the
neutral line between two converter station neutral points and grounded at one end. This mode
not only eliminates the drawbacks due to earth or sea water being used as the current return
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circuit, but also allows continuous monopolar operation. In this mode, the earth reference shown
in Figure A.6 conducts no DC current and does not need to be designed as an earth electrode.

Construction of DC power transmission systems typically require a bipolar system to be built in
different phases. One pole is often built before the other and operated as a monopolar system
to achieve benefits at an early stage. The + 500 kV Geshang DC project and Tianguang DC
project in China were both constructed in this way.
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Figyre A.6 — Schematic diagram of-the structure-of bipolarineutral-line bipolar dedicated

metallic return system
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lanced bipolar system consists of two completely identical monopolar systems, which
ally built and put into operation in stages, which means the second monopolar syste
and put into operation shortly after the first'one is put into service. If this is not the g
the second monopolar system is built at @ late stage according to planning, advancern
Ilevant technologies in the transition périod can lead to different transmission power

ge rating between these two systems) For instance, the Konti-Skan DC system consis
monopolar systems with different @ransmission powers, which share a pair of reverg

Symmetric unbalanced system

are
m is
ase
hent
and
s of
ible

con
the

pow|
syst]
mod

5

erter stations. The Skagerrak DC'system was planned to be a balanced bipolar syste
beginning, but-nrew-has-three fatér a 3" monopolar systems was added to this project.
er transmission direction, ofithe third monopolar system is opposite to that of the bip

em built at an early stage.-The-converter station-is-therefore-inan-unbalanced-operati
o~ And a 4th (VSC) pole™had just been added to the Skagerrak project in 2014.

Back-to-back'converter station

fa

m at
The
olar

P OwW o T artotiT

alla
aHe

ste

,
[¢]

Emission lines and W|th both rectlfler and inverter converter stations in the same switchy
k=to-back” converter stations are now widely used with the main purpose of lim

ting

incr

case Of ShoTt=circuit—current aduring the mterconmection of efectric grids,

mpTroving

the

reliability of grid under operation, and serving as a frequency conversion station during the
interconnection of grids with different frequencies. Back—to-back converter stations do not
require earth electrodes.

A3
A.3.1

The safety risks of DC grounding systems mainly involve electric shock due to touch voltage,
transferred voltage and step voltage, among which electric shock due to step voltage should
receive more attention.—Fhe—acecumulative—effects—of d-c-—grounding—systems—mainly—involve
corrosion-of the earth electrodes themselves and nearby metallic structures.

Dangerous impact and accumulated impact

General
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2 Safety risks of DC earth electrode
21 General

The concept of touch voltage, transferred voltage and step voltage are shown in Figure A.7.
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Figure A.7 — Schematic diagram of touch voltage-and step voltage

step voltage limit is an important basis for the design of earth electrodes. When the
ge caused by earth electrode current in the graund exceeds a certain value,-electric-s}

step

it may cause annoyance to people or animal around the electfode.
On t{he other hand, too low a value for step voltage will increase the total cost of the system.
Henge the selection of a reasonable step voltage in the neighbourhood of the earth electrqgdes
is significant for ensuring personal safety and lowering system costs.
Wha3t really poses safety hazards to people is the current flowing through the human bpdy.
Henge the step voltage limit depends on physical conditions and the footsteps of people. Impact
of sfep voltage is more significantatlower sensing current, lower human body resistance, lgwer
confact resistance between thechiiman body and the soil, and longer footstep. A low step voltage
limitf should be defined to ensure personal safety.
Thel|step voltage limit fornthe human body is calculated with:

U:[g(R+2RS) (A.1)

whefre
U is the step voltage limit (V),
Iy iS/the minimum current (A) sensed by a human body,
R is the human body resistance (Q), and
Ry is the contact resistance (Q) between one foot and the soil.

According to tests conducted on 1 028 subjects, over 95 % of the subjects have a foot to foot
human body resistance greater than 1 400 Q (see Annex C), which is slightly different from the
hand to hand human body resistance given by IEC 60479-1, and over 95 % of the subjects do
not feel anything at a DC current of 5,3 mA. Based on these test results and considering the
different amplitudes and durations of DC system earthing currents, the maximum allowed step
voltage of any point on the ground can be determined with Formula (2) under maximum short-

time

overload current of one pole.

Designing earth electrodes based on step voltage limits can ensure the safety of people walking
near earth electrodes. For earth electrodes failing to meet the step voltage limit, an isolation
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wall should be erected in corresponding areas to prevent people from entering these areas and
suffering-from being exposed to electric shock.

A.3.2.3 Typical distribution of DC earth electrode step voltage

Present-day DC earth electrodes are often closed loops, the circular configuration being the
best option.

a) Typical single circular DC earth electrode

A single circular DC earth electrode structure is shown in Figure A.8, and distribution of step
voltage is shown in Figure A.9 and Figure A.10.
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Figure A.8 — Schematic diagram of single circular earth electrode
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Figure A.9 — Axial distribution of step voltage of single circular earth electrode
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Typical double circular DC earth electrode (bb‘
\ double circular DC earth electrode structure is shown in FiguréA11, and distributio
tep voltage is shown in Figure A.12 and Figure A.13. &Q)
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Figure A.10 — 3-D distribution of step voltage of single circular eartﬁ],eqectrode
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Fi@A.H — Schematic diagram of double circular earth electrode
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Typical triple circalar DC earth electrode
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Figure A.12 — Axial distribution of step voltage of double circular-earth electrode]

-
)] o

Step voltage (V/m)

(2]
o
oo

600

-600 -600

IEC

Figure A.13 — 3-D distribution of step voltage of double circular earth electrode

\ triple circular-BC earth electrode structure is shown in Figure A.14, and distributio
tep voltagetis shown in Figure A.15 and Figure A.16.
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Figure A.14 — Schematic diagram of triple circular earth 'électrode
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Figure A.15.—Axial distribution of step voltage of triple circular earth electrode
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Figure A.16 — 3-D distribution of step voltage of triple circular®arth electrode

A.33 Accumulated effect of DC earth electrodes

Thelaccumulated effect of earth electrodes mainly involves electrochemical corrosion of njetal
condluctors due to DC current. During system operation, the earth serves as a giant electralyte
tank, and the DC earth electrodes of the converter stationvat the two ends serve as|two
electrodes in this electrolyte tank. The process of electrolysis and dissipation continues af the
anofle according to Faraday's laws of electrolysis, leading to electrochemical corrosion of the
DC [earth electrodes themselves. As the time elapses, the total ampere hours of the earth
electrodes in operation continue to increase, causingimore serious corrosion of the buried metal
condluctors. The corrosion of earth electrodes therefore has a typical accumulated effect pver
time.

Ong| important aspect of well-designed earth electrodes is the ability to ensure safe opergtion
of eJectrodes throughout the designed service life, despite the corrosion during operation of
thesl?1 electrodes. On the other hand,“investment in earth electrode construction should be
minimized.

For PC earth electrodes, the isSue of electrolysis corrosion remains a major challenge as a pigh
current, of the order of kA, s likely to flow through them for a long time.

Whgn a DC power transmission system is operated using earth as the return circuit, the cufrent
will flow from the-grounded-anode-to-soil anode electrode to the ground, and, at the other|end
of tHe DC line a corresponding current will flow back from the ground to the cathode-te-the-lines.

Flowof currentin-soil-is-mostlymade possible-by-electrolyte-in-the-soil- The current flow or the

groynd is mestly made possible by the weak electrolyte formed by the ground waters.

Lowlcarbon steel (iron) is now a commonly used anode material as it is widely available|and
low [in‘price. The electrolysis corrosion process is explained below by using an iron anodg as
an example-

Chemical Formulas near the anode:

Fe —» Fe?* +2e~ (A.2)
Fe?* + 20H™ — Fe(OH), (A.3)
4Fe(OH), + 2H,0 + O, — 4Fe(OH)4 (A.4)

Fe2+t ions generated during electrolysis will enter the electrolyte from the anode to react with
OH~ ions there, generating ferrous hydroxide, Fe(OH),. Ferric hydroxide, Fe(OH)3, is the
product of further oxidation (a reddish-brown unconsolidated material). This process will
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continue to consume anode metal. Consumption of metal anode during electrolysis can be
calculated below based on Faraday's laws:

Am

m= Flt (A.5)
where
m is the consumption of metal material (g);
A, is the molar mass of the metal (g/mol);
K is the metal valency, dimensionless;
F is Faraday's electrolytic constant, 9,648 53 x 104 C/mol;
I is the current flowing through the metal (A);

t

is the current flowing time (s).

As the molar mass and valency of iron are 55,86 g/mol and 2 respectively(ferrous ions
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nce 2 are generated during electrolysis), for each ampere of current/flowing through
anode, the annual consumption of the anode can be calculated as-follows:

55,86

m= x 1x 365 x 24 x 60 x 60 =9 128,86 [g] (
2x9,648 53x10*

hse of bipolar connection, suppose the rated current of'each pole is 1 kA, the unbalar
ent in normal conditions is 30 A, and the monopolaroperation rate is 1 %, then the an
umption of the iron anode can be as high as:

m=9128,86 x (30x0,99 +1 000 xQ,01) = 3,62x10° [g] =362 [kg] (

n-be-seen-that The anode material is significantly corroded due to electrolysis. If the &
trode has a designed life of 30 years, which means 40 % of earth electrodes car
umed after 30 years, earth electrodes will require 27,15 tons of steel.

L Corrosion of the earth electrades is an issue that cannot be overlooked during desig
h electrodes. The solutions-are typically selected from the perspectives of anode mat

ction, structure and shape'optimization,—and-proper-anti-corrosion-measures,—such-as

Impact on an AC grid

1 General
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bneral by-far the most difficult problems that may arise in the performance of ground regturn
mode of gperation, concerns the influence on AC power systems. Such problems would lj

ue toythe resistivity profile of the ground over vast areas around the electrode and

kely
the

ive_location of infrastructures like AC substations and the configuration of electrical pg

wer

syst

IS,

The necessary and effective protection for ground DC-exeitation bias of transformers is to locate
the electrode station at a certain distance from any vulnerable substation, including the
converter station.

A.4.
A.4.

2 DC current path to AC system
21 General

The basic cause of effects of HVYDC transmission in ground return mode on to the AC system

is due to potentials at the-gradient-of-ground-petentialrise soil surface caused by the return of

DC current through the ground. The main paths that DC current follows into AC system include
the shielding wire(s) and the grounded star point of AC transformer(s).
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A.4.2.2 Shielding wire

When the electrode operates as an anode type, the shielding wires of the towers close to the
electrode will pick up part of the electrode current and discharge it to the towers at the distal
end. On the contrary, if the electrode operates as a cathode type, the towers at the distal end
will absorb current from the surrounding soil and discharge it to the towers close to the electrode.
Under these circumstances, it may result in risk of corrosion to the grounding devices of the
rs discharging current.

A.42.3 Grounded star point of AC transformer

Due| to the-earth soil surface potential gradient, DC current enters the grounded)star point of
AC {ransformer A, follows the high-voltage phases to transformer B and leaves-ithrough the|star
point connection and ground grid of substation B. The transformers most affected by DC cu
will pe in the vicinity of either electrode stations as the ground potential gradient is steep pnly
in the vicinity of electrode stations.

A.43 DC magnetic bias of AC transformer
A.43.1 General

The[DC component through the transformer windings provokes a constant magnetising of| the
cord, which, superimposed on the symmetrical AC magnetising, lets the flux vary il an
unbalanced way, which in one flux direction may lead tosaturation of the core. Both YY and YD
typg of transformers will have flux offset by the ,ground potential rise. As the transfoimer
operates in the nonlinear portion of its magnetizing‘curve, the magnetizing current will consist
of ajseries of harmonic currents. The wave form,ofithe current is-destroyed distorted mainly|due
to alrise in the content of the second harmonics. Generally there will also be a rise of seyeral
othdr positive, negative and zero sequence harmonics, particularly 3" harmonic current.

The|vulnerability to DC magnetizing vaties for different core types. Monophase transformers
with| magnetic return equal in area to‘the wound leg are strongly affected. Three-phase, five-
legded transformers also react toi'some degree. Three-phase, three-legged transformers| will
withgtand a high level of DC current excitation.

A.413.2 Three-phase, three-legged transformer

The| tank of the three-legged transformer, for zero sequence flux, acts like a single [turn
secondary winding._and large currents may be induced in the tank causing vibration |and
overheating.

A.413.3 Three-phase, five-legged transformer

In three-phase, five-legged transformers, the return legs carrying more DC flux are more likely
to saturate 'than the phase legs. Once the outer legs are saturated, the transformer for fulfther
exci[ation acts almost like a three-legged transformer.

A.4.3.4 Reactor

Reactors with magnetic cores, for compensation purposes, are not at all exposed to DC
saturation. This statement is valid regardless if the reactors are monophase or three-phase,
with three- or five-legged cores.

A.4.3.5 Saturation time constant

The rise of the harmonics in the transformers with saturation depends on the time constant of
the circuit through which the DC current would circulate. Generally, this time constant is of
several seconds and full harmonic current peaks due to saturation are not reached until almost
a minute after the rise of ground potential. Within this time it is generally possible to transfer
the system to metallic return configuration.
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A.4.3.6 Saturation analysis

When analysing the possibility of saturation, the grid composition is usually much more
complicated. A detailed resistance network containing the different stations, the mutual
interconnection between stations and the resistance in transformers should be set up, and the
flow in the different branches calculated.

Generally speaking, the problem of saturation is not very serious for most of small grid
transformers (<200 MVA), as they are normally three-phase, three-legged. Attention will be
drawn to large-menephase single phase units and to large three-phase units, which are often
five-legged to reduce height in order to facilitate transportation.
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Annex B

(informative)

Earth electrode design process

Site selection process

Site selection of earth electrode starts with a desktop study and then is followed by geographic

survey and data acquisition, electrode pre-design, preliminary interference studies, and
preparation of site selection reports.

The

Determine design principles

|

flow chart of earth electrode site selection process is shown in Figure B.1.
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Figure B.1 — Flow chart of earth electrode site selection process
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Earth electrode design process

Specify the system conditions for design of earth electrode, with the definition of the current
versus time for each operational condition — continuous unbalance current, monopolar

current during annual maintenance of one pole at maximum current, overload current,

and

rated current of earth electrode, plus any assumed long time operation in monopolar

operation to determine the service life of earth electrode elements;

Developed a desktop survey, which will consider the relevant aspects for the selection of
the candidate sites to be surveyed (geography, geology and so on). After the selection of

the candidate sites, they should be inspected and surveyed. The owners of the lands sh

ould

be previously contacted because it they do not agree to allow for the surveys in their l1ands

the site should be discarded:; Q

Conduct geotechnical and geophysical surveys at the selected sites that%’b
considered as candidate sites for the electrode, followed by the construogi of
geoelectric models of the soil each site, to be used for the preliminary ele desig

Determine the type of earth electrode based on electrode site conditio {lrlte constra
areas, soil resistivity model, thermal parameters (thermal conductivit d capacity),
other parameters;

Determine the material of earth electrode considering factorscégah as the magnitud
earth current of earth electrode, service life of earth ele e, and corrosivenes
groundwater, as well as engineering application and costs@ various materials;

such as the electrode size, burial depth and cros ctional area of coke, should

Determine the major design parameters of earth elecér\ . The dimensional parame
determined based on the available area of th€,electrode site and comprehensi

cing
the
n;
nts,
and

le of
5 of

ers,
be
vely

considering technical parameters such as the rode resistance, step voltage, cufrent

density, and ground temperature rise. The im;{ t of construction difficulty and project
should also be taken into consideration;

Design of the current-guiding system of @arth electrode. In design of the current-gui
system of earth electrode, the eIectrod&hould be sectionalized if the owner has spec
that operation shall be possible With&butage of a given portion of the electrode in cag
maintenance. It should be desi d based on the calculation results of the elect
current and potential distribution; the cross-sectional area of current-guiding cables sh
be determined based on the gnitude of current in each section of electrode;

Design of auxiliary faciliE&”QSJ Seepage wells and monitoring wells can be designed for ¢
electrode, and online itoring system can also be provided if specified by the owne

flow chart of earth@eétrode design process is shown in Figure B.2.
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Test results of human body resistance

C.1 Basic information of test subjects

A total of 1 028 test subjects including 589 farmers, 278 college students and 161 scientific
workers are selected to test the human body resistance. Among them, there are 631 males and

397 females, presenting a ratio of about 1,59:1. The

test subjects are 12~75 years old,
N and
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age weight of 55,31 kg.

age, height and weight distribution of the test samples are shown in Figure C.
Figure C.3 respectively. For all samples, the average height of males was
verage weight of 63,50 kg, and the average height of females was 15
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Figure C.2 — Height distribution of test samples
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Figure C.3 — Weight distribution of test samples

Test method

Y
y
P

QY
W
o

human body resistance is measured by using the ammeter arﬁglﬁe voltmeter. Usg¢ an
ersed in 10 % salt water

stable DC power supply to apply voltage to two copper plates @1
(wit£a resistivity of 1,53 Q-m) in a test tank and let the test sub'E;ct tand barefoot on these

er plates. The depth of salt water is about 3 mm~5 mm that

rsed into the water and the soles of the test subject aré\

easure the current flowing through the human

will minimize the impact of the contact resistance between the two feet of the human |
the surface of the copper plates on the measurem Q Under this condition, use an amm
éay, and use a voltmeter to measure

the copper plates is

two
just

full contact with the salt water.

ody
eter
the

voltage between the two copper plates, then caleu te the human body resistance by Ohm's

law.
prod

The

The pulse and blood pressure of the test subjects are monitored throughout the whole

ess. \(\@
schematic diagram of the test circui@'s\Shown in Figure C.4.
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Figure C.4 — Schematic diagram of test circuit

Test results

test

The foot-to-foot human body resistance is recorded under the perception current (when the
sample subject starts to have sensation). The statistical information of test subjects and test
results are given in Table C.1.

A total of 945 sets of valid data were obtained from 243 students (25,7 %), 156 scientific workers
(16,5 %) and 546 farmers (57,8 %). The statistics show that the average foot-to-foot body
resistance is 2 550 Q. Specifically, the distribution of human body resistance is: 1 000 Q ~1
100 Q accounted for 0,42 %, 1 100 Q ~1 200 Q accounted for 0,85 %, 1 200 Q ~1 300 Q
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accounted for 1,06 %, 1 300 Q ~1 500 Q accounted for 4,66 %, and larger than 1 500 Q
accounted for 93,01 %.

Table C.1 — Statistical test results (foot-to-foot body resistance)

No. of subjects

Foot-to-foot human body resistance

Place of test Q
Total Male Female Minimum Maximum Average

College A 58 52 1 1181 4900 2 360
College B(1) 98 82 16 1355 6 366 2707
College B(2) 53 51 2 1422 5121 2.680
College C 39 28 11 1567 5 131 2992
Village A 39 14 25 1530 5 668 3 140
Village B(1) 132 59 73 1133 6 497 2 549
Village B(2) 74 33 41 1140 4 432 2414
Town C 57 42 15 1047 6114 2 878
Town D 19 18 1 1100 5116 2789
Town E 24 20 4 1433 3681 2 280
Village F 69 12 57 ¥ 236 4 096 2 470
Town G 58 36 22 1416 4012 2 364
Previous data 225 150 75 1021 8 477 2 370
Total 945 597 348 1021 8 477 2 550

Figyre C.5 shows the histogram of foot-te-foot human body resistance distribution by
occypation, and Figure C.6 shows the cumiltative probability distribution curve of foot-to{foot

bod

resistance by occupation. The statistical results show that among the test subjects/| the

medgsured foot-to-foot body resistance.from farmers is a bit larger than that obtained from gther

occypations.
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Figure C.5 — Histogram of foot-to-foot human body resistance distribution
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foot-to-foot human body resistance with probability grea Qg‘?an 90 % in Figure C.6 and

ulative probability are listed in Table C.2. 6\

qg) step voltage limit of earth electrod
fe to take the human body resistance as 1 4@ .

X
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Probability of human body res@nce Foot-to-foot resistance
which is larger than a certa'@ lue
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,_Q\ 1398
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brding to the statistics, the foot-to-foot human bo%«esistance of 95 % of the test subjects
is larger than 1 467 Q. Therefore, when calculatin

the
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Soil parameter measurement method

D.1 General requirements
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During the design of earth electrodes, the main physical parameters of the soil on the electrode
site should be measured in order to determine the-electrical-parameter geoelectric model of the
site, thermal propert|es of 50|I and evaluate the |mpact of the earth electrodes on the

envirenmmer ; etmal
capcrty, sorl thermaI conductrwty, soil h|ghest natural temperature sorl moisture,\ [and
groyndwater table.
Conpmon soil (rock) / Water resistivity values are listed in Table D.1. Soil velume thefrmal
capacity values are listed in Table D.2. Soil thermal conductivity values are listed in Table D.3.
Due|to the importance of these 3 parameters, they-shall should be measured.at the electfode
siteg, especially for the soil resistivity. Some measurement methods of sgjlresistivity are listed
in Clause-B-2 C.2.
Table D.1 — Soil (rock) / Water resistiyity
Substance Soil (rock) / Water name Resistiyity Remarks
Q'm
Rainwater 103
River water 10~102 Related to the-contentof
conductive substanced
-2
Waler Sea water 5 x107~1 number of ions in the
Ground water 10"1~3 x 102 water
Ice 104~108
Clay, silty clay
| silt 10~10° wator and condactive |
SOl Wet sand substanees number of
ions in the soil water
Dry_sand, pebble 103~10°
Argillaceous shale
20~103
Sandstone Tight sandstone
Red sandstone 10~102
Muddy limestone 50~8 x 102
Limestone
Limestone 3 x 102~10%
Granite 2 x 102~10°
Granodiorite
Diorite
Basalt
5 x 102 ~10°
Gabbro
Rock Porphyrite Highly related to the
moisture content
Peridotite
Schist 2 x 102~104
Gneiss 2 x 102~2 x 104
Dolomite 102~104
Carbonate rock 104~108
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Substance Soil (rock) / Water name Resistivity Remarks
Q'm
Gypsum 102~108
Copper pyrite 10"4~10"
Hematite 1~10°
Quartz >108
Mica >108
Table D.2 — Soil volume thermal capacity
Volume thermal capacity
Soil type J/(m3-°C) x 108
Dry 50 % wet saturation 100% wet saturatign
Sard 1,26 2,13 3,01
Cla 1,00 2,22 3,43
Hurphus 0,63 2,18 3,77

Table D.3 — Soil thermal conductivity

Soil type Thermal conductivity
W/(m-°C)

Dry Wet
Sand 0,27 1,85
With silt and clay 0,43 1,90
Soil with fine sand 0,33 2,3
Silt soil 0,37 0,88
Clay with sand 0,42 1,95
Volcanic soil 0,13 0,62
Black agricultural soil (frozen) 0,18 1,13
Brown natural soil (frozen) 0,08 1,20
Yellow-bréwn natural soil (frozen) 0,10 0,82
Gravel with sand and silt 0,55 2,55
Ice (0 °C) 2,22

0.2\ ¢ resictivitvof cusf iLehall I

D.21 Measurement method of resistivity
D.2.1.1 General

The resistivity of the shallow ground can be done by a field survey with the electroresistivity
method. Among the most frequently used arrangements of the electroresistivity method, it can
be mentioned the Wenner, Schlumberger and dipole-dipole.
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1.2 Wenner method

The equivalent circuit for this measurement-method arrangement is shown in Figure D.1. The
apparent resistivity can be calculated with Formula (D.1).

