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tional electrotechnical committees (IEC National Committees). The object of IEC is to promote_inte
eration on all questions concerning standardization in the electrical and electronic fields. Tq this
Hition to other activities, IEC publishes International Standards, Technical Specifications, Technical
cly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)
ration is entrusted to technical committees; any IEC National Committee interested in the subject d
barticipate in this preparatory work. International, governmental and non-governmentalorganization
he IEC also participate in this preparation. IEC collaborates closely with the International Organiz
lardization (ISO) in accordance with conditions determined by agreement between’ the two organiz

lormal decisions or agreements of IEC on technical matters express, as nearly-as possible, an inte
bnsus of opinion on the relevant subjects since each technical commitiee has representation
sted IEC National Committees.

Publications have the form of recommendations for international {use and are accepted by IEC
nittees in that sense. While all reasonable efforts are made to €nsure that the technical conten
cations is accurate, IEC cannot be held responsible for the way in which they are used or
terpretation by any end user.

der to promote international uniformity, IEC National.Committees undertake to apply IEC Puj
parently to the maximum extent possible in their national’and regional publications. Any divergence
FC Publication and the corresponding national or regional publication shall be clearly indicated in t

tself does not provide any attestation of conformity. Independent certification bodies provide cq
Esment services and, in some areas, access tovIEC marks of conformity. IEC is not responsiblg
Ces carried out by independent certification_bodies.

ers should ensure that they have the latést edition of this publication.

bbility shall attach to IEC or its directors, employees, servants or agents including individual exg
bers of its technical committees and IEC National Committees for any personal injury, property d3
damage of any nature whatsgeyer, whether direct or indirect, or for costs (including legal fg
hses arising out of the puplication, use of, or reliance upon, this IEC Publication or any o
cations.

tion is drawn to the Nermative references cited in this publication. Use of the referenced public]
bensable for the correct application of this publication.

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

62344 has been prepared by IEC technical committee 115: High Voltage Direct
transmission for DC voltages above 100 kV. It is a Technical Specification.
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Current

edition

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

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/m2 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 soil
parameters in 6.2.5.

— 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

Annex H.

— CIGQRE 675:2017 is added to the bibliography.

— Terminology and way of expressions are modified using more commonly used(ferms in the
HVDC electrode design industries and English speaking countries, so as t0 mgke the
reaflers understand the content more easily.

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

Draft Report on voting
115/276/DTS 115/293/RVDTS

Full infprmation on the voting for its approval can be found in‘the report on voting indidated in

the abgve table.

The language used for the development of this Technical Specification is English.

This dgcument was drafted in accordance with #SO/IEC Directives, Part 2, and develgped in

accordance with ISO/IEC Directives, Part 1 and\ISO/IEC Directives, IEC Supplement, ayailable

at wwy.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.chfstandardsdev/publications.

The committee has decided that the ‘contents of this document will remain unchanged until the

stability date indicated on the IE€Twebsite under webstore.iec.ch in the data related| to the

specifi¢ document. At this date; the document will be

e recopnfirmed,

e withdrawn,

e replaced by a revised edition, or

e ameénded.

IMPORTANT—TFhe—cotour-imside] ” Fthis-oublicationindicat

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.

that it
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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/
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 earth electrodes.

Their in
a) infl
b) infl

on

c) infl

d) infl
tran

e) infl
pip
cab

A grea

countri
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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
(HVDC) links. It is intended to provide necessary guidelines, limits, and precautions to be
followef@—during the design ol earth electrodes to ensure salety ol personnel and earth
electrofles, and reduce any significant impacts on DC power transmission systemsignd the
surrounding environment.

2 Ndrmative references

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

IEC 60#479-1, Effects of current on human beings and livestogk.— Part 1. General aspecfs
IEC TY 61201, Use of conventional touch voltage limits& Application guide
IEC 61P36-1, Power installations exceeding 1 kV AC.and 1,5 kV DC — Part 1: AC

IEC TY 61936-2, Power installations exceeding #kV a.c. and 1,5 kV d.c. — Part 2: d.c.