Key

0O T» <
Q 1

IEC

pole-distance potential probe spacing (m)
voltage meter
current meter

, voltage-pele potential probe
, current-pele probe

Figure D.1 — Equivalent circuit of Wenner method

Ps = 27:S% (P.1)
where
1 is the measurement result of current meter(A);
Ps is the apparent resistivity of earth (Q-m);
S is the-peole-distance potential probes*spacing (m);
U is the measurement result of veltage meter (V).
D.2(1.3 Schlumberger method
Thelequivalent circuit for thissmeasurement-methed arrangement is shown in Figure D.2.[The
apparent resistivity can be calculated with Formula (D.2).
114
®—1|
Y l l Y
Cy P Py Cy
Il S Il d | S Il
IEC
Key
S pole-distanee spacing between the adjacent current probe and potential probe (m)
d distance-between-voltage-poles potential probes spacing
\% voltage meter
A current meter
P,, P, wveltagepele potential probe
C,, C, current-pele probe
Figure D.2 — Equivalent circuit of Schlumberger method
S(S+d) U
Ps=m———— (D.2)

d 1
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The
ring

robe

D.3)

bes

s+bbe,

where
Ps is the apparent resistivity of earth (Q-m);
S is the-distance-between—current-poles—and-voltagepoles spacing between the adjacent

current probe and potential probe (m);
d is the-distance-between-voltage-poles potential probes spacing (m);

is the reading of voltage meter (V);
I is the reading of ammeter (A).
D.2/1.4 Dipole-dipole method
The[equivalent circuit for this measurement-method arrangement is shown in Figure)D<3.
apparent resistivity can be calculated with Formula (D.3). It is especially useful for, measy
lateral resistivity changes and has been increasingly used in geotechnical applications.

Cy C, Py B2
S | nS Y
- > P =
IEC
Key
N distance-between-currentpoles{voltage-peles) spacing b€tween current probes (potential probes) (m
nS distance-between-the-adjacentcurrent poleand-voltage pole spacing between the adjacent current |
and potential probe (m)
\% voltage meter
A current meter
P, H, velage-pele potential probe
C,, 4, currentpele probe
Figure D.3 — Equivalent circuit of dipole-dipole method
U
pS:ﬂan(n+l)(n+2)7 (

where
Ps is the apparent resistivity of earth (Q-m);
S is theldistance-betweencurrent-poles{voltagepeles) spacing between current prd

(potential probes) (m);
n is’the ratio of-di h j Urren

BRatwiaan crirrant nalac conanina hatwaoaon tha Adia~ant ~Arrant nrkaha AanA ~atantial e

Bobtween-currertpolos—spacigbetweenthe—adiasce orreRi-probe—and tortalpH

and current probes spacing;
U is the reading of voltage meter (V);
1 is the reading of ammeter (A).

D.2.2 Measurement requirements

The survey should be done either directly using a DC resistivity meter, or indirectly using a
combination of a DC power supply, a DC ammeter and a DC voltmeter.

The resistivity should be measured at different measurement points (center location of current
peles probes) and with different alignments of measuring probes. Measurement points generally
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have a uniform distribution at the electrode site. Because information of shallow layers will be
obtained usually when-pele-distance probes spacing is short, measurements with short-pele
distance probes spacing should be conducted at more measurement points due to the
importance of resistivity model of shallow layers. Table D.4 provides an example for resistivity

measurement.
Table D.4 — Number of measurement points
with different-pole-distances potential probes spacing
Pole distance
Potential probes 215110015 /201305070100 150 | 200 | 300 | 500 | 700 | 1000
Spacing
m
Number of
measurement points 49 36 25 16 9 4
point/km?

If th

lowe
distlirbance current in soil on the measurement results¢

D.2.

The
The;

max

D.2

For

e potential probes spacing (P4P,) is wider than 300 m, measures should be taken (suc
ring the current probes resistances to increase testing current) to reduce the impa

3 Measurement range
soil resistivity measurement range should«belarger than the area of the earth electr

bde.

-pole—distance potential probes spacing{P,P,) should be no shorter than—4+-000-m| the

imum diagonal distance of electrode.

i) Data accuracy

fhose electrode sites where stray DC currents may exist, to ensure accurate results, dyring

soil
con

dat

resistivity measurement, two_groups of data should be read by switching the power su
ection polarity of the samé measurement point at the same measurement depth (

potential probes Spacing). Repeat the measurement if the difference between
groups is higher than 5 %.

pply
bl
both

The|seasonal coefficient of soil resistivity should be considered. At the place where the darth
that
megdsurement of soil resistivity can be performed at the same place during the dry season (When

N
> —
n=1 £n

where
N——is-the-rumberofsoll-segments:
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After the conclusion of the shallow resistivity survey, an apparent resistivity curve can be
obtained by averaging the apparent resistivity values of the same spacing.

This average apparent resistivity curve can be then used for the inversion process to achieve
a surface electrical property maodel on the electrode site

D.3] Measurement of resistivity of deep soil (MT method)

During the creation of the electrical parameter model for the electrode site, the earth resisfivity
needls to be measured from the surface to a depth—(range} of tens of kilometers below| the
groynd surface.-Nermal-geophysical-survey-methods The electroresistivity method do not apply
to tHe measurement of earth resistivity at a deep level. The magnetotelluricimethod (MT method)
widely used in-mine-exploration tectonic studies and for oil survey shpuld be adopted—which

Thi is—an electroma noh measurement method based on-the MT induction I’\V'II’\I‘IY\IQ using
HHS1S—a—e+eGHoH et reasSt H—hetea—oaSeaohRthe v Pt H4SHgG

a#enahag—elee#emag%ﬁ%ﬂe#d—as—the—natu@—ﬁeld—seme& The MT method applles the

electromagnetic induction principle using alternating elecffemagnetic field as the nafural
uation of the earth's magnetic field. In the MT method;.two horizontal components of the
ric field that are perpendicular to each other (Ex @nd Ey) as well as three components of
the magnet|c field that are perpendicular to each pther (Hx, Hy and Hz) are recorded
simultaneously at the same point and 'same time. The wave impedance (Z) a{ the
point can be calculated by means of the ratio of otthogonal measured fields Z = E/H.-Wher-the
MT field-is—distributed-uniformly-along-all-directions—and-horizontally layered,-the - impedgnce
Z=F/H- After transformation, variation of-Easth-crust apparent resistivity with the period T|can
be determined (apparent resistivity and phase curves) and expressed with p, = 0,2|Z)2.

Thig method uses the skin effect principle and treats the skin effect depth as the explorgtion
depth:

whefe
is the exploration depth (m);
is the @pparent resistivity (Q-m);

H
p
f is the frequency, can be as low as 0,000 1 (Hz);
U

is_the soil permeability (H/m).

By means of a conversion from period domain to frequency domain (with a Fourier transform of
the time-series data), values of apparent resistivity at different exploration depth can be
calculated, which are then processed by the computer (software) to obtain the deep geoelectric
model at the electrode site.

As the MT method makes use of the inductive coupling effect of alternating electromagnetic
fields, it can penetrate high-resistance layers that can hardly be penetrated by DC exploration.
Hence-as—tong—as if a suitable frequency band is selected, the MT method can detect the
variance of underground electrical properties at a depth from a few hundred metres to a few
hundred kilometres. Due to these features, the MT method has become a very effective method
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in exploration of minerals such as petroleum, especially during the evaluation of electrical
properties of deep layers.

D.4 Measurement of soil volume thermal capacity

The volume thermal capacity of the soil layer where the electrode is buried should be measured.
The volume thermal capacity of the soil is defined as the energy required for raising the
temperature of unit volume of soil by one degree Celsius. The soil volume thermal capacity is
typically measured with a heat-insulating calorimeter in a lab. The measurement method can
use either continuous heat sources or intermittent heat sources.

Wlt thU ;IItUIIII;ttUIIt hcat LSUUTUT IIIUthUd, thU OGIII'J:C ;II darl ;IIOU:Gt;UII JGU:\Ut ;O hc ted
intefmittently at a constant power. Curves of temperature variation over time are drawn to-dgrive
a rejation between enthalpy and temperature and corresponding specific heat capacity’of the
samfple. As the enthalpy in the sample is uniformly distributed due to intermittent heating,|this
method is often used for high-precision measurement.

With the continuous heat source method, the sample is continuously heated.in an insulgtion
jacket at a constant power. The specific heat capacity can be calculated based on|the
temperature rise and enthalpy of the sample after it has been heated. for-a while. The volime
thermal capacity is the product of the specific heat capacity and density.

Sanjples delivered to the lab should be collected from each typical deep soil layer on| the
selefcted electrode site. The original conditions and moisture’of-the soil should be maintajned
duripg sampling. The number of samples should not be lower'than the total number of soil types
on the site and should be no less than 10. The samples §hould be undisturbed, which mgans
that|the original density and moisture should be preserixéd. The samples should be collectgd at
the previewed depth of the electrode burial.

D.5| Measurement of soil thermal conductivity

The|thermal conductivity of the soil layer where the electrode is buried should be measured.
The|thermal conductivity refers to the héat transferred every second when the temperdture
diffgrence between two ends of unit leAgth and area of soil is 1 °C. Measurement of thefmal
conductivity can be performed in a lab or on the site.

For measurement of thermal conductivity in a lab, samples need to be obtained and delivered.
Requirements for samples delivered to the lab for such measurements are the same as those
for gamples used for volume’/thermal capacity measurements. Two methods are availablg for
medsurement of soil thermal conductivity. With the first method, soil samples are placed in|two
rourfld metal plates with' known thermal conductivity with one end being heated. A sgt of
thermocouples are(sed to measure temperature at both ends, and a sensing device is usgd to
medgsure the heatiflux of the sample. After heat flux is measured for a period of time, for example
10 min to 2 h,4hé thermal conductivity is obtained by multiplying the heat flux through the meter
with| the sample thickness and then dividing the product by temperature difference. With| the
second method, the soil sample is produced into round thin pieces (e.g. with a diameter of about
8 mm ~and a thickness of about 1 mm). After the sample surface is heated by laser
instantaneously, the thermal diffusion coefficient is obtained based on the temperature risg¢ on
the back of the sample. Next, the soil thermal conductivity is achieved by multiplying the thermal
diffusion coefficient with a specific heat capacity and density. As the original conditions of soil
and consequently measurement results are changed during this process, site measurement is
usually used instead.

Site measurement can also be made with the static or instantaneous method. With the static
method, a buried ball is heated until uniformly distributed heat flux can be achieved. As this
process often lasts for a few days, it is often impractical. With the instantaneous method, a
eyhnder—measurement—pole needle or probe equipped with heater and temperature
measurement components is inserted into soil at a desired depth. The heater supplies heat
suddenly and the heat is transferred into the soil at a constant rate. In the meanwhile, the
temperature rise at the contact between the measurement pole and the soil is monitored to
determine the correlation between soil temperature rise and heat output over time. Thermal
conductance theory is then-used applied based on this data to calculate thermal conductivity.
Generally, this method only requires 1 h.


https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

IEC

D.6

TS 62344:2022 RLV © |EC 2022 -71 -

Measurement of maximum natural temperature of soil

The best way to determine the maximum natural temperature of soil is on-site measurement or
acquisition of relevant data in at least two recent years, from the meteorological authority.
During the measurement of soil temperature, a thermistor thermometer should be adopted, and
other considerations include measurement points with different geological conditions as well as
highest temperature in summer and lowest temperature in winter at different depths. The
minimum measurement depth should not be less than the depth of the buried earth electrode.
In areas without terrestrial heat source and with distinct seasons, the maximum natural
temperature of soil can be calculated as the maximum ground temperature over the year, minus
10 °C, and the minimum natural temperature of soil can be calculated as minimum ground

tem
D.7
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inve
to th
soil.
the
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For

such as content of Cl-, SO,2- ions and pH value-should be measured to determine
bsiveness. Measurement of soil chemical charfacteristics is typically completed by taking

corr
soil

D.9
The
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sholild match the layout of earth electrodes.

herature over the year, plus 10 "C.
Measurement of soil moisture and groundwater table

an electrode site in a wet low-lying area, measurements should be made,to find
meters such as soil moisture and permanent groundwater table. The electrode
ndwater table can be obtained by consulting hydrological and geological maps or
stigation. To measure soil moisture, soil samples are often taken oncthe site and deliv
e lab, where the weight loss method is used to measure and find'thé moisture conte
The water table is usually measured in field, with geotechnicaksoundings (SPT) and
Hrilling of monitoring wells distributed along the site area.

Measurement of soil chemical characteristics

and electrodes near the sea and those in outback saline and alkaline land, soil parame

and water samples on the site and testing them in a lab.

Geological exploration
drilling method is used to find the sail types on the electrode site and thickness of ¢
sediments. The exploration range\should match the-layeout previewed area and depth o
h electrodes. The exploration should reach the depth of bedrock if it is shallower than 10
h.
D Topographical map

D00 or 1:2 000 topegraphic maps are drawn during measurement. The measurement r3
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Annex E
(informative)

Electrode line design

E.1 Overview

The power lines used to connect DC converter station neutral buses and DC earth electrode
current guiding systems are typically called electrode lines, which serve the main purposes of

guiding the converter station earthing current out of the station and to the DC earth electrode,

trangmission system. When the DC power transmission system runs in monopolar-earth re
mode, the current flowing through the electrode lines is equal to that in the-DIC”lines.
electrode lines feature high rated current, low operation voltage, and, for some types of
systems, short operation time at rated current.

The(rated current of electrode lines is that of the DC power transmission(system, which depe

rise
mer
wer
turn
The

DC

nds

on the rated power transmission capacity and the rated voltage of this system. The rated cufrent

of a| DC power transmission system is typically between a few hundred and a few thoug
amperes.

The[operation voltage of electrode lines is the voltage drop onthe earth electrode and elect
lineg caused by the current flowing through electrode lin€s: This voltage is related to fad
such as the current flowing through electrode lines, linedength, conductor resistance, and €
electrode earthing resistance. When a rated currentflows through electrode lines, the operg
voltage at the converter station end of electrode line‘is usually no higher than 10 kV, and a
eartp electrode end is usually no higher than 1.KV. The operation voltage is even lower if
current flowing is a bipolar balanced current.

For p bipolar balanced DC power transmisssion system, the operation duration of electrode |
at rrIted current is the time for the bip@lar balanced DC power transmission system to ru

monopolar earth return mode, which-is typically no longer than one year, or even as short
couple of days.

For f monopolar earth return.BC’power transmission system, the operation duration of elect
lines at rated current is the'‘operation duration of the DC power transmission system.

E.2| Main design-principles

The[main principles for electrode line design are the following:

a) design ofelectrode lines should comply with system operation requirements to ensure s
eliable,~xand cost-effective operation, facilitate construction, operation and maintena
ave.resources, and protect the environment;

and

ode
tors
arth
tion
the
the

nes
nin
8s a

ode

afe,
nce,

ysis

using the data provided by meteorological stations near the project lines and collected

through meteorological field surveys. Wind pressure maps can be consulted, and
operation experiences of existing power lines can be drawn on. The design standard

the
s of

similar DC power transmission systems with appropriately reduced voltage levels can be

used as a reference;

c) selection of electrode line routes, safety factors for conductors, earth wires and electric
power fittings, and design of tower and infrastructure can use DC line design standards of
similar DC power transmission systems with appropriately reduced voltage levels as a

reference;

d) conductors should be selected by giving full consideration to operation characteristics of
electrode lines and making comparisons based on rated current, terrain in areas where the

lines are deployed, ice-coating, and wind speed;
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e) insulation coordination of electrode lines should be designed in such a way as to ensure
reliable operation in different conditions including normal operation voltage, lightning
overvoltage, and live-line operation.

E.3 Selection and layout of conductor and earth wire

E.3.1 Selection of conductor
For the electrode lines of bipolar balanced DC power transmission systems, in consideration of
ShO u-’;i' "'; ateG—Cu "iv'ii’;i'vi age;anc otes V—ST10 .,'tion
of cfoss-section of conductors should preferably be selected on the current-carrying
capacity allowed for heating.

For the electrode lines of monopolar earth return DC power transmission systems) _selectign of
the pross-section of conductors should consider economic current density and\is typically| the
samle as that of DC line conductors.

During the selection of electrode line conductors, there is no need to)consider electric field
effegcts such as ground electric field intensity and ion current density(or check corona effects
SUC:I; as corona loss, radio disturbance and audible noise. Combination of electrode |line
congluctors should follow the principles of minimising the numbeg-of branches, easy deployment,
and|lhigh reliability.

The| conductor types should be determined through technical and economic comparisoh of
conditions such as terrain in areas where the lines aredeployed, ice coating and wind spegd.

E.3.R Selection of earth wire

Thelearth wire, if applied, should meet electricakand mechanical requirements during operation.
Galyanized steel wire strand or aluminium _clad steel wire strand is usually chosen for|this
purgose.

E.3.B Layout of conductor and earth wire

For the sake of monitoring and pratection of current-carrying capacity and lines, multiple sub-
condluctors with the same potential are often used for electrode lines. If potential is the pnly
congideration, different sub-conductors can be bundled without insulation. However, becguse
electrode line fault monitoring devices often use high-frequency pulses to detect line faildres,
the plectrode line sub-conductors need to be grouped into two mutually insulated bundles. In
addition, for single-circuit ‘electrode lines, separating the electrode line sub-conductors into|two
groyps and deploying-them on two sides of a tower can reduce the mechanical stresses or] the
towegr and henceweduce the weight of the tower. For the above-mentioned reasons, electfode
line ponductors,are typically separated into two groups and deployed symmetrically on two sjdes
of the towersSince the two conductor groups have the same potential, the horizontal distgnce
between conductors in the middle of the span length can be determined based on the folloying
pringiple; The two groups of sub-conductors will not collide with each other when they don’t
swirjg\Simultaneously in strong wind.

Considering the short distance between two groups of sub-conductors of electrode lines,
electrode lines only need one earth wire, which can be placed on top of the tower.

E.4 Insulation coordination and earthing for lightning protection

E.4.1 Type and number of insulators

Given the low operation voltage of electrode lines, one piece of insulator will be enough from
the perspective of electrical properties. However, due to the importance of electrode lines and
the possibility of a short-circuited insulator, at least 2 pieces of insulators are used in most


https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

- 74 - IEC TS 62344:2022 RLV © IEC 2022

occasions. As far as the type of electrode line insulator is concerned, DC insulator should be
selected.

E.4.2 Arcing horn gap

To prevent the insulators from being burnt by continuing DC current when the electrode line
insulator string is broken through by lightning, the insulator string is often equipped with an
arcing horn. The gap of the arcing horn should be designed in such a way to effectively protect
the insulators after electrode lines are hit by lightning. In general, the gap should be less than
0,85 times the effective length of insulator string, and should not exceed the gap under lightning
overvoltage. Also, the arcing horn gap should be able to quench the arc effectively within a
short time so as to interrupt continuing DC current.

E.4. Earthing for lightning protection

As the insulation level of electrode lines is very low, installation of an earth wire will| not
signjficantly reduce the probability of the lines being hit by lightning. Typically, an)earth wife is
not necessarily used for a whole electrode line. To protect converter station equipment, an garth
wirel can be installed within a radius of 2 km to 3 km of the converter station

In s¢gments where the earth wires are installed, the distance between earth wires in the migdle
of the span length is dependent on the span length, and should gene€rally be no shorter than
0,001 2 x L + 1 m (L representing the span length). The conductor protective angle of the darth
wire| at the tower head should not be larger than 30°.

The|tower should be grounded at the base. The power fregquéncy earthing resistance of| the
tower can be determined based on relevant requirementsfor AC lines.

E.5| Other considerations

To prevent earth electrode earth current from flowing between the bases of towers near| the
electrode site and causing electric corrosion of'the tower bases, the bases of towers withHin a
radis of 2 km to 3 km of the electrode site’should be insulated from earth for most part|and
groynded with one point. The earth wires within a radius of 10 km of the site should alsp be
insufated from earth. Base insulation.js’Usually provided by bitumen and glass cloth (2 layers
of bjftumen and 3 layers of glass cloth) that wrap around the bases. The earthing resistande of
tower bases should be higher than'500.
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Annex F
(informative)

Assessment of measurement method

F.1 General guidance

Upon completion of earth electrode installation, acceptance tests and system commissioning
tests should be carried out before the system is put into operation. During acceptance tests,
the main characteristic parameters of the earth electrode station should be measured including
the e i-i'i Te—CUu S C ”’y.”; T—CSTEC OC€—€3a "i ”””’
maxfimum step voltage, etc. The tests are intended to check compliance of the earth electfode
station with design specifications and provide a basis for determining if the system isready for
commissioning tests. During system commissioning tests, in addition to checking the ahove
main characteristic parameters of the earth electrode body with system earthing/current, spme
othgr parameters should be measured including ground potential distribution near'the electfode
and|electrode temperature rise if the system commissioning process allows|the current to flow
through the earth electrode continuously for a long time so as to provide hasis for evaluatign of
impact on environment and thermal properties of the earth electrode during its operation. Data
cong¢erning the earth electrode obtained in the above tests can be used as the backgrqund
pardmeters for operation of the earth electrode, and also asAreference for evaluatioh of
operation conditions of the earth electrode in the future.

F.2| Experiment (testing) items

F.2.
F.2.

Chek compliance of the earth electrode crassrsection area and burial depth with depign
spegifications. Check tightness and reliability, of the welding between different-feedingfods
rode elements and between—feedingreds electrode elements and cables as wel|] as

Visual inspection of the earth electrode

A Inspection of the construction records of the earth electrode

F.2.f1.2 On-site inspection of the earth electrode site

Clegr facilities that may affect normal operation of the earth electrode. Repair sites-destrgyed
damjaged during construction: Check compliance of the layout and installation sizes of the darth

3 Inspection.of current guiding system
Chefk that the wiring-of current guiding system and installation of its accessories are corfect,
comflete and reliable. Check that the distance between conductors and earth (tower) is corfect.
F.2.

Chepk geod'insulation from earth of the earth electrode current-guiding construction ang its
basT (with' the earthing part disconnected).

4 Insulation inspection

F.2.1.5 Inspection of water penetration (filling) and detection devices

Check compliance of layout and installation of water penetration (filling) and detection devices
with design specifications.

F.2.1.6 Inspection of safety precautions

Check safety marks and precautions. Ensure that the marks are intact, clear and readable.

F.2.2 Current guiding system current distribution measurement

The current distribution of the current guiding system can be measured in acceptance tests or
in the system commissioning or in both.

During the acceptance test, a DC current no lower than 10 A should be injected into different
electrode segments and the earth electrode (as a whole) to measure the current flowing through
different branches in the current guiding system. This operation is intended to check compliance


https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

- 76— IEC TS 62344:2022 RLV © IEC 2022

of design, construction and installation of the earth electrode and current guiding system with
safety operation requirements. Any issue discovered should be addressed promptly:

a) inspection of welding quality. Inject a DC current into each electrode segment through the
current guiding wire connected to the electrode segment, and measure the current in
different feeding cables on the electrode segment under test. Where a tested branch has
two or more parallel feeding cables, the current in these cables should be measured
separately. The quality of welding on the feeding cables and—feeding—+rods electrode
elements of an electrode segment is satisfactory if the current of different feeding cables is
roughly the same (which is related to soil resistivity);

inject a DC current into the earth electrode at the disconnection point. Measure the cu rent
in different current guiding wires. The tested current flowing through different curreatguiding
vires multiplied by the scale factor (rated current / total testing current) should/,be roughly
qual to the design value. If the current flowing through any current guidjngywire exceeds
he design limit, the design of the current guiding system should be modified.

Thege two tests can also be conducted together.

During system commissioning, inject a continuous current no lowertthan 50 % of the rated
current into the earth electrode. Measure the current flowing through’ different branches of the
current guiding system in normal operation conditions and during line disconnection to funther
che¢k compliance of the design of the current guiding system’ with specifications.

F.2.B Measurement of earthing resistance

Earthing resistance of the earth electrode should be/measured with current injection method,
namely current meter — voltage meter method. Use’of portable earthing resistance metefs is
prollibited. The measurement of earthing resistance can be measured in acceptance tests pr in
system commissioning or in both.

An external DC testing power supply is adopted during acceptance tests, and the earthing
currgnt flowing through the earth electrode in monopolar earth return operation mode is utiljzed
duripg system commissioning.

A cyrrent injection loop and a voltage measurement loop are necessary in the test. Usually the
two |conductors of the electrode,line, provided that they are insulated from each other, cap be
used as the current line and,potential line respectively during tests for convenience. Mapual
wiring is also an option.

Oneg| end of the currént injection loop is connected to the earth electrode directly or thrqugh
electrode line, and'the other is grounded at least 10 km away from the earth electrode, usdally
conmected with the ‘grounding network of the converter station or tower grounding, of whicH the
groynding resistance is typically less than 5 Q. If the electrode is located in a high-resistjivity
terrgin, thesremote grounding should be located further than 10 km proposed.

electrode. The reference pole should be 10 km away from the current pole to be sure that the
potential of the reference pole is about zero. Cu-CuSO, reference electrode-erAngle-steelbars

with-a-size-no-smaller than 50« 5-mm?and-alength-of 1-5-m can be used as the reference pole.

During acceptance tests, the background voltage U, between the earth electrode and the

reference pole should be measured before measurement with the injected current. The real
voltage is obtained by eliminating the background voltage and the earthing resistance, which is
the ratio of the real voltage to the injected current, can be calculated. It is usually not conducted
during system commissioning.

F.2.4 Measurement of step voltage on the ground and potential gradient in water
near the earth electrode

The measurement of step voltage on the ground and potential gradient in water can be
measured in acceptance tests or in system commissioning or in both.
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A-self-contained DC power supply or the DC system earth electrode earthing current can serve
as the power supply for generating ground potential around the earth electrode.

The measurement should be conducted in every location where the step voltage is likely to be
high, usually determined by simulation results, or the previous measurement of the current
distribution between the section feeders of the electrode. The section with the highest current
share will be the one that probably will present the highest potential gradients at soil surface.
At the location where the direction of the step voltage is not clear, the measurement should be
performed in two directions that are perpendicular to each other so as to achieve the amplitude
and direction of the potential gradient through the addition of vectors. The highest measured
step voltage and highest potential gradient in water should not exceed the design limit.

Step voltage can be measured either with the potential method or the voltage method. WitH the
potgntial method, one of a pair of reference electrodes is fixed on the ground surfaces/abevg the
buried earth electrode. The other reference electrode is moved at 1 m interval andythe chgnge
in pptential of the moving electrode is measured as step voltage, using the-first refergnce
electrode as the potential reference. With the step voltage method, the distance between the
two [reference electrodes is fixed to 1 m and both are moved simultaneously in the radial
direction.

Burirg—aceceptance—tests—thebackground—voltage Ly —betweenthe-twoelectrodes—should-be

- During acceptance tests] the tested results should be
actor (rated current divided by the tofal testing current).
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The|potential difference between the two reference electrodes in a pair should be less than
10 mV. The potential meter should be able to provide effective readings. The multimeter fof the
megsurement of these potentials should have a higtpinternal impedance.

F.2.p Measurement of touch voltage

The[ measurement of touch voltage can be~done in acceptance tests or during the sygtem
commissioning or both.

The|touch voltage measurement should be carried out on grounded metal structures neai the
earth electrode, such as earth electrode current-guiding towers, metal greenhouses, metal
watIr taps and also in irrigation_systems. The measured maximum touch voltage should| not
exceed the design limit.

The|touch voltage is measured with a digital multimeter and a Cu-CuSO, reference electrpde.
During measurement,~one of the voltage probes of the multimeter is connected to the metal
congtruction and the-other voltage probe is connected to the reference electrode, and| the
refefence electrode’is inserted into a point on the ground 1 m horizontally away from the metal
consgtruction.

During acceptance tests, the background voltage Uy should be measured before measurement
with| the\injected current. The real touch voltage is obtained by eliminating the backgrqund
voltage-The tested results should be multiplied by the scale factor (rated current divided by the
total testing current).

In the case of a large metal construction the measurements should be made at different
positions to achieve the maximum touch voltage.

F.2.6 Measurement of-ground soil surface potential-distribution profile

Potential rise (eurve profile) is an important characteristic parameter of the earth electrode,
which can be used as the basis for evaluating the impact of earth current on the environment.
The measurement of-teuch-veltage soil surface potential profile can be done in acceptance tests
or during system commissioning or both.

The measurement method and measurement requirements are almost the same as those in the
earthing resistance measurement. The difference is that the voltage probe connected to the
earth electrode is fixed during the earthing resistance measurements, whereas it is a moving
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probe during ground surface potential distribution measurements. The probe moves from the
earth electrode to the reference pole to obtain a potential distribution-curve profile.

F.2.7 Measurement of earth electrode temperature rise

If the system allows the current to flow through the earth electrode continuously for a long time
during commissioning, the temperature rise of the earth electrode should be measured to
evaluate thermal properties of the earth electrode during operation.

During testing, the temperature rise in the earth electrode and surrounding soil should be
measured. The measurement should be carried out both before and after energization. Tests
before energization should be conducted in the hottest season if possible. In tests after
enefgization, the earthing current should remain constant until the measured tempergture
readhes a stable level.

At Igast 6 measurement locations, where the current flowing density or current releasing density
is large, should be selected. The measurement of the soil temperature should be~on the surface
of the backfilled coke column. Given the limitations of site conditions,|,the maxihum
megsurement depth in soil temperature measurements can be the burial depth of the garth
electrode in general.

Temperature is measured in °C with a precision of £ 0,5 °C. Soil temperature should preferably
be measured with a portable thermistor thermometer. Or, alternatively, a mercury or alcphol
capillothermometer can be adopted for this purpose. If a mefcury thermometer is used [and
placied in a long testing tube, proper measures should be takento ensure that the thermometer
can|measure the temperature at the specified depth and will not be affected by a change of
groynd atmospheric temperature.

At I¢ast one temperature survey should be done idth€ water of a monitoring well, at the |top,
the piddle and at the bottom of the well. Also thedepth of the water table should be monitgred.
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Annex G
(informative)

Earth electrode electrical parameter calculation method

G.1 General

This annex describes the numerical calculation methods for the electrical parameters of earth
electrodes in complicated soil conditions.

site
ient
calcllation, but the characteristic parameters such as earth electrode current-releasing‘denpity,
maximum temperature, maximum step voltage, earthing resistance, potential fise and its
distqibution should not be significantly affected. As a general rule, a layered 2D _fprizontal|site
model can be used if the electrode site lies in a sedimentary area, and a 3D(site model cpuld
be more precise if the site lies in an area with complex terrain such as mountaiff, coast or r|ver,
but |n the case of a 3D modelling, a much wider geophysical survey is required.

For a DC earth electrode buried in complicated soil conditions, the numérical calculation method
is spiggested for analysis. The recommended calculation methodsJinclude network method,
moment method and finite element method. The network method can be used for estimatign of
simple earth electrode model. The moment method can be used for soil structures in whigh a
2D Rorizontal multi-layer model can be created. The finite element method can be used for-gther
3D ¢omplicated situations.

G.2| Network method calculation model for-DC earth electrode

Thelearth electrode unit in ground network canbé represented by a ‘n’ shape equivalent cifcuit
fornjed by unit length of resistance (Ry) and conductance (Gg), as shown in Figure G.1.

Rg

[ 1
—J

6o/2 Gyl2

IEC
Figure G.1 ~'n_shape equivalent circuit of an individual earth electrode unit

On this basis, aniearth electrode can be represented by a network composed of multiple|unit
earth electrode models as shown in Figure G.1. This means that an earth electrode cang be
divided into-a number of small ‘n’ shape equivalent circuits, and in this way the earthing
resistance)of the earth electrode can be achieved by means of external excitation.

The abhaova aarth aloctrada it madale and coaliitinne ~an ha o~omnlatad vawith tima A~ ain
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software such as EMTP, etc., which simplifies the calculation.

G.3 Moment method calculation model for DC earth electrodes

To find the solution of the constant current field of an earth electrode with the moment method,
the leakage currents of conductors are used as the basic variables. The deduction process
using leakage current to describe earthing characteristics of DC earth electrodes is mainly
based on two basic physical laws: the potential continuity law and Ohm’s law. With these two
laws, the mathematical description of leakage current characteristics can be determined. After
the specific presentation of characteristics of earth electrode leakage current has been
determined, the earth electrode potential rise and ground potential distribution can be
calculated with Green’s function in multiple soil layers and mathematical relations.

The specific steps are described below.



https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

- 80 - IEC TS 62344:2022 RLV © IEC 2022

a) apply Ohm’s law to the earth electrode conductor shown in Figure G.2 and perform a linear

integration along the conductor axis to achieve Formula (G.1):

1l =vUS

(G.1)

IR=U

where
I is the axial current of the conductor,
S is the conductor cross-section area,

l is the conductor axial length

v is the medium conductivity,
R is the DC resistance of the earth electrode,
/ is the potential difference of any segment in the conductor;

b) xased on the potential continuity Formula, as shown in Figure G.3, build the axial poteptial
ifference Formula (G.2) for the internal surface of the conductor and its €xternal surfage in
ontact with the surrounding medium:

ve =u' (6.2)
vhere
/¢ is the potential of the external surface of the condugtor,
/i is the potential of the internal surface of the conductor;
S —
( — Vs S _— E Loop
J \ — ”
N NS
SN Vs
- i g Conductor - I -
IEC IEC|
Figure G.2 — Ohm’s law'applied to Figure G.3 — Continuity of axial
cylinder conductor component of the electric field in
the soil and in the conductor

c) express the potential difference inside and outside the conductor as a function of leaage

urrent on the surface of the conductors to construct the Formulas to be solved.
To describe-the earthing characteristics of the earth electrode as a function of leaage
urrent, first divide the earth electrode into several conductor segments in space, as shiown
in Figure*G.4. For any conductor segment, by using the number » conductor as an examnple,
reate’Formula (G.3) based on potential continuity Formula (G.2).
R, 1, = Zlnm (I m-teak ) (G.3)
m
where
I, eak is the leakage current of the number m conductor segment,
tum is the function to associate the leakage current of leakage current of number m

conductor and potential difference of outer surface of number » conductor;

In—2 In—1 In

n—-2 n=1 n IEC

Figure G.4 — Spatial division of the earth electrode
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d)

The solution of this function requires the use of point current source Green function in
layered soil.

Formula (G.3) can be expressed in a matrix form:
RI = (I eak ) (G.4)

where

R is the diagonal matrix containing elements of axial DC resistance of different
conductor segments;

is the axial current vector of different conductor segments.

or the circuit network formed by grounding network conductors shown in Figure'G.5, gach
onductor segment has only two end points due to spatial division. Assume that the two|end

oints of number n conductor are n~ and »*, and ¢,, ¢,_4, ..., and ¢,_, arerthe middle goint
otential of number n, number n—1, ..., and number n—k conductor segments respectively.
Pn-1
Zn— n—k
@
- m n
Z U
n—, n
Zn—, n—1
Pk

IEC
Figure*G.5 — Network for solving axis current

Ise the node voltage'method to solve the network and achieve the current I, flowing from
xis of number »~node to number » conductor:

I - :fn,(R,go)zfn, (R’IIeak) (15-5)

vhere
b . {dsthe middle point potential vector of different conductor segments,

+ f Is the relations between 7/ and R and /|g4y-

Based on Kirchhoff’s current law, the current released from number » conductor to the earth
is:

Iy jeak = ]n— - 1n+ = fn— (erleak)_f,ﬁ (R:]Ieak) (G.6)

If any current is injected into number n conductor segment, the relation between axial current
and leakage current is:

1y jeak =1n7 _1n+ +1, =fnf (R’]Ieak)_ff (R:[Ieak)"‘]e (G.7)

make the above calculation for different conductor segments to achieve Formulas for » axial
currents and n leakage currents.
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I=F(Rlca + 1) (G.8)

where
1

o is the excitation vector,

F is the matrix composed of f;

put Formula (G.8) into Formula (G.4) to achieve:

[R][F(R’Ileaklle )] = [t(lleak )] (G.9)

a oUtTo S O O a pde.
soil to obtain potential of any spatial point. In this\\ay,
lhe earthing resistance of the earth electrode and ground potential distribution canmbe’easily
¢btained.

During the deduction of the arithmetical relation concerning the distribution of darth
¢lectrode leakage current, one important concept is the potential distribution resulting from
lhe point current source, i.e. Green’s function of point current saqurce, as showp in
igure G.6. With the point current source, the potential distribution/n_Jayered medium|can
be expressed below.

In a reactive region:

Vv 4=0 d.10)

In an active region:

V0= - loR - z) (G.11)

vhere
1 is the current amplitude of the point current source,
; is the resistivity of number / sail,

is the Dirac function,
R is the field point vectotyand
4o is the and source point vector.

The solution of potential function ¢, in active layers can be expressed as follows:

\ pil
= N of e G.12
b=t 4727|(R - 201 ( )

The first part (¢;") of Formula (G.12) satisfies the Laplace Formula (G.10) in the reagtive
flegion. The second part of Formula (G.12) is a component specific to the active layers
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Figure G.6 — Horizontally layered soil
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Taking horizontally layered soil as an example, the second part of Formula (G.12) can be
expressed below using Lipsitzch integration:

LT j Jo(ir)e i (G.13)

47r|(R -z )| 4z

where Jy(ir) is a zero-order Bessel function of the first kind.

For reactive layers (number [ layer as an example), the potential function expression that
satisfies Formula (G.11) is:

! “ -AUz-z' Y z—2'
b =ty (W oare da [ (ano (et ) (Q.14)

vhere a," and g, are coefficients to be determined.

The potential layers (number / layer as an example) is:

4 = Iplj () delp’j o, (AWolay e *E=)az
I
Pz.[ B (Ao (ay ) )

; and g; in Formula (G.14) and Formula (6:15) are coefficients to be determined. |The
golution of these Formulas requires boundary conditions of soil layers. For a condugtive
edium with a structure of n layers of-s0il, the boundary conditions of soil layers|are
escribed below:

(d.15)

1 8 1 0
1 =92, 7 = ¥ Z = 2
p1 0z pp Oz

...... (G.16)
1 Jp 1 0piq
s
_ 1 a9011—1 1 8(071 _
(oi’l—1 - gpl’l’ n_1 8Z - pn 82 gy n_1
0
¢1—Qz—0
Oz (G.17)
¢n =0,z=0

h) put Formulas (G.16) and (G.17) into boundary conditions of different soil layers to obtain
the expression for coefficients «; and ;.
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G.4 Finite element method calculation model for DC earth electrodes

For complicated soil models in which Green’s function cannot be determined, the finite element
method is required for calculation and analysis. Assume that V represents the solution domain
of the earth electrode current field, and S is the boundary. The potential distribution within the
field domain can be expressed as ¢(x,y,z). To solve this model using the finite element method,
first divide the soil domain V' (field domain) containing the earth electrode into several regular
units. Tetrahedron units are typically used for the division of the domain ¥, and the boundary §
is substituted by triangles. Define e as the index number of the tetrahedron units. Suppose the
total number of tetrahedron units is M, then e =1, 2, ..., M. The vertexes of number e units are
called nodes, and are represented by the numbers 1, 2, 3, and 4, as shown in Figure G.7.

z

’ 1

3 1EC.
Figure G.7 — Geometrical structure of a‘tetrahedron unit

After the division of the field domain V, based on the{principle of minimum potential energy, in
Car:]esian coordinates, the variation expression deseribing the DC current field in unit e cap be

writfen as:
a e 2 a é 2 a e 2
F((pe):—J.;/e 4 +| 22 +| 22 +@°Jy dV—ZI(peJQdS (3.18)
ox Oy oz ’
14 82
where
S is the current densityon-the given face,

Joo | is the second type.boundary face, and
Jy is the body current density.

The| field distribution characteristics ¢(x,y,z) within unit ¢ can be expressed with knjown
polyjnomial ¢¢(x,y,z) approximately as:

0°(%,3,2) = Ni01° + No 02 + N33 + Nyp4° (3.19)

where NF(=1,4,5,4) 1S The shape tunction ot the tetrahedron, wnich IS expressed as:

Nie(x,y,z)z 6%((11-6 +bl-ex+cl-ey+d,~ez), (z’ = 1,2,3,4) (G.20)

where 4, as determined below, is the volume of unit e, and the coefficients a°, b, ¢;°, d;°
(i=1,2,3,4) are determined based on the node coordinates.

1 1 1 1
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The approximate field distribution of the tetrahedron ¢¢(x,y,z) can therefore be achieved and
expressed as the following matrix:

e
goe(x,y,z)=[N16,N26sN36vN4€ goze :[N]e{(p}e (G

21)

Substitute the interpolation function ¢¢(x,y,z) into the variation Formula (G.18) describing unit e,

and gse-the-mintmum-firstvariationcondittonsto-achieveFormua{(G22):
e
o)
o9
4 e e e e e e
N ON ; N ON ; N ON ;
=—ije ONi o200 N o5 [ Ni 57 + NVt SdV (§.22)
i e ox ox oy oy 0z &z
-2 INfJSQdS
Sze
whigh can be expressed as a matrix:
e
{M] - [k Joe ] Ji¢]=0 (@23)
0p;
At this point, the algebraic Formula describing fi€ld distribution characteristics in unit e cap be
obtgined:
ke loe =[] (§24)
where
K11© K12° K{33" Kqs° 1 »1°
[Ke]: K21: K22: K23: K24: ’ [fe]: fzz ’ [(oe]: €02:
K31" Kg2')* K3z~ Kaa /3 ?3
K41 K4 Ka3° Kag® 14 P4
Merge the above Formulas to be solved in all units in field domain ¥ to achieve the algefraic
Formula describing the whole field domain 7:
[x]e]=1r] (d.25)
where
K11 Kq2 Ky3 K1y
K1 K2 Kp3 Koy
[K] s the stiffness matrix [K]: K31 K32 K3z - Kgu |,
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J1
f2

is the excitation vector [f]=| f3 |;

I

?

®2
is the node potential vector [p]=|¢p; |.

By s
the

| Pn |

olving Formula (G.25), the node potential distribution in field domain ¥ and-Conseque
jround potential distribution of the area where the earth electrode is located.€an’be obta

On this basis, the distribution of step voltage of the earth electrode can be calculated.

G.5

G.5

For

eart
usin
eled

The
be d

G.5

By d
inje

G.5
The
a)

b)

c)

Calculation of earthing resistance, step voltage, touch voltage, electric
field intensity and current density
1 General

the network method and moment method, after finding<he”distribution of current on
h electrode, the potential on the earth electrode and any ‘spatial point can be calculate
g Formulae (G.14) or (G.15). For the finite element_method, the potential on the &
trode and any spatial point are obtained directly.

earthing resistance, step voltage, touch voltage, electric field intensity, current density
educed by using the potential on the earth¢electrode and any spatial point.

2 Calculation of earthing resistance

ividing the potential on the segment-that is injecting current into the earth electrode by
ting current, the earthing resistance can be found.

3 Calculation of step voltage

step voltage of any point\R-on the ground surface is calculated using the following met

calculation of the greund surface potential V,on point P;

calculation of thelground surface potential Vp1, sz, Vp8 on the points P4, P, ...,Pg W

bre uniform distribution on the circumference on the ground surface of 1m away from g
D-

1

balculation of the potential difference DV,q, DV 5, ..., DV,g, 0f ¥V, and V4, V)5, ...,V 5.

maximum value is the step voltage of point P.

G.5

ntly
ned.

the
d by
arth

can

the

hod:

hich
oint

The

4 Calculation of touch voltage

The touch voltage of any point P on ground surface is calculated using the following method:

a) calculation of the potential v, of the earthing point P of specific projecting metallic structure;

b) calculation of the ground surface potential V4, V5, ...,Vg On the points Py, P,...,Pg W

are uniform distribution on the circumference on the ground surface 1 m away from the
projecting metallic structure;

c) calculation of the potential difference DV,,1, DV 5, ..., DVyg, 0f V,;and V4, V5, ..., Vg

maximum value is the touch voltage of point P.

G.5.

5 Calculation of electric field intensity

hich

. The

Electric field intensity of any point P on ground surface is calculated using the following method:
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for the network method and moment method, calculate the derivation of Formula (G.14) or
Formula (G.15) with respect to x, y, z respectively. Substituted into the conductor current
and the coordinates of P to obtain the electric field intensity £,, £, E, of point P;

for the finite element method, calculate the potential V', V., V,, V. of these four points
P(xq, yo, 2g), Py(xg +Dx, g, 2q), P (xq, yo+Dy, zg), P.(xg, ¥g, 29+Dz), where Dx, Dy, Dz are in
the range 0,001 mto 0,01 m. Then E = (Vpx—Vp)/Dx; E, = (pr—Vp)/Dy, E, = (VpZ—Vp)/Dz. This
method can also be used in network method and moment method.

.6 Calculation of current density

de the electric field strength at any point by the soil resistivity at this point can be the current
Bity.

1 Original parameters

The| original parameters that need to be prepared for calculating gnounding electrical

pargmeters of a DC earth electrode and calculation results are the following:

a)
b)
c)
d)
e)
f)

g)

G.6

jeometrical sizes of the earth electrode;

spatial location of the earth electrode in soil;

plectric conductivity and magnetic permeability of the earth\electrode conductor;
jeometrical sizes of the coke (if any) wrapping around‘the earth electrode;
barthing current and current injection point in operation conditions;

hickness and electric conductivity of different 's0il layers for horizontally layered |soil
structure;

Histribution of electric conductivity of the soil'\within a radius equal to ten times the maximum
listance between any two points on theeafth electrode for complicated soil structure.

2 Example using the moment method

Thig subclause presents a simple example using the moment method to analyse horizontally

layered soil.

In the double-circle earth electrode, the radius of the external circle and the internal circ|e is

300

m and 210 m respectively. The earth electrode—feeding—+rods elements for internal [and

extdrnal circles are @ 50 high-silicon iron bars (with relative magnetic permeability of 636|and

resi
the
stru

btivity of 2 x 10~7-f)." The cross-section of the coke bed is a 0,6 m x 0,6 m square. Both
nternal circle and/external circle of the earth electrode have a burial depth of 4 m. |The
cture is shown in"Figure G.8.
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A-A

Symmetric axis

Ground

/

I
- Buried depth A
| ofinnerring -

Buried depth A
of outer ring |

Y

I \

1

Thelsoil layers are shown in Table G.1.

2

A Length of

coke bed

Diameter of

| feeder unit

Table G.1 — Model of soil with two layers

Figure G.8 — Structure of a double-circle DC earth electrode

No. Thickness Resistivity
m Q'm
1 10 50
2 oo 200

The

are shown in Figure G.9.

earthing current is 1 kA. The greund potential and step voltage of the earth electrode

site
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Total injected current = 8 500 A

350
1200
300
1100
250
1000
200
P 900
156
800 é
100 <&
700 ({)/
50 (19
- 600 b‘b‘ .
50 100 150 200 250 300, 350 Q'T)
X ) ¥ Maximum suﬁace@ ial of the outer ring
Maximum surface potential of the inner ring
& IEC
a) Surface potential distributioQ/C)
Total injected current = 8 500 A \\
350
300
250
200
B~
150
100
50
OQ X Maximum step voltage of the outer ring
C)é Maximum step voltage of the inner ring IEC
\Q/ b) Step voltage distribution

Figure G.9 — Ground potential and step voltage
distribution of a double-circle earth electrode
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Annex H
(informative)

Thermal time constant

When a DC current flows through an earth electrode and enters the ground continuously, the
temperature of the soil on the electrode site will rise slowly. Based on the thermal dynamic’s
theory, the soil temperature at any point near the earth electrode can be depicted with Formula

(H.1

) or Figure H.1.

VA

e

IEC

Figure H.1 — Earth electrode temperature rise-characteristics

t
—k—
0(t)=(0s —0c)(1-e 7)+*bc (H-1)
where
0(t) | is the temperature of soil at any time ¢ (°C);
0s | is the stable temperature of the sojl_ on the earth electrode site if DC current flows
continuously (°C);
0 is the environment (¢ = 0) temperature (°C);
is the earth electrode thermal’time constant (s);
k is a coefficient related.tes0il properties and environment conditions, which should be
typically determined through test.
Theltime constant is the time for the earth electrode temperature to reach 63,2 % of the stpble
leve| at-the-initialrisecrate a given current, and is dependent on soil parameters (resistivity,
thermal conductivity,’and volume thermal capacity).
In a| uniform cudrrent field, the earth electrode thermal time constant can be calculated with
Formula (H.2).
2
C(R.xA4
T= (H.2)
o W]
£ /U \ /J /
where
T is the thermal time constant (s);
R, is the earth electrode earthing resistance (Q);
A is the coke surface area (m?2);
p is the soil resistivity (Q-m);
C is the soil volume thermal capacity (J/(m3:-°C));
A is the soil thermal conductivity (W/(m-°C)).


https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

IEC TS 62344:2022 RLV © IEC 2022 -91 -

The maximum temperature of the earth electrode-shal should not exceed the boiling point of
water. In case where the maximum temperature of an earth electrode is higher than water
boiling point, the operation duration or amplitude of earth electrode current-shall should be less.
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Annex |
(informative)

Online monitoring system

1.1 Schematic diagram of online monitoring system

With an online monitoring system installed for earth electrodes, data concerning earth electrode
current distribution, earth electrode temperature, humidity, and current density can be easily
detected in the control room of the converter station so that the operation conditions of the earth

electrogde—canbefotmdinreattime:
The|operation principle of the earth electrode online monitoring system is shown in Figure|l.1.
Converting station SCADA
Communication Host computer
channel
A
Current sensor Data
Temperature sensor » acquisition - -
Humidity sensor unit <—| Fiber optic modem |
A
|
i
Current sensor Remote 4,| Fiber optic modem |
Temperature sensor > Data
Humidity sensor acquisition ‘—I Fiber optic modem |
unit
A
|
|
Current sensor Remote —>| Fiber optic modem |
Temperature sensor > Dgt_a_
Humidity sensor acquisition ‘—I Fiber optic modem |
unit
A
. i
. |
Current sensor Remote 4.| Fiber optic modem |
Temperature sensor > D_at_a_
Humidity sensor acquisition ‘—I Fiber optic modem |
unit
IEC

1.2 Composition of online monitoring system

The online earth electrode monitoring system should be composed of the electrode site
monitoring equipment, the workstation equipment in the converter station, communication
equipment, as well as auxiliary power supply.

The electrode site monitoring system should be composed of infrared temperature measuring
system, image and security monitoring system, and current distribution of current-guiding cable
monitoring system, and may also be equipped with the monitoring system for water level
monitoring well and for soil temperature and humidity on an as-needed basis.
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The workstation equipment of the online earth electrode monitoring system should be
configured in combination with the background equipment of the auxiliary control system in
converter station.

The communication equipment of the online earth electrode monitoring system serves to
transmit monitored data and video information from the electrode site to the converter station,
for which purpose OPGW communication or wireless communication can be adopted.

The auxiliary power supply of the online earth electrode monitoring system should be connected
to an external power supply, or a power supply of new energy sources, such as solar energy.
The DC power supply system and UPS system can be provided for the online earth electrode

mo
tran

The
elec
rela

sformer, batteries and UPS should meet the load demaﬁd.

power supply, measurement interfaces and communication equipment
trode monitoring system can be centrally arranged in prefabricated cabln
room according to equipment configuration.

"Ln

ywer

e darth
ventipnal
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Annex J
(informative)

Calculation method for corrosion of nearby
metal structures caused by earth electrodes

Consumption of metal structure due to corrosion

The consumption of metal anode due to electrolysis can be calculated based on Faraday’s law
of electrolysis:

whe

N o

~.

N T

For
J.2

The

12
A.m
m=-—1_C jidt
ek
#
2
m=—0 J.idt
KF
#
2
m= Zjidt
2
e

is the consumption of metal material during the\time from ¢, to #, (g);
is the relative atomic mass of metal, dimensionless;
is the atomic mass constant, which is equal to 1/12 of a carbon-12
1,660 40 x 1024 g;
is the electron charge, 1,602 18.x10-19 C;
is the metal valency, dimensionless;
is the current flowing through the metal (A);
is the metal molar mass*(g/mol), which is equal to relative atomic mass 4;
is Faraday's electrolytic constant, 9,648 53 x 104 C/mol;
is the electrorchemical equivalent (g/mol).
DC current,.the integration term is changed to product of current and time.

Estimate of leakage current in metal pipes

stru

current flowing through metal pipes is the basis for calculating the consumption of m
ctureés due to corrosion. The current density through metal pipes can be estimated with

a

following method. However, numerical calculation is recommended if possible.

J.1)

J.2)

J.3)

om,

etal
the

As shown in Figure J.1, the soil is simplified as a uniform medium, and the earth electrode is
simplified as a point current source. The potential at a certain point P on a metal pipe can be
approximated as:

whe
V
Iy

p

_ lop
2”(xz + yz )1/2
re
is the potential of point P on the metal pipe (V);
is the Earth electrode equivalent earthing current;

is the soil resistivity (Q-m);

(J.4)
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X is the distance from point P to the near end of the metal pipe (m);
y is the distance from near end of the metal pipe to the earth electrode (m).
Iy Ground
A electrode
~
Y P Y
=
A
- X -
o o IEC

Figure J.1 — Calculation of current flowing through~a metal pipe

Thelleakage current density at point P of the metal pipe can beg approximated as:

Iop  2x* —y®

/- 202dR, (2 + y29°I 5-9)
whefe
i is the leakage current density at point P of the metal pipe (A/m?2). If j > 0, the current flows
out of the metal pipe, otherwise it flows-into the metal pipe;
d is the diameter of the metal pipe (m);
R, is the resistance of unit length -of‘the metal pipe (Q/m).

J.3| Calculation of the leakage current of the metal pipe

To gbtain more accurate current density through metal pipes, corresponding numeric calculgtion
methods are required. The numeric calculation method described in Annex G is recommenged.
While the earth electrode is considered, the metal pipes are included in the calculation mpdel
to cplculate metal(pipe leakage current with a higher accuracy. The calculated results| are
usually greater than those estimated by the method proposed in Clause J.2.
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Annex K
(informative)

Calculation method for DC current flowing through
AC transformer neutral near earth electrodes

In the DC power transmission system earth return operation mode, a DC current of one
thousand amperes or even a few thousand amperes is likely to flow from the earth electrode to
the earth. This large DC current will lead to potential distribution in the soil, which will affect
nearby AC systems. The existence of DC potential distribution will cause a DC current flowing
thro
flowjng into (and out of) transformers with directly grounded neutral can result in serious| DC
magnetic bias of the transformers. This annex describes the method for calculating BC-Current
flowjng into (and out of) transformers with directly grounded neutral.

Whgn a DC power transmission system runs using earth as the circuit, the clrrent flows {from
the DC earth electrode to earth. The current field caused by such current results in significgntly
diffgrent ground potential in a wide range. Since AC substations have different ground potential,
a pgtential difference exists between them. When the neutral of a substation transformer is
groynded, a DC current will flow through AC systems. Hence, for the-ground resistance netyork
formed by power transmission lines and transformers, the ground potential of diffgrent
subgtations is equal to the voltage source connected to them, @s,shown in Figure K.1.

e L ]
To other e ° To other

substations substations

SubStation i \

IEC

Figure’K:T — Schematic diagram of ground resistance network
and underground voltage source

In Flgure K. 1, R'—ij and R'-jk are the DC resistances of line ij and line jk respectively. The value
of the resistance is equal to the DC parallel resistance of all the sub-conductors in all three
phases of the different circuits of the corresponding line. RT,, RTJ. and RT, represent the effegtive
DC fesistance of transformers with grounded neutral in corresponding substations. 79, ng and
79, represent the ground potential of different substations. The above parameters can be

achieved with the calculation method described in-ArrexE Annex F. As all currents flowing into
the earth will create a potential in the earth, if the grounding system has » grounding networks,
the potential of these grounding networks can be expressed as Formula (K.1) with a matrix.

V =RI (K.1)

where V contains the potential of n grounding networks, and I contains the earthing current from
n grounding networks. The diagonal elements R;; and non-diagonal elements in R represent the

self-resistance of number I grounding network and mutual resistance between number [
grounding network and number k grounding network respectively. As the ground potential at the
substations is caused by both the DC current from DC earth electrode and that from all
substations to earth, the ground potential of any substation in Formula (K.1) can be expressed
as the form in Formula (K.2).


https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

IEC TS 62344:2022 RLV © IEC 2022 - 97 -

V8 =Riglg+RII; + Y Rl (K.2)

1
S#I

where 1, I; and I represent DC electrode earthing current, DC current flowing through number

i substation and DC current flowing through number s substation respectively. R9Y; represents
the earthing resistance of number i substation. R;4 and R, are the transfer resistance between

the DC electrode and number i substation and that between number s substation and number i
substation respectively.

During the analysis of the DC current distribution in Figure J.1, calculations concerning the
trangfer resistance are required. In fact, the distance between different substations is\nmuch
longer than the edge length of the substations and the DC current flowing through| the
subgtations is much lower than that flowing from the DC electrode to the earth. The-grdqund
potgntial at each substation is therefore absolutely dominated by DC current flowing from the
DC Electrode to the earth and from the substation itself. Also, the ground potential resulting
from the DC current flowing from other substations to earth is negligible. As a result, the transfer
impédance between substations can be ignored. Consequently, Formula (K 2) is simplified as
Formula (K.3):

VS ~ Rigly + RY1 (K.3)
whefe
Vd- ¥ Rid]d, and

7d. [represents the ground potential caused by the”DC electrode earthing current at|the
corresponding substation.

It is| approximately equal to the ground pote€ntial of this substation when the neutral of| the
trangformers is not grounded. Hence, the underground part of each substation can be seep as
a vqltage source with an electric potential equal to the ground potential caused by thel DC
electrode earthing current in that substation and with an internal resistance equal to the earthing
resistance of that substation. When)the neutral of the transformers is grounded, a DC cufrent
flowp through the substations. In this case, the actual ground potential of the diffdrent
subgtations can be calculated-with Formula (K.3). Formula (K.3) can be expressed as Forrmula
(K.4) with a matrix.

V_Vy-RI (K-4)

Due| to this, during.the analysis of the DC distribution of the AC systems, the circuit mpdel
shoyvn in Figure K.2 can be used. After obtaining the ground potential (74) generated by thg DC

electrode earthing current at the corresponding substation, the node voltage Formulas cap be
listed for-the circuit network illustrated in Figure K.2, as shown in Formula (K.5).

[=GV (K.5)

where
G is an n x n admittance matrix.

The matrix element Glj can be calculated based on DC resistances of different lines and those
of windings per phase of the different transformers.

Putting Formula (K.5) into Formula (K.4) gives the distribution of DC current in an AC system
as shown in Formula (K.6), or grounding network potential of the substation as shown in
Formula (K.7).

1=[E+GR[avy (K.6)
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v =[E+RG] vy (K.7)

where E is the unit matrix and superscript —1 indicates the inverse matrix.

° °
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/
\_— Substationx

NTo
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/
Ve

= Substation i
IEC

Figure K.2 — Circuit model for the analysis of DC distribution of AC systems
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Annex L
(informative)

Chemical-aspects processes in sea electrodes

Chlorine (Cl,) is evolved from electrodes in contact with seawater. However, if Cl is evolved at
a low rate it will not form gaseous Cl,, but will form hypochlorite ions, which are considered
much less harmful, because they react with the buffer content of carbonate in normal water.

The buffer effect of carbonate is ineffective, either in the case of forceful evolution of ClI by high
currEnt density or If the electrolyte liquid Is not exchanged. Lack of exchange of the liquid may

be the case with deep vertical electrodes, especially if the vertical solution has been chgsen
because of saline strata underground. The need for ventilation of gases is also mostlydiscugsed
for deep vertical electrodes.

Thelanodic reaction of HVDC electrodes means that, although not generally| discussed,| the
anogle itself has to be noble, that is, it shall not lose any significant amount of itself. In|this
senge, graphite, coke, SiCrFe and titanium are noble chemicals. If the electrode is non-ngble,
such as Al, Zn, Mg or Fe, it will lose metallic ions which will participate in the anodic chenpical
prodess. If an anode was made by just ramming down a number of-coarse sectional steels, to
a lafge, but still practical depth, then the evolved gases, oxygen-and/or chlorine will react with
the anode material to form substances like Fe,O4 (i.e. common fust), FeCl, or related chemicals,

and|no gas is expected to be released.

Of gourse such an electrode is corroded at a rate of 1,042°kg/(kA-h). However, if the intention
or license of operation limits the electrode to a short time duty, an electrode of this simpljfied
typd will last for many years. Deep non-noble metallic rods electrodes will also be corrqded
from the bottom, because the current density is expected to be largest at the bottom ends of
the Yertical electrodes.

By the cathodic process H, (hydrogen) is“evolved in gaseous form. This hydrogen is partly

dissplved in the water, finally to a saturated concentration, if there is little or no exchange of
electrolyte close to the cathode. The\part of hydrogen not dissolved can be assumed t¢ be
relepsed to the atmosphere, whighdhas a natural content of H, of about 0,5 ppm (parts| per

millipn). If there is only little exchange of water by the cathode, the strong base NaOH (sogium
hydioxide) will concentrate around the cathode.

It is|well-known from sea_electrodes running only in cathodic mode that the cathodic progess
involves chalk-like substances being deposited on the electrode surface. These deposits| are
not harmful to the €lectrode surface, but may involve local extra resistance and then heating. If
this |heating is to®.accentuated, the deposit may even be blasted off due to steam explosjons
inside the deposit.

Chapges between anodic and cathodic direction of current may be a problem for certain
materials.’Running as an anode the surface of the electrode develops an acid environment,|and
is polarized according to that, while a cathode develops a chemically basic environment, plso
involving polarisation. The sum of polarisation voltages in a pair of electrodes can easily reach
about 2 V, which represents a voltage drop, corresponding to a loss.

When a polarised pair of reversible electrodes is reversed, the polarisation, starting with the
"wrong" direction, will diminish the total voltage drop, until opposite chemical conditions have
been established by the electrodes.
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Materials like coke and graphite withstand current reversals well, while high silicon iron is less
tolerant, because a layer of SiO, on the surface can burst and cause pitting. However, if

sufficient material is installed, some pitting that occurs may not significantly affect service life
of the electrode. Platinised titanium and mixed metal oxides (MMO) can withstand the harsh
anodic condition extremely well, but they are not very suitable for reversible operation under
large earthing current, because they can only withstand very low dispersed current density in
anodic operation.



https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

IEC

M.A1

TS 62344:2022 RLV © |EC 2022 - 101 -

Annex M
(informative)

Simple introduction of shore electrodes

General

Shore electrodes are most common for monopolar operation with sea cables. Shore electrodes

may

M.2—Beach-eleetrodes

Beafh electrodes are located on the beach inside the waterline, and the active part, of

be divided into two groups: beach electrodes and pond electrodes.

the

electrode makes contact with the soil or with underground water but not directly with seawater.

See

M.3

Pon

moslt often is protected against waves and possible ice damage by a breakwater. Either

bres
bres
curr

Figure M.1.
Sea
Water ling —-—-—-—-—-— - — - — - — - — - — .
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Figure M.1 — Top view of shore electrode, beach type
Pond electrodes
 electrodes have electrodes directly in caontact with seawater, within a small area w

kwater or the bottom of the pond or béth-shall should be able to conduct current. If
kwater is built of rocks or boulders which are assumed to be insulating, then the flo
ent through the breakwater follows dhe water-filled interstices. See Figure M.2.
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Figure M.2 — Shore electrode, pond type

Shore electrodes differ from sea electrodes in a practical but important way: they are (normally)
accessible by cars and persons from land, which makes maintenance easy, while access to a

sea

electrode demands use of boats, cranes, divers, etc.

Pond stations are advantageous for several reasons:
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hey generally need a small area, 6 000 m2 to 10 000 m?;

b) the electrodes are very easy to supervise or to inspect directly, by lifting them out of the
water. The voltage of the lifted-out sub-electrode with respect to surrounding objects when
the remaining sub-electrodes are still working-shall should be determined. If the voltage is
sufficiently low to be harmless for skilled staff, disconnecting switches for each sub-
electrode may be avoided;

c) although there is only limited information on costs for different types of electrodes, it is
assumed that pond stations are generally less expensive than sea electrodes.

Pond electrodes are characterised by their location, on the shore, but with the current

trantmwmmmmﬂmwmmmmmmmmmm
samle time prevents the access of large marine life. The access of unauthorized persan

norrj
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Firs
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Regprding the configuration (geometric arrangement) there will be possibilities as alre

des
cong

linear configuration, suspended on both sides of a timber bridge.

hally prevented by fences and signs.

an inherent trait for this type of electrode that the current density can reach verpy high val
magnitudes of current densities are not greater than generally recommended for th
prials, but two problems-shal should be considered.

ly, the gradients and "step" voltages inside the pond may reach high values as on
hce of the sub-conductors the voltage gradients are of a magnitude-of 100 V/m to 150

cond problem is the fairly high selectivity for evolution of Clsinstead of O,, which ma
Cceptable in some cases.

ribed for other types, such as linear, ring, etc. As a practical consideration, a tin
truction could carry the suspended electrodes, Wwhich leads to a preference for a do

the
s is

Les.
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the

y be

ady
hber
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TS 62344 has*been prepared by IEC technical committee 115: High Voltage Direct Cufrent

tion

This edition includes the following significant technical changes with respect to the previous

editi

on:

— Changed the requirement of earthing resistance limit for short-time unipolar earth system in
5.1.3.

— Corrected the coefficient before pg from 0,015 9 to 0,008 in touch voltage limit calculation
formula (3) in 5.1.5.

— Deleted the analytical calculation formulas of earthing resistance for sea and shore
electrodes in 6.1.3.

— Changed the current density limit from 100 A/m2 to 40 A/m2 ~ 50 A/mZ2 for the sea electrodes
that are not accessible to human beings or to marine fauna in 6.1.7.
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Extended some detailed technical requirements for the measurement of ground/water
parameters in 6.2.5.

soil

Reformulated the types and characteristics of electrode element material for sea and shore

electrodes in 6.3.2.
Added an informative Annex B: Earth electrode design process.

Added an informative Annex C: Test results of human body resistance.

Deleted the formula for calculating the average soil resistivity using harmonic mean when

processing the measurement data in D.2.6 of Annex D.

Extended some detailed technical requirements of electrode online monitoring system in

nnex H.
IGRE 675:2017 is added to the bibliography.

— Terminology and way of expressions are modified using more commonly used‘terms in the

VDC electrode design industries and English speaking countries, so as,to make| the

eaders understand the content more easily.
Theltext of this Technical Specification is based on the following documents:

Draft Report on voting
115/276/DTS 115/293/RVDTS
Fulllinformation on the voting for its approval can be found. inthe report on voting indicatgd in
the gbove table.
Thellanguage used for the development of this Technieal Specification is English.
Thig document was drafted in accordance withJSO/IEC Directives, Part 2, and developgd in
accgordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, availpble
at www.iec.ch/members_experts/refdocs. «The main document types developed by IEC|are
des¢ribed in greater detail at www.iec.chistandardsdev/publications.
The|committee has decided that the contents of this document will remain unchanged unti| the
stahblility date indicated on the IEC-website under webstore.iec.ch in the data related to| the
speg¢ific document. At this date,\the document will be
e feconfirmed,
e \ithdrawn,
o feplaced by a revised edition, or
e amended.
IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates that it
contai i i i its

contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

The high-voltage DC earth electrode is an important part of the DC power transmission system.
It takes on the task of guiding the current into the earth under the monopolar earth return
operation mode, and the unbalanced current under the bipolar operation mode. Further, it
secures and provides the reference potential of converter neutral point under the bipolar/

mon

opolar operation mode, to protect the safe operation of the valves.

DC earth electrodes include land electrodes, sea electrodes, and shore electrodes. Today,
there are around tens of DC electrodes in the world. Their influence on the nearby and far away
environment is produced when there is DC current continuously leaking into the earth through

DC

The

¢) iInfluence on nearby ponds and organisms in the sea;

A gi

countries, and relevant national standards or enterprise standards have been developed.

aim
mat
can
ope
nea
eng

To
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earth electrodes.

r influence on the surrounding environment includes:

nfluence on the electrode itself, mainly reflected by ground temperature rise and corro
bn the electrode;

nfluence on the AC power system, mainly reflected by the-DC voltage excursio
ransformer neutral point;

bipelines, AC grounding grids, tower foundations for powertransmission lines and armo
Cables, etc.

eat deal of experience has been accumulated inthe research and design work in n
of this document is to develop the design guidefor DC earth electrodes, on the site seleq

be referred to by the electrode design .engineers in different countries, to ensure the
ation of earth electrode under different'modes, control the influence on the environn
by and the environment far away.-to the acceptable level, and to reasonably decre
neering costs.

bnsure this document is more scientific, precise and practical, some research resg
ined in recent years are adopted.

nfluence on humans, mainly due to step voltage, touch voltage and transferred“voltage;

sion

h of

nfluence on buried metallic objects, mainly revealed by the corrosion of buried mefallic

ired

any
The
tion,

brial selection, shape, buried depth, adoption of equipment and connection styles, efc. It

safe
hent
ase

ults
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DESIGN OF EARTH ELECTRODE STATIONS
FOR HIGH-VOLTAGE DIRECT CURRENT (HVDC) LINKS -
GENERAL GUIDELINES

1 Scope

This document applies to the design of earth electrode stations for high-voltage direct current
(HVPC) links. It is intended to provide necessary guidelines, limits, and precautions\t¢ be
followed during the design of earth electrodes to ensure safety of personnel and garth
electrodes, and reduce any significant impacts on DC power transmission systems=and| the
surrpunding environment.

2 [Normative references

Thelfollowing 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, onlycthe edition cited applies.
For |undated references, the latest edition of the referencedcdocument (including [any
amgndments) applies.

IEC|60479-1, Effects of current on human beings and livestaek— Part 1. General aspects
IEC|TS 61201, Use of conventional touch voltage limits,—‘Application guide

IEC|61936-1, Power installations exceeding 1 kV ACand 1,5 kV DC — Part 1: AC

IEC|TS 61936-2, Power installations exceedingDkV a.c. and 1,5 kV d.c. — Part 2: d.c.

3 [Terms and definitions

For the purposes of this document, theollowing terms and definitions apply.

ISOland IEC maintain terminological databases for use in standardization at the folloying
addresses:

o |EC Electropedia: available at http://www.electropedia.org/

e SO Online browsing\platform: available at http://www.iso.org/obp

3.1
earth (ground) electrode
condluctive part_that is in electric contact with local earth, directly or through an intermediate
condluctive medium

[SOPYRCE:'IEC 60050-195:2021, 195-02-01]

3.2
land electrode

earth electrode buried in the ground above the high tide water level and located away from the
shore and not influenced by water bodies

3.3
shore electrode

3.3.1

beach electrode

electrode located on the shore above the low tide water level, where the active part of the
electrode is in contact with the soil or with underground water, but not directly with seawater

Note 1 to entry: Compared with land electrode, beach electrode is relatively close to the shore and is influenced by
water bodies.
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3.3.2

pond electrode

electrode located on the seashore below the low tide water level, where the active part is directly
in contact with seawater, within a small area which is protected by a breakwater against waves
and possible ice damage or damage from other floating debris

3.4
sea electrode
electrode located away from the shoreline in a body of seawater

whole facility which transfers current from/to electrode line to/from the earth or sea weLter,
usually including the feeding cable, towers, switchgear, fencing and any necessary)auxiliary
equipment in addition to the electrode itself

3.6
common or shared earth electrode
earth electrode system, which is composed of a single earth electrode: or multiple darth
electrodes in parallel, shared by multiple converter stations

3.7
eledtrode site
site where the earth electrode is located

3.8
eledtrode line
ovelhead line or underground cable used to conneet\the neutral bus in a converter statign to
the earth electrode station

3.9
eledgtrode element
earthing conductor buried underground. or’in the sea for guiding earthing current into| the
surrpunding medium (soil or sea water)

3.10
feeding cable
cable used to guide current from current-guiding wire to electrode elements

3.1
curient-guiding wire
mai branch used to 'eonduct current from electrode line (or bus) to feeding cables

3.1
curient guiding system
system used to guide the current from electrode line to electrode elements

Note|1 fo’entry: It consists of current-guiding wire(s), disconnecting switches, feeding cables and connectiong.

3.13
jumper cable
cable used to connect two electrode elements placed at some distance from each other

EXAMPLE The cable that connects the two electrode elements on either side of a trench when the electrode has to
cross the trench.

3.14

earth return operation mode

operation mode in the HVDC power transmission system, using DC lines and earth (or sea
water) as the current loop

3.15
earth return system
set of devices designed and built specifically for earth return operation mode
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Note 1 to entry: It mainly consists of the electrode line, earth electrode, current guiding system, and other auxiliary
facilities.

3.16

system rated current

nominal rated current of one converter pole of the HVDC system

3.17

maximum short-time overload current
maximum current that can be sustained in monopolar operation condition of DC system for a
defined time interval (generally between 10 s and 2 h)

3.18
ma

imum transient overcurrent

avellage maximum current flowing through the earth electrode for a few seconds (gen€rally

tha
3.1

10 s) when a system disturbance occurs

unbplanced current
diffdrence of current between two poles during operation of a bipolar DC-system

Note
by th

Note

1to entry: For balanced bipolar operation mode, the unbalance current flowing €an’be controlled automat
e control system within about 1 % of the rated current.

2 to entry: For unbalanced bipolar operation mode, the current flowing through the earth electrode i

differfence in currents between the two poles.

3.2¢
cath
elec
carr

Note
the ¢

Note
elect
semi

[SO

3.21
ano
elec
carr

Note
lowe

Note
depe|
devig

[SO

ode
trode capable of emitting negative charge carriers to and/or receiving positive ch
ers from the medium of lower conductivity

1 to entry: The direction of electric current is from¢he,medium of lower conductivity, through the cathoq
Kternal circuit.

2 to entry: In some cases (e.g. electrochemical cells), the term "cathode" is applied to one or an
ode, depending on the electric operating condition of the device. In other cases (e.g. electronic tubes
tonductor devices), the term "cathode" is_assigned to a specific electrode.

JRCE: IEC 60050-151:2001, 151=13-03]

de
trode capable of emitting positive charge carriers to and/or receiving negative ch
ers from the medium of lower conductivity

1 to entry: The direction of electric current is from the external circuit, through the anode, to the mediy
conductivity.

2 to entry: m'some cases (e.g. electrochemical cells), the term "anode" is applied to one or another elect
hding on the‘electric operating condition of the device. In other cases (e.g. electronic tubes and semicond
es), theterm "anode" is assigned to a specific electrode.

JRCE!'IEC 60050-151:2001, 151-13-02]

less

cally

5 the

hrge

e, to

bther
and

hrge

m of

rode,
uctor

3.2

current-releasing density

3.22.1
linear current density
current released to earth from a unit length of electrode element

Note

1 to entry: It is expressed in A/m.

3.22.2
surface current density
current released to earth from a unit area of the coke-soil interface

Note

1 to entry: It is expressed in A/m?2.
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3.23

designed lifespan

designed operational lifespan of the earth electrode, typically of the same order as the
operational lifespan of the converter station

3.24

corrosion lifespan

time integral of current when an earth electrode runs as an anode, such as monopolar operation
and bipolar operation with unbalanced current, during its designed lifespan

Note 1 to entry: It is expressed in the unit of ampere hour (Ah).

mal time constant
required for the temperature of the soil immediately adjacent to the active elements gf an
rode to reach 63,2 % of the steady state temperature rise at a given current

ing resistance
istance between an earth electrode and remote earth with zero potential

voltage
rence in surface potential experienced by a person or animal bridging a distance between
eet without contacting any other grounded object

Note|1 to entry: For a human the distance between the two contact péints on the earth is normally taken as 1|m.

h voltage
ntial difference between the surface potentialiat the point where a person is standing|and
otential of a grounded structure touched by him

sferred voltage
speg¢ial case of the touch voltage whefe a voltage is transferred into/out of a point near the

metallic structures buried-in"the ground within the electrode interference area and coated jwith

metallic structures buried in the ground within the electrode interference area and not coated

coefficient of uneven current density distribution
ratio of maximum current-releasing density at any specific point of an earth electrode, to the
average current-releasing density of that earth electrode

Note 1 to entry: This parameter reflects the uniformity of current released from the earth electrode to the
surrounding medium and is a dimensionless quantity.

3.33

equivalent earthing current

ratio of time integral of current of an earth electrode operated as a cathode or anode to its
designed lifespan

Note 1 to entry: It is used to analyse the corrosion impact on underground metallic objects in the vicinity of the
electrode.
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4 System conditions

4.1 General principles

The system conditions to be considered during earth electrode design mainly include the
amplitude and duration of the current relating to the earth electrode, and designed lifespan and
polarity.

4.2 System parameters related to earth electrode design

4.21 Amplitude and duration of the current

The operation current and duration of DC earth return operation systems should normally be
spettified in local regulations, bid documents, or specifications. In the absence of iuch
docliments that can be used as a reliable source, the following values may be used“as a
refefence during design:

a) the amplitude of earth electrode rated current is equal to the HVDC system, rated cuirent
I\). The maximum duration of this current corresponds to that of the monopolar earth return

peration mode of the earth electrode. The duration of rated current can*be continuous or
f defined length. A typical defined length for a bipolar system is the interval from the fime
vhen the monopolar system is put into service to the time when the bipolar system ig put
into service;

b) the amplitude of the maximum short-time overload current is typically 1,1~1,3 Iy. |The
aximum duration of this current is generally the time allowed for operation at maximum

¢verload current with the redundant cooling equipment’in service;

c) the amplitude of the maximum transient overcurrent/is determined through system stability

¢alculation, typically in the range of 1,25~1,5 I\« The maximum duration is generally alfew
¢r less than 1 s;

d) the amplitude of bipolar unbalanced current'is the difference of the operating currenis of
iwo poles. For DC power transmission systems with two symmetrically operated poles] the

alue is very small relative to I, e.g4 ™% of I. The duration is the same as the bigolar
pperation time of the HVDC system(

4.2.7

Poldrity of the earth electrode should be selected to be consistent with system operation|and
environment protection requirements. For anode type earth electrodes, the corrosion of darth
elecfrode material should be_considered.

Polarity

re are any long buried metallic structure within the electrode interference area, corrogion
at the distal end of-the metallic structures should also be considered. For cathode type darth

and|anode type earth electrodes, attention shall be paid to safe operation with revergible
pola e e ete ' et SC :

V- 3 OUE OT DTpOTar anma asy a ornmopoiar v V outd be
designed with reversible polarity.

4.2.3 Designed lifespan

The design of an earth electrode should generally allow construction and operation of
associated converters in a series of steps. The designed lifespan should not be less than that
of the converter station using this earth electrode. Where no specific lifespan is specified, the
minimum designed lifespan of an earth electrode should be 30 years or more.

Within the designed lifespan of an earth electrode, loss of earth electrode material caused by
corrosion shall not affect its normal operation. During calculation of earth electrode corrosion
during a lifespan, the following aspects should be considered:

a) monopolar system: for an LCC monopolar system (or a bipolar system with one pole built
and put into operation at an earlier stage), the polarity of the earth electrodes can be
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determined by the system planning studies. For a VSC asymmetric monopolar system (or
bipolar system consisting of asymmetric monopole converters), the design of both (all)
electrodes needs to allow for polarity reversals and anodic operation, as the system changes
power direction by changing the current direction rather than changing voltage polarity;

bipolar system operated in monopolar mode: after a bipolar system is put into service, the
situation where one pole is out of service for repair or maintenance and the other pole
(healthy pole) is operated using earth return, shall be considered. In this case, the ampere
hours during operation as an anode shall be calculated based on data provided by the
system planning studies;

bipolar operation: during bipolar operation, the ampere hours of unbalanced current during

operation as an anoade snould be CcalCulated.
4.2.4 Common earth electrodes

For a common earth electrode(s) shared by multiple converter stations, the worstcase w,
sholild be considered is where monopolar earth return operation mode occurs simultaneo
at more than one converter station with the same polarity. Calculation of earthing’current o

hich
usly
the

earth electrode(s) should consider the probability of superposition of currents from different

conyerter stations. So compared with ordinary electrodes, common electrodes usually denj
highler requirements for electrode site conditions.

The|designed lifespan of a common earth electrode shall be detérmined as the interval 1

and

rom

the {ime when the first converter station is put into operation to the time when the last convgrter

station is put out of use.

The| polarity of the common earth electrode is determined by summing the directions
ampllitudes of the currents from all the converter stations that share it.

5 |Design of land electrode stations

5.1 Main technical parameters
511 General principles

The|design of the land electrode shall>ensure its safe and reliable operation throughou
lifespan and under different earthing current conditions including rated current, maxin

and

t its
num
h as
and
s of
e or
the

For ach
othgr, the situation of long time simultaneous and continuous operation of DC systems witH the
samle polarityyunder earth return operation mode shall be avoided as much as possiblg. In
addition, the.effect of one circuit operated in monopolar earth return mode on the neutral volfage
shiff of-other bipolar systems should be considered.

Calcturation ot p P computer
software. See Annex G for the calculation principles.

5.1.2 Temperature rise

Under all circumstances, the maximum temperature of any point of the earth electrode shall be

lower than the boiling point of water at the local altitude. For example, at an elevation of 0 m,

the maximum allowed temperature is 100 °C. The temperature rise calculation metho
described in Annex G.

5.1.3 Earthing resistance
The determination of earthing resistance for the electrode shall consider two aspects:

a) the ground temperature rise;

b) touch and step voltage at the electrode station.

dis
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For an earth electrode in any operation mode which involves a large earthing current, if the
duration of the current is longer than the thermal time constant of the electrode (see Annex G
for the calculation method), which is typically the case for rated current flowing into the earth
for a long time, the maximum permissible earthing resistance is typically dependent on the
permissible temperature rise, which should be in accordance with Formula (1):

1 2
Re S_\/Z’Imp_e(gmax —00) (1)
Iy Pm
where
Ro | is the earthing resistance between the earth electrode and remote earth with_a zero
potential (Q);
14 is the earthing current which flows into the earth for a long time (A);
Am | is the thermal conductivity of the soil where the earth electrode is buried(\W/(m-°C));

Omay is the maximum allowed ground temperature (°C);
is the maximum natural ground temperature (°C);
Pm | is the resistivity of the soil where the earth electrode is burigd“(Q-m);
Pe is the general equivalent earth resistivity at the electrode\site (Q-m).

If the duration of the current is shorter than the thermal ‘time constant of the electrode,| the
maximum permissible earthing resistance could be increased significantly than that determ|ned
by Hormula (1) from the point view of ground heatingy'in this case, the area of the coketsoil
intefface and current density at the interface is usually used to control the ground temperature
riselinstead of earth resistance (see 5.5.3).

5.1.4 Step voltage

The(step voltage of any ground point that.can be accessed by the public shall not exceed the
safety limits defined for humans and livestock. According to tests conducted on 1 028 subjgcts,
ovell 95 % of the subjects have a foot-to foot human body resistance greater than 1 400 Q (see
Anngx C), which is slightly different from the hand to hand human body resistance given by
IEC|60479-1, and over 95 % of‘the subjects have no strong feeling at a DC current of 5,3 mA.
Basgd on these test results-and in consideration of different amplitudes and durations off DC
system earthing currents, the’maximum allowed step voltage of any point on the ground cap be
detdrmined with Formula.(2) under maximum short-time overload current of one pole.

E, =742+0,03p, 2)

whefe

Egp | is the-permissible step voltage (V);

Ps is’the resistivity of surface soil (Q-m).

During contingency conditions, such as maintenance of the earth electrodes (1/8 or more parts
of earth electrodes are out of service), according to IEC TS 61201 and IEC 60479-1, the
maximum permissible step voltage (Esp) shall be less than 70 V. Under such conditions, the

electrode shall be fenced to prevent access by the public and animals, and maintenance staff
shall be advised of the hazards and should take adequate precautions.

For common earth electrodes or multiple earth electrodes with a short distance, to lower the
step voltage, the situation where two DC systems run simultaneously with the same polarity
under earth return operation mode shall be avoided as much as possible. However, the case of
these systems running in short-time (e.g. < 30 min) earth return operation mode with the same
polarity due to accidents (e.g. equipment failures or human errors or lightning strikes, etc.)
should be considered during design. Considering that it is small probability, the maximum
allowed ground step voltage for common earth electrodes can be increased appropriately with
reference to Formula (2) in this case, on the premise that the impacts on the surrounding
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facilities have been evaluated and the maximum permissible step voltage is lower than that in
contingency conditions.

If any point on the ground fails to meet the above requirement for maximum step voltage,
mitigation measures shall be taken.

5.1.5 Touch voltage

For earthed metallic structures that can be accessed by the public, the touch voltage of any
point on the site ground shall not exceed Eyp obtained from Formula (3) under maximum short-

time overload current of one pole.

E, =7,42+0,008 p, (3)

whefe

Ey, is the permissible touch voltage (V).

For parthed metallic structures that cannot be accessed by the public, the maximum permisgible
tough voltage of any point on the site should be less than 70 V in general

5.1.6 Current density

For Jand electrodes that are likely to run as anodes for a long time, the current density af the
cokeg-soil interface should be limited to prevent electro-osmosjs\(moving of water by the eleftric
field). For anode-type earth electrodes that run in monopolarimode for a long time and afe in
fine|particle (clay) soil, the permissible average current depsity at the coke-soil interface shpuld
be limited to 0,5 A/m2 to 1 A/mZ2 at the rated current of one pole. For specified outage conditjons
(e.g| 30 % electrodes out of service), the current density may be higher as allowed by|soil
condlitions.

In the case of a coarse-grained soil with large ‘pore size and where the active portion of| the
electrode is below the water table, an average current density of 2 A/m2 or higher may be the
permissible value under rated current of one pole.

51.y Field intensity in fish ponds
For learth electrodes near fish ponds, the field intensity of any point in the water should| not

excged 15 V/m when operating-at maximum short-time overload current.

For common earth electrodes’ or multiple earth electrodes within a short distance of each other,
the tase of systems running in short-time (e.g. < 30 min) earth return operation mode witH the
same polarity should(be'considered during design.

5.2 | Electrode ‘site selection and parameter measurement

5.2.1 General principles

Selgctionof*the electrode site is a critical step in the beginning of the earth electrode degign,
and|also-a complicated process, during which technical and economic comparison is reqyired
to select a safe, reliable, economically feasible, and environment-friendly site.

Local environmental impacts (see Clause 4) and remote environmental impacts (see Clause 7)
should be focused on during selection of the electrode site. Multiple geophysical and
geotechnical surveys, geoelectric modelling, electrode pre-design and performance
calculations (electrical and thermal) are all necessary in this step. To reduce the impact of
earthing current on the environment, the sites which have lower resistivity in deep ground
should be considered as the first candidate if possible. If the electrode will serve as ground
return for more than one HVDC system with converter stations in the close vicinity, it is
recommended to consider the common earth electrode solution if it can meet all the system
operation conditions. Split earth electrodes or compact earth electrodes can be used if the
technical and economic feasibility has been demonstrated.
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5.2.2 Data collection survey

For the evaluation of a suitable electrode site, a survey within a radius of at least 10 km should
be conducted to obtain the natural conditions in the neighbourhood of the prospective electrode
site. The survey data should at least include the landform and terrain, geological structure,
hydrological-meteorological conditions, and ocean tide (for shore electrodes or sea electrodes),
and a technical assessment should be carried out based on Annex D.

In addition, local development plans should be acquired from the local government or other
relevant authority. For complete assessment of the electrode site under investigation,
information should at least cover existing and planned power facilities (such as substations and
lines), buried metal pipes, armoured or earthed cables, and railway lines.

Depgending on the tectonic setting of the area, it is recommended to collect information, of ‘gxtra
-voltage AC power facilities in a larger range, e.g. located within 50 km ~ 100 Km~or more
of the electrode site. A high-resistivity terrain will require a wider geographical survey than a

L f
rter
station or high voltage AC substation should be no less than 10 km in general to minimizg the
risk [of DC current flow into the Y grounded windings of the AC transformers, and the minimum
distance from the electrode site to any aerial power line with.‘éarth wire should be larger than
to reduce the risk of corrosion of tower grounding and foundation. If for some reason|it is
imp@ssible to maintain these distances, measures should be taken to mitigate the effect, guch
as OC current-blocking devices in series with transformer neutral and ground (see Clausg 7),
or insulation between earth wires and the towers.

In the site selection process, the impact of the earth electrodes on surrounding conther

5.2.4 Environment conditions, terrain and landform

The|electrode site should be located far away from cities and densely populated resideptial
areds, on a reasonably flat area, without.ground erosions and rocks outcropping, and avoifling
lowlands, without risk of flood erosion or long-time flood submersion. In addition, the locgtion
shouild be in an open space to provide a wide and conductive current-releasing area and to
faciljtate making the necessary.gonnections.

5.2.9 Geophysical and @eological surveys

In tHe beginning of the design of earth electrodes, the main physical parameters of the so|l on
the electrode site including the soil resistivity model, soil thermal conductivity, volume thefmal
capacity, maximum~ambient temperature, humidity, and ground water table (see Annex [} for

the case of a vertical or deep well electrode, a survey method of well profiling that measures
the resistivity of the well walls directly by means of a probe that is lowered down to the well
could be used for the direct access of the shallow ground geoelectric structure. This data shall
be used for the calibration of the shallow ground layers of the final geoelectric model for the
electrode site.

5.2.6 Topographical map

1:1 000 or 1:2 000 topographic maps should be drawn based on a field survey. The
measurement range should be defined in such a way to allow for the optimization of earth
electrode layout.

5.2.7 Values selected during design

In general, reasonable values shall be selected for soil parameters based on actual surveys
through analysis, calculation and sorting:
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5.3

5.3.1 General principles for material selection

the reliability of the measurements should be higher than 95 %. For N effective values
measured at the same place (Xy, X5, ..., Xy) , the average (Xp) and standard deviation (o)

can be calculated with:

1 N
Xp:W;Xn (4)
1O )
o = WZ(XH Xp) (5)

The value of soil parameters can be calculated with:
X=Xp+1,96xk><(7 (6)

vhere
k = +1 for soil resistivity and temperature, and
k = —1 for thermal conductivity and volume thermal capacity.

alues selected for soil resistivity during the design shoulds consider the influencg of
infavourable seasons, which means the season coefficiént should be applied after
alculation with Formula (6).

Earth electrode and associated components

Eleqtrode element material should be selected thtough technical and economical comparigons

bas

¢d on engineering and market conditions. <Fhe selection shall be based on the folloying

pringiples: good conductive property, good resistance to corrosion and to ground aggressjivity

(pH

effegtiveness.

5.3.2 Selection of electrode elements and characteristics

chloride content, etc.), easy mechanic¢al processing, no toxic or negative effect, and dost-

Eledtrode elements used for DC earth electrodes should be preferably made of iron, high-siljcon

cas

ffiron, high-silicon chromiuiron, or graphite.

If the pH value of soil and ‘ground water is between 3 and 11 and the content of CI-+S042- jons
is leps than 500 mg/l foranode type land electrodes with a service life shorter than 40 x 109 Ah,

the

blectrode eleménts should be made of iron.

If the corrosiorlifespan of the electrodes is longer than 40 x 106 Ah or the soil has a pH vhlue

less|than 3, (the electrode elements should be high-silicon cast (chromium) iron or graphitg.

If h

products’should be equipped with feeding cable.

igh-silicon cast iron or high-silicon chromium iron is used for electrode elements, the final

The carbon content in iron should be less than 0,5 %. Graphite should preferably be treated by

sub

mersion in linseed oil. The chemical composition of high-silicon cast iron and high-silicon

chromium iron should correspond to the values listed in Table 1.
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Table 1 — Composition of iron-silicon alloy electrode

5.3.8

The|chemical composition of the petroleum coke after calcination should“correspond to

Chemical composition High-silicon High-silicon
cast iron chromium iron
% %

Silicon (Si) 14,25~15,25 14,25~15,25
Manganese (Mn) <0,5 <0,5
Carbon (C) <1,4 <1,4
Phosphorous (P) <0,25 <0,25
Sulfur(S) 04 <01
Chromium (Cr) 0 4~5
Iron (Fe) >82,5 >77,5

Chemical and physical properties of petroleum coke

valules listed in Table 2.

The| physical properties of petroleum coke products used for DC earth electrodes sh

Table 2 — Chemical composition of the petroleum cokeafter calcination

Substance Proportion
%
Carbon 295
Water <0,1
Volatile components <0,5
Sulphur <1
Iron <0,04
Silicon <0,06
Ash and others <1

correspond to the values listed in Table 3.

Table 3 — Physical properties of petroleum coke used for earth electrodes

Properties Values
Résistivity (at a volume weight of 1,1 g/cm?) <0,3Q'm
Volume weight 0,9~1,1 g/cm?
Specific gravity 2 g/lcm3
Space ratio A5 %55 9

the

buld

5.3.4

The earth current should be guided from

Volume thermal capacity

>1,0 J/(cm? °C)

Current-guiding system

electrode

line to the current-guiding wire,

disconnecting switchgear, feeding cables and connections in turn before it reaches different

electrode elements (more details in 5.6).

5.3.5

Bus

The current is distributed by the bus, which can be of either the strain or rigid types. Strain bus
is typically composed of an aluminium conductor steel reinforced, and rigid bus is typically
composed of aluminium pipe or copper bar.
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6 Electrode line and its monitoring device
design of electrode line can be seen in Annex E. In some systems, electrode line monitoring

(capacitor/reactor) devices are connected at the electrode end of the electrode line, to monitor

inte

grity of the electrode line. The technical requirements of such devices are typically

determined during converter station design. Their arrangement shall be considered during the

des

5.4
5.4.

ign of the current guiding system.

Electrode arrangement
1 General principles

The arrangement of land electrode elements can be classified as horizontal (trench) and vertical

(we
dist

:r) type, which shall be selected through technical and economic comparison based on
ibution of soil resistivity and terrain conditions. Generally, if the resistivity of deep|soil

(degper than 10 m below ground) is significantly lower than that of the surface or if the-grqund

5.4,
Hor
suit
circ

watT]r table is deep, a vertical well arrangement might be used, otherwise horizontal trench
arra

gement might be used.

p Filling coke

izontal earth electrodes should preferably use square or rectangular sections or dgther
ble shapes according to the surrounding situation, and vertical earth’electrodes shouldfuse
lar sections. The electrode element in the center is surrounded)by filling coke, as shown

in Higure 1. The recommended density of the reinforced filling® coke should be between
1 040 kg/m3 and 1 100 kg/m3. The density for vertical electrades should be higher in the ¢ase

of wiater-filled bore holes.

5.4.

Coke

Trench Well

Electrode

element
IEC

Figure 1 — Electrode cross-section

B Selection of earth electrode shape

The|shape ef-the electrode shall be selected to achieve better current distribution and balgnce

as sjuggeésted below:

e—site—i a—anrd—wide—enough—H hoose—a—heorizental—sirgle—eireular
arrangement. If this proves to be unsuitable, next choose a double concentric circular
arrangement, with the ratio of diameters of internal circle to external circle between 0,7 and
0,85. If circular earth electrodes are not possible due to limited site conditions, the electrode
arrangement should be as circular as possible, maximising the curvature radius at curved
parts;

in case of rough terrain (such as ravine or loch), horizontal linear arrangement could be
used. In this case, a properly sized electrode of circled loop can be installed at the end
(often with the highest current-releasing density) to reduce current-releasing density at the
end. If the soil resistivity at depths ranging from tens to hundreds of meters is very low,
vertical or deep well electrode is also a good choice;

for horizontal multiple circles electrodes, the number of concentric circles is recommended
not to exceed 3, in order to reduce the shielding effect and improve the utilization efficiency
of electrodes;
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the electrodes should be arranged as symmetrically as possible to facilitate the layout of
the current guiding system, improve current shunt uniformity and reliability of the current

guiding system, and reduce construction cost of the current guiding system.

5.4.4 Earth electrode corridor (right of way)

If earth electrodes lie near any low-lying areas such as a trench, ditch or pond, and the burial
depth of the earth electrodes is less than that of the trench, ditch or pond, the distance from the
earth electrodes to its edge should generally be no less than 10 m.

5.4.5 Distance between sub-electrodes in the arrangement

In case of vertical arrangement of the earth electrode elements, the distance between sub-
electrodes should generally comply with Formula (7), as shown in Figure 2.

D=nL

whefe

is the distance between sub-electrodes in vertical arrangement (m);
is the length of the sub-electrodes in vertical arrangement (m);

is the coefficient, 0,8~1,0.

ST

Sub-electrode

Figure 2 — Vertical arrangement

If egrth electrode elements are horizontally arranged in a discrete way, as shown in Figure
sub{electrodes should have a distances-less than 2 m to achieve a uniform current distriby
at the coke-soil interface.

5.4.6 Burial depth of the .earth electrodes

Optimal burial depth of eafth electrodes should be selected through technical and econg
comjparison based on the foellowing principles:

a)

b)

(7)

4 b)
tion

mic

tep voltage. If the/electrode length is horizontally arranged, the minimum burial depth of

he earth electrodes can be estimated with Formula (8) approximately.
h=_Pst (8)
2rt g

herfe
h is the minimum burial depth of the earth electrode (m);
ps is the average shallow soil resistivity (Q-m);
T is the earth electrode current-releasing density, calculated with earthing current

divided by total length of electrode (A/m);

Egp is the maximum permissible step voltage (V/m);

the earth electrode should not be buried in rock, sand and gravel layers;

c) after the above conditions have been satisfied, the burial depth of the earth electrode should

be minimized to reduce earthwork;

d) if farming is allowed on top of the area where the electrode is buried, the earth electrodes
shall not be buried at a shallow depth to avoid artificial damage due to farming and machine-


https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

IEC TS 62344:2022 © |[EC 2022 - 25—

aided cultivation and impact of atmospheric temperature on the operation performance of
electrodes. In general, earth electrodes should be buried to a depth exceeding 1,5 m.

5.4.7 Segmentation of earth electrodes

DC earth electrode elements shall be divided into segments for better inspection and
maintenance. The number of electrode element segments shall be limited to avoid impact on
current distribution and prevent a complicated current guiding system. Sub-electrode length
shall be selected in such a way that other segments can still run safely and reliably at the
specified maximum earthing current when one of these segments is put out of use (for
maintenance).

5.5. General principles

Minimum sizes of earth electrodes refer to total earth electrode length, the side length of the
coke section and the electrode element diameter when the thermal stability ofstep voltage
conditions are met. The principles for determining these three important dimensions include at
leasft the following:

. t constant rated current, the highest temperature at any part of th€) earth electrodes ghall
ot exceed the boiling point of water;

e at the maximum short-time overload current, the maximum stép, voltage at any point on the
$oil surface shall not exceed the allowed value;

o at the end of the designed lifespan, the electrode elements shall still meet current-carrying
nequirements after the corrosion is considered.

5.5.p Total earth electrode length

In general, the length of the earth electrode (or occupied area) should be determined baseg on
heafing conditions (see 5.1.2 and 5.1.3), checked against the value allowed by maximum step
voltage (see 5.1.4) and current density at the ‘coke-soil interface (see 5.1.6), and finaljzed
through optimization of the earth electrodexmaterial consumption.

5.5.83 Area of the surface of the coke-soil interface

For earth electrodes running in earth return mode, if the thermal time constant is greater than
the duration of the rated current,“the area of the coke-soil interface at any point (P) of| the
electrode may be conservatively calculated by Formula (9) to ensure that the highest
temperature at any point (R) will not exceed the permissible value.

S,>k>xp *xt,’ Ly

9
’ 16pPCP(9mp_ec) ( )

where

S, is thexarea of the coke-soil interface at point P (m);

k is’the matching coefficient, in the range of 0,9~1,1; see Annex G;
7, is the Tinear current density at point P (A/m);

Pp is the soil resistivity at point P (Q-m);

C, is the soil volume thermal capacity at point P (J/(m3 °C));

Pm i the resistivity of the soil burial layer (Q-m);

0 is the highest natural ambient temperature of the soil at any time in the year (°C);
Omp is the maximum permitted temperature of the earth electrode (°C);

Ty is the duration of the rated current (s).

For earth electrodes running in anode mode for a long time, the maximum surface current
density at the coke-soil interface should meet the recommendations in 5.1.6.
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5.5.4 Diameter of electrode elements

To ensure that the electrode elements have sufficient current-carrying capacity, expected
lifespan and permitted temperature rise, the sizes of electrode elements should comply with
both Formulae (10) and (11).

2 -3
(Dp Z\/4/(11(2,0p1'pFVf-i-72'¢ Pm&lqx10

3 (10)
7P glg x10
PRI 2o (11)
Yo \/ppC

whefe
S, is the side length of coke section at point P (m), see Formula (9);
2, is the equivalent diameter of the electrode element at point P (mm);
ky is the protection coefficient, which is ratio of unit area ion currentin-the coke to the total

current, k4 = 0,1~0,6;

ko | is the electric corrosion accumulation effect coefficient, see Table 4;

F is the service life of the anode (A-h);

Vs is the electric corrosion rate of electrode element material in the soil (kg/(Afh)),
see Table 4;

0] is the remaining equivalent diameter of the electrode element when the total opergtion

time of the earth electrode reaches the designed lifespan (mm);

g is the density of the electrode element material (g/cm3), see Table 4;
Pe is the coke resistivity (Q-m);

C is the coke volume thermal capacity (J/(m3-°C));
Iy is the rated current (A).

Othgrs are the same as Formula’(9).

Table 4 — Electric corrosion characteristics of different materials

Material Density, g Corrosion rate, V; Accumulation effegt
g/cm3 kg/(A-h) coefficient, k,
Iron [steel) 7,86 0,001 039 3,0
Hightsilicon.cast iron 7,03 0,000 228 2,0/3,0 (in sea watef)
Hightsilicon/chromium iron 7,02 0,000 114 2,0
Graphite ')’1 n7nnn 144 Q’n

5.6 Current guiding system
5.6.1 General principles

Generally, electrode lines from converter stations should first (or via electrode line monitoring
reactors) be connected to the bus, and then the current should be guided to the current-guiding
wire, disconnecting switchgear, feeding cables and connections in turn before it reaches
different electrode elements. The current guiding system should be designed in such a way that
the current flowing through branches of the same level is equal or roughly equal.

5.6.2 Placement of the current-guiding wire

The current-guiding wire can be overhead wire or underground cable. The placement of such
wire should generally match the electrode shape to achieve good current sharing characteristics.
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In general, for symmetrically arranged earth electrodes, the current-guiding wire should also be
arranged symmetrically, e.g. Figure 3a) or Figure 3b).

(o]
L

it

1 2 IEC 1 JEC

a) Overhead conductor is adopted b) Underground cable is adopted
Key
(0] central tower
A branch tower
a location where the feeding cables branch.
S-0 electrode line
A-O current-guiding wire (where overhead conductors are used) betweén central tower and branch towef.
a-0 current-guiding wire (where underground cables are used) between central tower and electrode.

a-1, -2 feeding cables
A-1, A-2 feeding cables

Figure 3 — Placement of the current-guiding wire

5.6.8 Connection of current-guiding wire

To facilitate maintenance or commissioning;-the current-guiding wire and feeding cable shall be
boltg¢d on the ground or connected with-outdoor disconnecting switch, as per IEC 61936-1|and
IEC|TS 61936-2. If a disconnecting -switch is adopted, the disconnecting switches should be
installed on the current-guiding wir€ support structures. To ensure human safety, disconnedgting
switthes shall be fenced off or placed at a sufficient height above ground.

5.6.4 Selection of currénf-guiding wire cross-section

The|current-guiding wiré.cfoss-section should be selected based on the calculation resul{s of
the ¢urrent in differeptbranches, and in such a way that safe operation of other current-guifing
wires is not affectédyunder any earthing current operation conditions or when any electfode
segment is out ofluse (due to damage or for the purpose of maintenance).

If cgble is used as current-guiding wire, see 5.6.10.

5.6. Insulation of the current-guiding wire

Because the operation voltage on the earth electrode bus is very low (fyr\ir‘nlly no higher than

10 kV even under transient conditions), the operation voltage on the bus is generally not a
factor controlling the insulation level of the current-guiding wire.

If the current-guiding wire uses overhead line, the possibility of short-circuited insulator discs
should be considered. Usually insulator strings with lightning impulse withstand level of at least
125 kV or at least two fully rated DC suspension insulators are used as the insulation between
the conductors and tower structure.

If cable is used as current-guiding wire, see 5.6.11.

5.6.6 Disconnecting switch

To facilitate commissioning or maintenance, disconnecting switches should be installed in each
group of sub-electrodes. The rated current of the disconnecting switches shall be no less than
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the maximum current that may occur in the corresponding circuit. The rated voltage should be
no less than 10 kV.

5.6.7 Connection of the feeding cable
Each electrode segment shall be connected to feeding cables.

If the electrode element is made of high-conductivity iron, an electrode element can be
connected to the current-guiding wire directly by one feeding cable, as shown in Figure 4a). If
the electrode element is made of poor-conductivity material such as high-silicon cast iron or
high-silicon chromium iron, an individual feeding cable is used to connect each electrode
element and the main feeding cable, which connects the current-guiding wire, as shown in
Figure 4b).

Fedding cable ——»

Coke Iron
EG

a) Iron used for electrode element

Branch feeding Main feeding
Coke cable cable
1’ e \ N
>
\ &
X f

/

High-silicon cast iron or high-
silicon chromium cast iron IEC
b) High-silicon cast iron"or high-silicon chromium cast iron used for electrode element

Figure 4 — Feeding cable

5.6.8 Connection ofjumper cables

To reduce the step(voltage, each sub-electrode shall be continuous as much as possible.[The
electrode may be-interrupted if it has to cross low-lying areas such as trenches, ponds, or
ditches, provided the electrical connections between the two segments are ensured. [Two

reduce the cost. For cable buried directly in soil, single core copper conductor cable with double
insulation may be used.

5.6.10 Selection of cable cross-section

The current-carrying cross-section of feeding cables and jumper cables (or cable-type current-
guiding wire) shall be selected based on the calculation results of the current with adequate
margin in different branches, and in such a way that safe operation of a cable is not affected
under any earthing current operation conditions or when the other cable is out of use (due to
damage or for the purpose of maintenance).

When selecting the cross-section of underground cable conductors, the maximum allowed
current-carrying capacity of the cable shall be calibrated based on the environmental conditions
of the soil (such as the parameters of maximum ambient temperature, soil thermal conductivity,
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volume thermal capacity, and cable distance). In addition, the insulation cover shall provide
good thermal stability.

5.6.11 Selection of cable insulation
The insulation of current guiding system cables can be generally grouped into two levels:
o for feeding cable and jumper cable (or cable-type current-guiding wire), the insulation level

should be generally no less than 6 kV and should preferably have a metal sheath to prevent
moisture absorption into the cable;

e for branch feeding cables connected to high-silicon cast iron or high-silicon chromium iron
Jto=et1eC viviviom ""-;i' SVE C oe—getreTrany—1C
preferably have double insulation.

5.6.12 Cable welding position

For [an electrode element made of iron (steel), during connection between feedihg cable|and
electrode element and between jumper cable and electrode element, the recommended welding
position should be more than 5 m away from ends of the electrode (electrode element).

5.6.13 Welding

For [connections and splices between underground cable and electrode elements, exothefmic
welding, arc welding or hydraulic compressed connections should.be used. Bolt connectign is
prohibited.

The|welding shall be firm and tight. The welding contact resistance shall not exceed that of the
material of the same length with original specifications,

5.6.14 Mechanical protection for cable

All underground cables shall be effectively protected. The cable should be fixed on a cpble
bradket and be protected by a properly sized PVC plastic pipe at the place where the feefding
cable enters the ground. For current-guiding‘wires, feeding cables or jumper cables that| are
dire¢tly buried in soil, sand should be filled“around them, with cement panels laid directly pver
the pable to protect it against damages>caused by external forces. For branch feeding caples
conmected to high-silicon cast iron ek “high-silicon chromium iron sub-electrodes, compatible
PV({ plastic pipes should be used.as shields.

All ynderground cable joints<and welding points exposed to soil shall be sealed reliably jwith
epoxy resin.

5.7 | Auxiliary facilities
5.7.1 Online moénitoring

To determine ofsmonitor the operation status of earth electrodes, monitoring devices that|can
detgct currept distribution, temperature and humidity of the earth electrodes can be installgd at
the Jocation ef the current-feeding cable. Alternatively, installation can be done in a mapner
such that jportable instruments can be used. Common detection devices can be installgd in
mor}ﬁtoring pits and wells. An online monitoring system can also be set up if required. [See

A £ datailad tof £ £ 4l +
nnc/\ U uciaincu mmimurimtmativimT UT iiTo o y oLlTTIT.

The current distribution detection device shall at least be able to detect current flowing through
different feeding cables. The detection well or sensor should be preferably placed at the access
point of the feeding cable or the location where high current-releasing density or high
temperature rise may occur.

A main and redundant power supply system which may include the combination of local AC
supply, solar panel, batteries or diesel generator may be installed for the electrode monitoring
and control.

5.7.2 Moisture replenishment

If required, water-filling devices should be installed for horizontal (trench) type earth electrodes
to reduce soil resistivity and prevent soil from drying out. During design, suitable water filling
methods such as seepage wells can be selected based on site conditions.
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5.7.3 Exhaust equipment

To facilitate release of gas generated during operation of the earth electrodes and maintain
good operation characteristics of the earth electrodes, earth electrodes, especially deep well
type and shore type electrodes, shall be equipped with exhaust equipment.

5.7.4 Fence

If the step voltage or touch voltage exceeds safe limits, a wall or fence shall be erected, carrying
distinguishing marks to prevent or warn unauthorized people attempting to enter the site.

The fence should be preferably made of insulating materials such as brick, wood. If non-

insu atina matarial 1o nicoad omall indanandant aarthina daoviceac chanld ha inctallad ond the
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fende should be segmented using insulators to avoid large transferred voltages.

5.7.p Marker
Markers should be placed at proper locations above the perimeter of the electrode-if required.

6 |Design of sea electrode station and shore electrode station

6.1 Main technical parameters
6.1.1 General

Des|gn of the sea electrodes or the shore electrodes should-ensure their safe and relipble
opefations throughout their life cycles and under different earthing current conditions inclufing
rated current, maximum short-time overload current, and “maximum transient overcurfent.
Diffgrent technical parameters such as earthing resistan¢e, voltage gradient in water, ptep
voltage, touch voltage and transferred voltage should-be within the specified range.

6.1.2 Temperature rise
The|temperature rise is not a dimensioning factor for sea electrodes and pond electrodes with
adequate water exchange, and it is not requitéd to do this calculation.

For pbeach electrode stations, the basic ptinciple is that the maximum temperature of any point
of the earth electrode shall be lower than the boiling point of water under all circumstances.
6.1.8 Earthing resistance
The[requirement for earthing-resistance of sea and shore electrodes are the same as for |and
electrode (see 5.1.3).

Sinde the resistivity Jayers of sea and shore electrodes are not horizontal, the formulp to
calculate the resistanee to remote earth is more complicated than for electrodes with horizgntal
layefrs. In this case,Calculation should be performed with computer programs.

6.1.4 Step\voltage

The(step-Violtage of any ground point shall not exceed the safety limits defined for humansjand
livegtock-(see 5.1.4).

Step voltages tend to be of a high level in beach stations if the electrode is buried at a moderate
depth. The fence will often be damaged if the station area is at risk of possible high tides, waves
and/or ice. If it is preferred to avoid fencing, the total station shall be made larger, or buried at
a greater depth.

6.1.5 Touch voltage

For earthed metallic structures that can be accessed by the public, the touch voltage of any
point on the site ground shall not exceed the safety limits defined for humans under the
maximum short-time overload current of one pole (see 5.1.5).

6.1.6 Voltage gradient in water

The voltage gradient in water shall not exceed 1,25 V/m to 2 V/m in areas accessible to humans
or marine fauna.
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6.1.7 Current density

The recommended average current density in sea water for sea electrodes and pond electrodes
is 6 A/m2 to 10 A/m2 in order to ensure a suitable gradient of 1,25 V/m to 2 V/m close to the
electrode (at a sea water resistivity of 0,2 Q-m). The anode should be shielded from fish, as
fish are attracted to the anode and not the cathode. If the sea electrodes or pond electrodes
are functioning in an environment open to free water but not accessible to human beings or to
marine fauna, the average current density can be raised to a value up to 40 A/m2~ 50 A/mZ2.

For beach electrodes, in addition to electro-osmosis, Cl, generation should also be considered
since it is not good for the environment. For water saturated beach electrodes, the recommended
currgmtdeTnsity o the surface of theTtoke 15— 7 Am=:

6.2 | Electrode site selection and parameter measurement
6.2.1 General principles

Selgction of the electrode site is a critical step during earth electrode design, and-a complicated
prodess, during which technical and economic comparison is required to select'a safe, religble,
ecofomically feasible, and environment-friendly site.

Thelfollowing factors shall be considered when candidate sea electrode sites are compared|and
selejcted: distance to converter station, substations, pipelines, cables, etc., salinity of the[sea
water, slope of the seabed, resistivity on the shore, and uniformity 'of the seabed.

6.2.p Data collection survey

To verify a possible electrode site, a survey within a radius of at least 10 km should be
condlucted to determine the natural conditions in the nefjghbourhood of the electrode site under
inveistigation, which should at least include the landform and terrain, geological structure, ogean
tidefand currents in the sea. The survey shall show that the seabed is without clay so tha{ the
electrode does not sink.

Besldes, in order to conduct environmentaljmpacts evaluation, the surrounding facilities pear
the Electrode site should also be surveyed, such as the existing and planned power faciljties
(substations and lines), buried metal pipes, armoured or earthed cables, railway lines, fishing
aregds, vacation beaches, cathodic protection system for marine metallic structures, etc. Cogstal
aregs are often characterised by, aslayer of fresh water, rising to a higher level than the negrby
sealand a deeper layer of saltcwater, penetrating from the sea. If a distinct interface between
freshwater and saline waterexists, survey should be done to determine which depth is the pest
for the active part of an electrode station. If the current is emitted in the freshwater layer, anpdic
operation will evolve only- oxygen, not chlorine. If the electrode is close to, but still above] the
intefface, the salt-water layer will absorb the current very effectively, within a short horizgntal
distance. If low resistance to remote earth and decrease of loss are the goals, the electrqdes
shall be placed in\the saline strata, but some evolution of chlorine will be the result.

6.2.8 Distance from converter station (substation)

During,the 'determination of the electrode site and during the commissioning of the electfode
station{.the impact of earth electrodes on surrounding converter stations and AC substatjons
shall™be calcutated or measured.

6.2.4 Environment conditions

The electrode site should be placed far away from populated areas, such as vacation beaches
if possible, to reduce public concern about earth electrode.

In electrolytic processes there will always be a chemical action, because the materials in the
ground/seawater (more precisely the substances diluted in the ground/seawater) will be
decomposed and/or built up to new chemical substances, see Annex L.

In an anodic process in ground water of very low or zero salinity, O, (oxygen) is produced and
emanates, which is generally not seen as a problem since the atmosphere partly consists of O,.
With increasing salinity, the evolution of Cl, (chlorine) will take over, which is a kind of toxic
gas. However, there will still be, even in salinities up to sea water level, a substantial evolution
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of O,. The sum of evolved gases respects Faraday’s law of electrolysis, which says that the

mass of decomposed material is proportional to the electric charge, i.e. the number of ampere
hours.

6.2.5 Measurement of ground/water parameters

The measurement of ground/water parameters shall meet the following requirements:

a) For beach/pond electrodes, the resistivity of seawater and shallow soil on the beach should
be measured. The former can be measured by a liquid conductivity tester, and the latter can
be conducted by the Wenner or Schlumberger methods as used in land eIectrode but the

$oil model inversion analysis. Besides, the seawater depth and seabed slope near| the
¢lectrode should also be tested or surveyed which may use the method of sonar. or,echo-
sounding. If required, the deep soil resistivity could be measured by the magnetoteljuric
(MT) method (see Annex D), which is used to evaluate the impact on the) surrounfding
ffacilities on land.

b) Kor sea electrodes, the factors like sea currents, sea-bottom roughness, and sea-bottom| soil
¢onditions should be investigated. Morphological and geological investigations can include
$ide-scan sonar, sub-bottom profilers and echo-sounders. Bottom gonditions should alsp be
investigated by divers and/or with under water vessels and documented by camera. |The

esistivity of seawater and soil of sea-bottom can be measured by seawater/soil sampling.

esistivity measurements are possible for sea electrodes, @t,least in shallow water argas,
owever more complicated than on land. The resistivity may also be measured on
ndisturbed soil samples from the seabed.

c) The salinity of the seawater shall be measured in ofder to analyse gas evolution rates.
6.3 | Earth electrode and associated components
6.3.1 General principles for material selection

The| material shall be selected through technical and economical comparisons based on
engineering and market conditions. The selection shall respect the following principles:|low
dissplution rate as well as low chlorinetvemission rate in anodic regime, low toxic or gther
negative effects, and cost-effectiveness:

6.3.2 Common electrode elements and characteristics

Eledtrode elements used for.séa electrodes or shore electrodes should be preferably made of
high-silicon chromium ironor graphite embedded in coke. The carbon content in iron shpuld
be Iess than 0,5 %. Graphite should preferably be treated by submersion in linseed oil. [The
chemmical composition-ef*high-silicon chromium iron should correspond to the values listdd in
Table 1.

Other material.that can be used directly in sea water without embedment in coke are:

a) platinised-titanium or niobium (Pt/Ti or Pt/Nb);
b) magnetite;

C) are copper conductors (fnr cathodic operation nnly);
d) mixed metal oxides (MMO).

Platinised titanium or niobium are also well-known electrode material for anodes, the most
widely available shapes of which are wires, meshes and rods, depending on the manufacturer.
But they are not very suitable for cathodic operation.

Magnetite, Fe;O,4, is commonly used for cathodic protection purposes. The electrodes are
usually produced in rod-form, 0,06 m in diameter, 0,72 m in length and other sizes as well. The

resistivity of magnetite is about 5 x 10~ Q-m —10 x 10~° Q-m. A disadvantage of this material
is that it is brittle and not easy to manufacture.

Bare copper is an electrode material fit for cathodic operation only, as anodic operation will
lead it to quickly corrode itself. A reason for this choice is the possibility of establishing reliable
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clamp connections by compression or by welding, which will withstand the environmental
conditions of the seawater.

Mixed metal oxides (MMO) electrode is developed to prevent the corrosion during chlorine
production by coating the titanium with special mixed metal oxides (coating thickness in the
range of 5 ym to 20 uym). It can be used both in anodic and in cathodic operations. But in
cathodic operations the dispersed current density shall be limited to be much lower than that in
anodic operation. This is due to the adsorption of the hydrogen developed in cathodic operation
by the crystal structure of titanium, and subsequent formation of titanium hydride, which is brittle
and leads to net damage.

6.3.p—C€hemicalpropertiesof petroteum—coke
See|5.3.3.

6.3.4 Current-guiding system
See(6.5.

6.3.9 Bus
See|5.3.5.

6.3.6 Electrode line monitoring device
See|5.3.6.

6.4 | Electrode arrangement
6.4.1 General principles

Thelarrangement of sea electrode elements can be classified as horizontal embedded in ¢oke
(sed Figure 5) or placed in cages directly on the bottom of the sea. If nets are used, these ghall
be glaced on sea bottom and covered by gravelor cement sacks.

The|arrangement of shore electrode elemeénts can be classified as vertical embedded in ¢oke
(begch type) or placed directly in seawater (pond type), see Annex M.

\ - Plastic ban
Electrode K: ° . N .. . : ‘ Coke

. . . . . . /
Gable joint _ | : <]
Cable — A : . -

Figure 5 — Sea electrode

6.4.2 Filling coke

For [sea glectrodes and shore electrodes, the filling of coke, if used, should be performed on

the shore—Fabric-shall-beused-tokeep-thecoke-inplace—TFhe-sub-electrode-is-thenplaced on
HoF8——dBH A4 G0« PR *e—-H—p+a — HHo—8+ H-o-a8—1s—+eRpia

the seabed, covered by gravel or cement sacks.

For beach electrodes, the sub electrode is then placed in the bore holes made on the shore.

6.4.3 Selection of earth electrode shape

The physical layout of the electrode should be as round as possible. With a net type electrode
(anodes) the ends form a curve approximately to half circles against the coast. See Figure 6.
This is to ensure the best possible current sharing among sub-electrodes, because the influence
of current density on the production of Cl, makes it important that all sub-electrodes carry an

equally low part of the current. For shore electrodes, if the shore is narrow, an elliptical or linear
shape electrode may be used.
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Figure 6 — Sea bottom electrode with titanium nets

1 Segmentation of earth electrodes

parth electrode sub sections shall be divided into a few segments for better inspection
mtenance. The number of sub sections shall be limited to ayoid impact on current distriby
avoid the need for a complicated current guiding system."Subsections shall be perfor

cceptably high potentials in water or ground close-{e  the section out of service.

e total electrode is composed of a number of sub-electrodes (which is preferred), then

he sub-electrodes are placed such that\they are easily accessible for inspection/re
his normally requires a small depth of burial and generally applies only to horizontal
plectrodes;

he sub-electrodes are inaccessible when installed, with the idea that they are
jisposable (throwaway) type, ‘which is left underground when damaged, if they are
Jifficult to salvage. A new substitution electrode is arranged close to the damaged one

Current-guiding system
[ Placement of.the current-guiding wire
5ea electrodesgand pond electrodes, the busbar and other equipment, should preferabl

uctepwill tend to equalize the current sharing among sub-electrodes. If not, series resis

022

and
tion
med
g in

—

"]

Dair.
sub-

pf a
too

y be
safe
the

sUb-
tors

be‘ysed.

beach electrodes, see 5.6.2.

2 Connection of current-guiding system

beach electrodes, see 5.6.3.

For sea electrodes and pond electrodes, each electrode segment shall be connected to feeding
cables, and feeding cables shall be connected to current guiding wires (in cable-type), see
Figure 7.

The connection of the feeding cable to each electrode elements shall be done by its supplier.
The feeding cable shall have a watertight heat-shrink or epoxy resin joint to the element.

All cables, connection points and joints intended for anodic operation shall be well insulated
since a direct contact with the water results in heavy electrolytic corrosion. The insulation shall,
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in addition, resist high electrode temperatures, mechanical stress during installation and various
aggressive chemical elements in the environment.

4 Lﬁ/z
e

% IEC
Key
1 Electrode of titanium net, 1,22 m x 16,5 m
2 (onnection plate of titanium
3 Watertight heat-shrink joint
4 E]ectrode cable (feeding cable), copper conductor 10 mm?
5 Watertight heat-shrink joint
6 FEJectrode cable (current guiding wire), copper 35 mm?

Figure 7 — Titanium net

6.5.8 Selection of cable cross-section
See|5.6.10.

6.5.4 Insulation of the current-guiding system
See|5.6.5 and 5.6.11.

6.5.p Selection of cable structure

Feefling cable should preferably use single core copper conductor with insulation, e.g. Kynar
or XLPE, to facilitate egnstruction, operation and maintenance and to reduce the cost. For cpble
burigd directly in the seabed, single core copper conductor cable with double insulation may be
used.

6.5. Mechanical protection for cable
See|5.6 A4,

6.6 | “Auxiliary facilities

To determine or monitor operation status of earth electrodes, monitoring devices that can detect
current distribution of the earth electrodes shall be installed at the location of current-feeding
cables (see 5.7.1).

Exhaust equipment should be considered for exhaust of Cl, (see 5.7.3).

7 Impact on surrounding facilities and mitigation measures

71 Impact on insulated metallic structures and mitigation measures
711 General principles

Touch voltage on any insulated metal structure buried near earth electrodes caused by ground
return current shall not affect safety and health of people in contact with the metal structure,
and possible corrosion shall not affect normal operation of the structures.
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7.1.2 Relevant limits

For underground metal pipes insulated by surrounding cement or asphalt, the voltage between
the pipe and surrounding soil shall be within the range from —-1,5 V to —0,85 V at the equivalent
earthing current. If this is not the case, proper precautions should be taken.

For pipes equipped with a cathodic protection system, the voltage to earth on the pipes caused
by earth electrode earthing current shall not exceed the capability of the cathodic protection
system.

At normal rated current, the touch voltage of a metal structure shall not exceed 70 V. If this is
not the case, proper precautions should be taken.

7.1.8 Mitigation measures

For |insulated metal pipes buried in ground with a voltage exceeding the limit,"common
predautions include addition or reinforcement of cathodic protection capabilities, laddition of
pipg anti-corrosion coating, and separating a pipe into segments and connecting them with
insufative materials.

7.2 | Impact on bare metallic structures
7.2 General principles

Impact of current field of DC earthing current on any buried baresmetallic structure, such as
tough voltage and corrosion, shall not affect the safety of people in contact with the mefallic
strugcture and safe normal operation of the metal structure.

7.2.2 Relevant limits

To protect personal safety, the touch voltage of any’metal structure shall not exceed the vplue
defined in 5.1.5. If this is not the case, proper precautions should be taken.

During analysis of corrosion effects of thegearth electrodes on surrounding bare mefallic
strugtures, the current density at the surface of any buried metal structure exposed to|soil
sholild not exceed 1 pA/cm? at the equivalent earthing current, and the corrosion shall not affect
normal operation of the metal structure<See Annex J for the calculation method.

7.2.8 Mitigation measures

The|distance between earth.electrodes and surrounding bare metal structures should b¢ as
large as possible. If the minimum distance between earth electrodes and underground bare
metal structures, such as‘buried bare metallic pipes, is less than 10 km, or if the length of the
underground metallic_structure is longer than the distance, the adverse effects of DC earthing
current of the earth-electrodes on the structure shall be evaluated.

In chse of excessive current flowing out of a bare metal pipe exposed to soil, corresponfing
antiicorrosionmeasures such as insulation coating or cathodic protection shall be taken for the
metal pipe:\Fhe insulation coating is usually made of concrete, asphalt, enamel, or resin,|and
polyvinyl fluoride is the best choice. Cathodic protection is typically achieved in two wpys:
primary’ battery cathodic protection or external DC power supply cathodic protection.

7.3 Impact on the power system (power transformer, grounding network, and
surrounding towers)

7.3.1 General principles

Rise of earth potential on an AC system near the earth electrodes resulting from the earthing
current is likely to cause DC component in neutral-grounded transformers and consequently DC
biasing (see Annex A). The schematic diagram of impact of the DC earth electrodes on AC
systems is shown in Figure 8.
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Figure 8 — Impact of earth electrodes on AC systems
(transformer, grounding network, tower)
p Relevant limits

permissible DC current for windings of each transformer(phase, if actual values are
vn, can be as follows: 0,3 % of rated current for a singlesphase transformer, 0,5 % of r
ent for a three-phase five-legged transformer, or 0,7 %, of rated current for a three-ph
b-legged transformer.

B Mitigation measures

e limit, proper current-limiting or DC current-blocking measures shall be taken. The
methods are:

If th’F earth electrode DC current flowing throughthe transformer windings is higher than

DC current-blocking capacitor;
h small resistor connected in series with transformer neutral and ground.
Impact on electrified railway

b earth electrodes lie nearan electrified railway, simulative calculation should be perfor
halyse issues concerning touch voltage on communication cables and signal cables of

railway caused by the garth electrode earthing current, DC current flowing through the trag

tran
any
not

ope
shal

7.5
If th
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ation, and/the DC current flowing through the traction transformer in the traction stg
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the touch voltage and transferred voltage generated on them shall be considered. Impact of the
touch voltage and transferred voltage can be reduced by earthing or removal or relocation of
these facilities.

If the earth electrodes lie near a seismic station, simulative calculation and measurement should
be performed to evaluate the potential difference between observation electrodes and magnetic
flux density caused by the electrode lines and DC transmission lines. Measures such as
adjusting the direction, or the length of the seismic station observation electrodes can be taken.
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Annex A
(informative)

Basic concepts of earth electrodes

A.1 Basic concepts

Earth electrodes play a very important role in the operation of DC power transmission systems.
Firstly, they can provide a transmission path for the load current under monopolar earth return
operation mode when one of the poles of a DC transmission system fails or is overhauled.
SeC Jlld:y, thcy }JIUV;\‘I.IG thc HIUUIId IUfUICIIL’C fUI thc ||cut|a: pUtCIIt;G: Gt thc bUIIVUItCI Otatl\.n tO
avoid equipment damage due to unbalanced voltage to earth of the two poles. Hence the~dekign
of darth electrodes is critical during the design and construction of the whole BCvpawer
trangmission system.

A.2[ Operation mode

A2 General

An HVDC power transmission system typically consists of three parts: rectifier station,| DC
current line, and inverter station, as shown in Figure A.1.

Converter
transformer
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T [ hn |
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DC power transmission system

Y

A

Figure A.1 — HVDC power transmission system structure

Depgending gnythe number of nodes connected to AC systems, DC power transmission systems
can|be grouped into two-terminal and multiple-terminal systems. Two-terminal DC pgwer
trangmission systems can be further classified into three configurations: monopole, bipole|and
back-to-back.

A.2.2 Monopolar system
A.2.21 General

The monopolar system as shown in Figure A.2 is typically operated with only one pole
connected to earth. The monopole DC system usually operates in negative pole mode, as it is
less likely to be affected by lightning strikes and produces less radio disturbance caused by
corona than the positive pole operation mode. The monopolar systems can be operated in two
modes, ground return via ground electrodes or dedicated metallic return as shown in Figure A.2
and Figure A.3, respectively.

NOTE The terms “positive pole” and “negative pole” relate to the voltage polarity of that pole under the operating
condition when power is being transmitted in the direction for which the HVDC project was primarily designed. For
HVDC projects that are designed to be bi-directional, it is not possible to distinguish between the terms “positive
pole” and “negative pole”.
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A.2.2.2 Monopolar earth (sea water) return mode

This is a DC power transmission system with an overhead conductor or cable and using earth
or sea water as the return path.

¥ I
L

IEC
Figure A.2 — Schematic diagram of monopolar earth/sea water return system

A ppwer transmission system adopting monopolar earth/sea water return mode’ can gave
investment in lines. However, electrochemical corrosion may occur in underground metal
facilities located within the interference radius of the ground electredes, and negrby
communication and magnetic compass may be disturbed. This operation>mode is appligd in
many systems, including the Gotland Island DC system in Sweden and the Sardinia-Corgica-
Italy] DC system.

A.22.3 Monopolar with dedicated metallic return mode

Monopolar system with dedicated metallic return uses a low ingulation conductor earthed at|one
end|as the return circuit, as shown in Figure A.3. The earth reference shown in FigurelA.3
condlucts no DC current and does not need to be designed-as an earth electrode.

- IEC
Figure A.3 — Schematic.diagram of monopolar dedicated metallic return system

A.23 Bipolar system
A.23.1 General

As shown in Figure_A.4, the bipolar line mode requires two conductors of different polarjties
(pogitive and negative pole). Bipolar systems can be further classified into three types: bigolar
earth (sea water) system, rigid DC current bipolar system, and bipolar dedicated metallic rturn
system.

oH = @

IEC

Figure A.4 — Schematic diagram of bipolar earth/sea water system
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A.2.3.2 Bipolar earth (sea water) return mode

The mode of bipolar earth/sea water system is shown in Figure A.4. Both the neutral of the
rectifier station and that of the inverter station are grounded in this mode. It can be regarded
as a system formed by two superimposed monopolar systems. Unbalanced current flows
through the return circuit during normal operation. If this current is low (e.g. symmetrically
operated bipolar system), corrosion on underground metallic equipment is significantly reduced.
Besides, in case of failure of any pole, the functional pole can still use earth or sea water as
the current return circuit and thus maintain 50 % of total power transmission.

A.2.3.3 Rigid DC current bipolar mode

The IIIUCIIU Uf IIuICIl DC buIICIIt b;puial Dybtclll ;b thVVII ;II F;HUIC AS :II thlb IIIUdU, thU ay.tem
is npt grounded at the rectifier station end and thus avoids ground interference as=it pnly
happens in the bipolar earth/sea water mode. It should be noted that the earth reference/shjown
on Higure A.5 conducts no DC current and does not need to be designed as an earth electrpde.
The|disadvantage of this mode is that the operation is not possible when a failure” occur$ on
onelline. It also requires the currents in the two poles to be exactly equal, since there i$ no
retufn path for any unbalance current.

- ~ 6

IEC
Figure A.5 — Schematic diagram of rigid bipolar system

A.2B3.4 Bipolar with dedicated metallic return mode

The[mode of bipolar with dedicated metallic return is shown in Figure A.6. In this modg, in
addition to conductors for positive and negative pole, a conductor is used as the neutral|line
between two converter ‘station neutral points and grounded at one end. This mode not pnly
eliminates the drawbacks due to earth or sea water being used as the current return circuit{ but
also| allows continUous monopolar operation. In this mode, the earth reference showp in
Figyre A.6 conducts no DC current and does not need to be designed as an earth electrodg.

Congtruction of DC power transmission systems typically require a bipolar system to be bujlt in
diffgrent phases. One pole is often built before the other and operated as a monopolar sydtem
to aphieve benefits at an early stage. The + 500 kV Geshang DC project and Tianguang| DC
projectiin China were both constructed in this way.
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Figure A.6 — Schematic diagram of bipolar dedicated metallic return system

A.24 Symmetric unbalanced system

A balanced bipolar system consists of two completely identical monopolar’systems, which| are
typi¢ally built and put into operation in stages, which means the second monopolar syste

builf
and

ge rating between these two systems. For instance, the Konti-Skan DC system consis

conyerter stations. The Skagerrak DC system was planned to be a balanced bipolar syste

the

tran

builf at an early stage. And a 4th (VSC) pole hadjust been added to the Skagerrak proje

201

.

A.25 Back-to-back converter station

Back-to-back converter station is a DG system without DC power transmission lines and
botH rectifier and inverter converter stations in the same switchyard. “Back—to-back” conv

stat

dur

serving as a frequency conversion station during the interconnection of grids with diff
frequencies. Back—to-back converter stations do not require earth electrodes.

A.3| Dangerous impact and accumulated impact

A.3

(| General

The|safety risks-of DC grounding systems mainly involve electric shock due to touch volt
trangferred.\ioltage and step voltage, among which electric shock due to step voltage sh
recgive more attention.

A.3
A.3

2 Safety risks of DC earth electrode

m is

and put into operation shortly after the first one is put into service. If this is not the gase
the second monopolar system is built at a late stage according-to planning, advancement
of rIIevant technologies in the transition period can lead to different transmission power
volt

two

and
s of

monopolar systems with different transmission powers,"which share a pair of revergible

m at

beginning, but later a 3@ monopolar system was added to this project. The pgwer
smission direction of the third monopolar system'iS opposite to that of the bipolar sygtem

Ctin

with
rter

ons are now widely used with.the main purpose of limiting increase of short-circuit cufrent
ing the interconnection of ele¢tric grids, improving the reliability of grid under operation,|[and

rent

hge,
buld

2.1 General

The concept of touch voltage, transferred voltage and step voltage are shown in Figure A.7.
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Figure A.7 — Schematic diagram of touch voltage and step \voltage

A.32.2 Step voltage limit

The|step voltage limit is an important basis for the design of earth €lectrodes. When the step
voltage caused by earth electrode current in the ground exceeds;a certain value, it may cquse
annpyance to people or animal around the electrode. On the ether hand, too low a valug for
step voltage will increase the total cost of the system. Hence the selection of a reasonable ptep
voltage in the neighbourhood of the earth electrodes is/significant for ensuring personal sgfety
and|lowering system costs.

Wha3t really poses safety hazards to people is the current flowing through the human bpdy.
Henge the step voltage limit depends on physical‘eonditions and the footsteps of people. Impact
of sﬂep voltage is more significant at lower sensing current, lower human body resistance, lgwer
confact resistance between the human body-and the soil, and longer footstep. A low step voltage
limif should be defined to ensure personal*safety.

Thel|step voltage limit for the human, body is calculated with:

U=14(R+2Rs) (A.1)
whefre
U is the step voltage limit (V),
Iy is the minimum current (A) sensed by a human body,
R is the human body resistance (Q), and
Ry is the contact resistance (Q) between one foot and the soil.

According to tests conducted on 1 028 subjects, over 95 % of the subjects have a foot to[foot
human body resistance greater than T 400 {J (S€ee Annex C), which Is shightly diiferent irom the
hand to hand human body resistance given by IEC 60479-1, and over 95 % of the subjects do
not feel anything at a DC current of 5,3 mA. Based on these test results and considering the
different amplitudes and durations of DC system earthing currents, the maximum allowed step
voltage of any point on the ground can be determined with Formula (2) under maximum short-
time overload current of one pole.

Designing earth electrodes based on step voltage limits can ensure the safety of people walking
near earth electrodes. For earth electrodes failing to meet the step voltage limit, an isolation
wall should be erected in corresponding areas to prevent people from entering these areas and
being exposed to electric shock.

A.3.2.3 Typical distribution of DC earth electrode step voltage

Present-day DC earth electrodes are often closed loops, the circular configuration being the
best option.
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a) Typical single circular DC earth electrode

A single circular DC earth electrode structure is shown in Figure A.8, and distribution of step
voltage is shown in Figure A.9 and Figure A.10.
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Figure A.8 — Schematic diagram of:single circular earth electrode
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Figure A.9 — Axial distribution of step voltage of single circular earth electrode
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Figure A.10 — 3-D distribution of step voltage of single circular earth electrode

\ double circular DC earth electrode structure is shown in Figureé A1, and distributig
tep voltage is shown in Figure A.12 and Figure A.13.
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Figure A1M11 — Schematic diagram of double circular earth electrode
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Figure A.12 — Axial distribution of step voltage of double circular earth electrode
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Figure A.13 — 3-D distribution of step voltage of double circular-earth electrode

\ triple circular DC earth electrode structure is shown in Figure A.14, and distributio
tep voltage is shown in Figure A.15 and Figure A.16.
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Figure A.14 — Schematic diagram of triple circular earth electrode
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Figure A.15 — Axial distribution of step voltage of triple circulariearth electrode
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Figure A.16 — 3-D_distribution of step voltage of triple circular earth electrode

A.33 Accumulated effect of DC earth electrodes

Thelaccumulatedeffect of earth electrodes mainly involves electrochemical corrosion of njetal
condluctors due to' DC current. During system operation, the earth serves as a giant electrglyte
tank, and the,'DC earth electrodes of the converter station at the two ends serve as|two
electrodes=in this electrolyte tank. The process of electrolysis and dissipation continues af the
anogle according to Faraday's laws of electrolysis, leading to electrochemical corrosion of the
DC [earth electrodes themselves. As the time elapses, the total ampere hours of the earth
electrodes in operation continue to increase, causing more serious corrosion of the buried metal
conductors. The corrosion of earth electrodes therefore has a typical accumulated effect over
time.

One important aspect of well-designed earth electrodes is the ability to ensure safe operation
of electrodes throughout the designed service life, despite the corrosion during operation of
these electrodes. On the other hand, investment in earth electrode construction should be
minimized.

For DC earth electrodes, the issue of electrolysis corrosion remains a major challenge as a high
current, of the order of kA, is likely to flow through them for a long time. When a DC power
transmission system is operated using earth as the return circuit, the current will flow from the
anode electrode to the ground and, at the other end of the DC line a corresponding current will
flow back from the ground to the cathode. The current flow on the ground is mostly made
possible by the weak electrolyte formed by the ground waters.
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Low-carbon steel (iron) is now a commonly used anode material as it is widely available and
low in price. The electrolysis corrosion process is explained below by using an iron anode as
an example.

Chemical Formulas near the anode:

Fe —>Fe’" +2e” (A.2)
Fe?* + 20H™ — Fe(OH), (A.3)
4Fe(OH); + 2H,0 4+ Q4 —> 4Fe(OH)y (A.4)

Fe2{ ions generated during electrolysis will enter the electrolyte from the anode toreact with
OHT ions there, generating ferrous hydroxide, Fe(OH),. Ferric hydroxide, Fe(OH),, is|the

prodquct of further oxidation (a reddish-brown unconsolidated material). This |process| will
confinue to consume anode metal. Consumption of metal anode during elécirolysis can be
calculated below based on Faraday's laws:

Am
m=-""Jt
KF -9

where
is the consumption of metal material (g);

SN

m | is the molar mass of the metal (g/mol);

K is the metal valency, dimensionless;

F is Faraday's electrolytic constant, 9,648 53.x 104 C/mol;
I is the current flowing through the metal{A);

t is the current flowing time (s).

As the molar mass and valency of irgn"are 55,86 g/mol and 2 respectively (ferrous ions jwith
valegnce 2 are generated during electrolysis), for each ampere of current flowing through the
ironfanode, the annual consumption of the anode can be calculated as follows:

m= 55,86 x 1x 365 x 24 x 60 x 60 = 9128,86 [g] -6

. 2x9,64853x104

In case of bipolar ¢onnection, suppose the rated current of each pole is 1 kA, the unbalanced
current in normalieonditions is 30 A, and the monopolar operation rate is 1 %, then the anpual
congumption ¢of-the iron anode can be as high as:

m=9128,86x(30x0,99 +1000x0,01) =3,62x10° [g] =362 |kg] (A.7)

The annda matarial 1o cianifinantlhy, ~anpradaAd Aiin tn Alacteraloio If th A
oo otC T o ro— orgr ooty SO oo Co— oo C—toO—CTreCtroTy STo— 11—t T

designed life of 30 years, which means 40 % of earth electrodes can be consumed after
30 years, earth electrodes will require 27,15 tons of steel.

nrtl-: n!nnhﬁnAn In-S a

cToTtroT Tt

Corrosion of the earth electrodes is an issue that cannot be overlooked during design of earth
electrodes. The solutions are typically selected from the perspectives of anode material
selection, structure and shape optimization.

A.4 Impact on an AC grid

A.4.1 General

In general by far the most difficult problems that may arise in the performance of ground return
mode of operation, concerns the influence on AC power systems. Such problems would likely
be due to the resistivity profile of the ground over vast areas around the electrode and the
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relative location of infrastructures like AC substations and the configuration of electrical power
systems.

The necessary and effective protection for ground DC bias of transformers is to locate the
electrode station at a certain distance from any vulnerable substation, including the converter
station.

A.4.2 DC current path to AC system
A.4.21 General

The basic cause of effects of HVDC transmission in ground return mode on to the AC system
iS d o to notantiale ot tha catl cnirfaca caicand hyvy tha ratiirn ~f NC ~virrant threaiabh tha aro Jnd
e-to-potentials—at-the-soil-surface-caused-by-thereturrof-BC-—eurreni-threugh-the—gre .

The|main paths that DC current follows into AC system include the shielding wire(s) and| the
groynded star point of AC transformer(s).

A.42.2 Shielding wire

Whan the electrode operates as an anode type, the shielding wires of the towers close td the
electrode will pick up part of the electrode current and discharge it to the towers at the djstal
end] On the contrary, if the electrode operates as a cathode type, the towers at the distallend
will absorb current from the surrounding soil and discharge it to the towers-close to the electfode.
Undfr these circumstances, it may result in risk of corrosion to the.grounding devices of the
towgrs discharging current.

A.42.3 Grounded star point of AC transformer

Due| to the soil surface potential gradient, DC current enters the grounded star point off AC
transformer A, follows the high-voltage phases to transformer B and leaves through the |star
point connection and ground grid of substation B. The\transformers most affected by DC cufrent
will pe in the vicinity of either electrode stations as‘the ground potential gradient is steep pnly
in the vicinity of electrode stations.

A.43 DC magnetic bias of AC transformer
A.43.1 General

The|DC component through the transformer windings provokes a constant magnetising of the
corg, which, superimposed on the symmetrical AC magnetising, lets the flux vary i an
unbalanced way, which in one flux direction may lead to saturation of the core. Both YY anq YD
typg of transformers will haveoflux offset by the ground potential rise. As the transfoimer
operates in the nonlinear portion of its magnetizing curve, the magnetizing current will consist
of alseries of harmonic currents. The wave form of the current is distorted mainly due to afrise
in the content of the-second harmonics. Generally there will also be a rise of several gther
positive, negative and-zero sequence harmonics, particularly 3" harmonic current.

The|vulnerability-to DC magnetizing varies for different core types. Monophase transformers
with| magnetic,return equal in area to the wound leg are strongly affected. Three-phase, five-
legded transformers also react to some degree. Three-phase, three-legged transformers| will
withstand a high level of DC current excitation.

A.4.3:

The tank of the three-legged transformer, for zero sequence flux, acts like a single turn
secondary winding and large currents may be induced in the tank causing vibration and
overheating.

A.4.3.3 Three-phase, five-legged transformer

In three-phase, five-legged transformers, the return legs carrying more DC flux are more likely
to saturate than the phase legs. Once the outer legs are saturated, the transformer for further
excitation acts almost like a three-legged transformer.

A.4.3.4 Reactor

Reactors with magnetic cores, for compensation purposes, are not at all exposed to DC
saturation. This statement is valid regardless if the reactors are monophase or three-phase,
with three- or five-legged cores.
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A.4.3.5 Saturation time constant

The rise of the harmonics in the transformers with saturation depends on the time constant of
the circuit through which the DC current would circulate. Generally, this time constant is of
several seconds and full harmonic current peaks due to saturation are not reached until almost
a minute after the rise of ground potential. Within this time it is generally possible to transfer
the system to metallic return configuration.

A.4.3.6 Saturation analysis

When analysing the possibility of saturation, the grid composition is usually much more
complicated. A detailed resistance network containing the different stations, the mutual
inte bUIIIIUbt;UII ICJCtVVCCII atatiuno dlll:lI thc IUD;DtaIIbC ;II tIdIIDfUIIIIUID ahuu:d bc act Uy, dil the

flow]in the different branches calculated.

Genlerally speaking, the problem of saturation is not very serious for most of, small |grid
trangformers (<200 MVA), as they are normally three-phase, three-legged. Attention will be
drawn to large single phase units and to large three-phase units, which are often-five-leggegd to
reddce height in order to facilitate transportation.
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Annex B
(informative)

Earth electrode design process

B.1 Site selection process

Site selection of earth electrode starts with a desktop study and then is followed by geographic
survey and data acquisition, electrode pre-design, preliminary interference studies, and
preparation of site selection reports.

Thelflow chart of earth electrode site selection process is shown in Figure B.1.

Determine design principles

|

Estimate the area to be occupied

|

Collect topographic maps and select sites on the maps

¥
- Cc_Jllect information of power Field survey @f Measure resistivity
Geotechnical and grids, underground pipelines of shallow and
qophysical survey and cables, and local topography gy ;
9 ' . landféym deep soil layers
development planning

Prepare pre-siting.report

Calculate the impacts of Technical Preliminarily Permitting land
darth current on power grid, Concgptual evaluation for determine the earth acquisition line
tinderground pipelines and design earth electrodes electrode line path easements

cables, and railways

‘ Prepare site selection report ‘

|

’ Review the electrode site ‘

No

Pass the review?

Yes
vy
Measurement of soil Geological Measure the topographic
resistivity, thermal conductivity e map with a scale of
and thermal capacity 1:1000 or 1:2000
A

Develop preliminary
design documents

IEC

Figure B.1 — Flow chart of earth electrode site selection process
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Earth electrode design process

Specify the system conditions for design of earth electrode, with the definition of the current
versus time for each operational condition — continuous unbalance current, monopolar

current during annual maintenance of one pole at maximum current, overload current,

and

rated current of earth electrode, plus any assumed long time operation in monopolar

operation to determine the service life of earth electrode elements;

Developed a desktop survey, which will consider the relevant aspects for the selection of
the candidate sites to be surveyed (geography, geology and so on). After the selection of

the candidate sites, they should be inspected and surveyed. The owners of the lands sh

ould

be previously contacted because it they do not agree to allow for the surveys in their lands

the site should be discarded;

Conduct geotechnical and geophysical surveys at the selected sites that @Qre”b
considered as candidate sites for the electrode, followed by the construction of
geoelectric models of the soil each site, to be used for the preliminary electrode desig

Determine the type of earth electrode based on electrode site conditions, site constra
areas, soil resistivity model, thermal parameters (thermal conductivity,and capacity),
other parameters;

cing
the
n;
nts,
and

Determine the material of earth electrode considering factors-steh as the magnitude of

earth current of earth electrode, service life of earth electrode, and corrosivenes
groundwater, as well as engineering application and costs/of various materials;

5 of

Determine the major design parameters of earth electrede. The dimensional paramefers,
such as the electrode size, burial depth and cross-sectional area of coke, should be
determined based on the available area of the,electrode site and comprehensively
considering technical parameters such as the glec¢trode resistance, step voltage, cufrent

density, and ground temperature rise. The impact of construction difficulty and project
should also be taken into consideration;

Design of the current-guiding system of @arth electrode. In design of the current-gui
system of earth electrode, the electrode should be sectionalized if the owner has spec

cost

ding
fied

that operation shall be possible withtoutage of a given portion of the electrode in cage of

maintenance. It should be designed based on the calculation results of the elect
current and potential distribution; the cross-sectional area of current-guiding cables sh
be determined based on the, magnitude of current in each section of electrode;

ode
buld

Design of auxiliary facilities? Seepage wells and monitoring wells can be designed for darth

electrode, and online mohitoring system can also be provided if specified by the owne
flow chart of earth.electrode design process is shown in Figure B.2.

I.
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Figure B.2 — Flow chart d@arth electrode process
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CcA

Annex C
(informative)

Test results of human body resistance

Basic information of test subjects

A total of 1 028 test subjects including 589 farmers, 278 college students and 161 scientific
workers are selected to test the human body resistance. Among them, there are 631 males and
397 females, presenting a ratio of about 1,59:1. The test subjects are 12~75 years old,

ALl _tlo

and

140 490 H o H it PN e T A | oL 1 + Hp Y 4 + | 4+ o Ll
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heart rate was stable and normal when participating in the test.

thei

Thelage, height and weight distribution of the test samples are shown in Figure C. 1, Figure
and|Figure C.3 respectively. For all samples, the average height of males was 170,01 cm,
verage weight of 63,50 kg, and the average height of females was 157,98 cm, with an

an 4

avelnage weight of 55,31 kg.
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Figure C.%'<- Age distribution of test samples
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Figure C.2 — Height distribution of test samples

IEC


https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

- 54 — IEC TS 62344:2022 © |IEC 2

>80 <50
70~80 . N
3% 4% 10 %
60~70 50~60
38 % 35 %

Cc.2

The

adjustable DC power supply to apply voltage to two copper plates immersed in 10 % salt w
(wit{a resistivity of 1,53 Q-m) in a test tank and let the test subject'stand barefoot on these

cop
imm|
This

and|the surface of the copper plates on the measuremefit. Under this condition, use an amm

to m

O<50 W@50~60 O060~70 O 70~80 M >80

IEC
Figure C.3 — Weight distribution of test samples
Test method

022

human body resistance is measured by using the ammeter and)the voltmeter. Us¢ an

er plates. The depth of salt water is about 3 mm~5 mm such that the copper plates is

ater
two
just

rsed into the water and the soles of the test subject are.in full contact with the salt water.

will minimize the impact of the contact resistance between the two feet of the human |

easure the current flowing through the human_bedy, and use a voltmeter to measureg

ody
eter
the

voltage between the two copper plates, then calculate the human body resistance by Ohm's

law.
prod

The

The pulse and blood pressure of the test subjects are monitored throughout the whole
ess.

schematic diagram of the test circuit.is sShown in Figure C.4.

- +|

DC power supply

Resistor I::I-
Ammeter Q@

Test subject
| -

Copper plate [ A\ Copper plate

test

C.3

|
= =
IEC
Figure C.4 — Schematic diagram of test circuit

Test results

The foot-to-foot human body resistance is recorded under the perception current (when the
sample subject starts to have sensation). The statistical information of test subjects and test
results are given in Table C.1.

A total of 945 sets of valid data were obtained from 243 students (25,7 %), 156 scientific workers
(16,5 %) and 546 farmers (57,8 %). The statistics show that the average foot-to-foot body
resistance is 2 550 Q. Specifically, the distribution of human body resistance is: 1 000 Q ~1
100 Q accounted for 0,42 %, 1 100 Q ~1 200 Q accounted for 0,85 %, 1 200 Q ~1 300 Q


https://iecnorm.com/api/?name=dbdf5ee43bd844cfcae919d957eda2b2

IEC TS 62344:2022 © |[EC 2022

— 55 —

accounted for 1,06 %, 1 300 Q ~1 500 Q accounted for 4,66 %, and larger than 1 500 Q

accounted for 93,01 %.

Table C.1 — Statistical test results (foot-to-foot body resistance)

No. of subjects Foot-to-foot human body resistance
Place of test Q

Total Male Female Minimum Maximum Average
College A 58 52 1 1181 4900 2 360
College B(1) 98 82 16 1355 6 366 2707
College B(2) 53 51 2 1422 5121 2.680
College C 39 28 11 1567 5131 2992
Village A 39 14 25 1530 5668 3 140
Village B(1) 132 59 73 1133 6 497 2 549
Village B(2) 74 33 41 1140 4 412 2414
Town C 57 42 15 1047 6114 2 878
Town D 19 18 1 1100 5116 2789
Town E 24 20 4 1433 3681 2 280
Village F 69 12 57 1,236 4 096 2 470
Town G 58 36 22 1416 4012 2 366
Previous data 225 150 75 1021 8 477 2 370
Total 945 597 348 1021 8 477 2 550

Figyre C.5 shows the histogram of foot-te-foot human body resistance distributionf by
occypation, and Figure C.6 shows the cumutative probability distribution curve of foot-to{foot

bod

resistance by occupation. The statistical results show that among the test subjects/ the

medgsured foot-to-foot body resistance.from farmers is a bit larger than that obtained from gther

occypations.
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Figure C.5 — Histogram of foot-to-foot human body resistance distribution
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