3 Tefrms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addrespes:

e |EQ Electropedia: availablé at http://www.electropedia.org/
e IS Online browsing.platform: available at http://www.iso.org/obp

3.1

earth (ground) electrode
condugdtive part that is in electric contact with local earth, directly or through an intermediate
condudtive medium

[SOURLCEYIEC 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

3.5

electrode station
whole facility which transfers current from/to electrode line to/from the earth or sea water,
usually| including the feeding cable, towers, switchgear, fencing and any necessary jauxiliary
equipment in addition to the electrode itself

3.6
common or shared earth electrode
earth glectrode system, which is composed of a single earth electrode - or multiple earth
electrofles in parallel, shared by multiple converter stations

3.7
electrdde site
site wheere the earth electrode is located

3.8
electrqde line
overhepd line or underground cable used to connect.the neutral bus in a converter station to
the earth electrode station

3.9
electrgde element
earthing conductor buried underground.\@r in the sea for guiding earthing current into the
surrounding medium (soil or sea water)

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

3.1
current-guiding wire
main bfanch used torconduct current from electrode line (or bus) to feeding cables

3.12
current guiding system
system|used.to guide the current from electrode line to electrode elements

Note 1 toentTy—HtCONSIStS Of CUTTENt=gUiting WiTe(s), tSCoONMeC g SWitches, fesdingcabtes andconmnections.

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

facilities.

3.16

system rated current

nomina

3.17

| rated current of one converter pole of the HVDC system

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

maxim
averag
than 1(

3.19

auxiliary

um-transient overcurrent
b maximum current flowing through the earth electrode for a few seconds (genérig
s) when a system disturbance occurs

unbalanced current

differer

Note 1 td
by the cq

Note 2 t
differend

3.20

cathod
electro
carriers

Note 1 t

ce of current between two poles during operation of a bipolar DC-system
entry: For balanced bipolar operation mode, the unbalance current flowing_can be controlled auto
ntrol system within about 1 % of the rated current.

b entry: For unbalanced bipolar operation mode, the current flowings through the earth electro
e in currents between the two poles.

e
He capable of emitting negative charge carriérs“to and/or receiving positive
from the medium of lower conductivity

entry: The direction of electric current is from the, medium of lower conductivity, through the ca

the external circuit.

Note 2 t
electrodg
semicon

[SOUR

3.21

anode
electro
carriers

Note 1t
lower co

Note 2 tdg
dependir
devices)

b entry: In some cases (e.g. electrochemijcal cells), the term "cathode" is applied to one or
, depending on the electric operating candition of the device. In other cases (e.g. electronic ty
Huctor devices), the term "cathode" is assigned to a specific electrode.

CE: IEC 60050-151:2001, 151%13-03]

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

entry: The difection of electric current is from the external circuit, through the anode, to the m
hductivity.

entry: _In some cases (e.g. electrochemical cells), the term "anode" is applied to one or another e
g on the-electric operating condition of the device. In other cases (e.g. electronic tubes and semic
the term "anode" is assigned to a specific electrode.

[SOUR

Ily less

matically

e is the

charge

hode, to

another
bes and

charge

edium of

ectrode,
pbnductor

CEvIEC 60050-151:2001, 151-13-02]

3.22

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).

3.25

thermghHtime—constant
time repuired for the temperature of the soil immediately adjacent to the active elementls of an
electrofle to reach 63,2 % of the steady state temperature rise at a given current

3.26
earthing resistance
resistapce between an earth electrode and remote earth with zero potential

3.27
step voltage
difference in surface potential experienced by a person or animal,bridging a distance between
two fegt without contacting any other grounded object

Note 1 t¢ entry: For a human the distance between the two contact,points on the earth is normally taken gs 1 m.

3.28
touch voltage
potential difference between the surface potential at the point where a person is standing and
the potential of a grounded structure touched byhim

3.29
transfdrred voltage
speciall case of the touch voltage where a voltage is transferred into/out of a point ngar the
electrofle site from/to a remote point far away from the electrode site

3.30
insulafed metallic structures
metalli¢ structures buriedsin‘the ground within the electrode interference area and coated with
insulating material to iselate the structure from earth

3.31
bare metallic stractures
metalli¢ structures buried in the ground within the electrode interference area and not|coated
with ingulating material

3.32
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
specified in local regulations, bid documents, or specifications. In the absence of such
documgnts that can be Used as a refiable source, the following values may be used as a
referenice during design:

a) the|amplitude of earth electrode rated current is equal to the HVDC system rated [current
(In) The maximum duration of this current corresponds to that of the monopolar earth return

opdration mode of the earth electrode. The duration of rated current can’be continfious or
of gefined length. A typical defined length for a bipolar system is the\interval from the time
when the monopolar system is put into service to the time when¢thie bipolar systen is put
intg service;

b) the|[amplitude of the maximum short-time overload current’is typically 1,1~1,3 Jy. The

maximum duration of this current is generally the time allewed for operation at maximum
overload current with the redundant cooling equipment’in Service;

c) thelamplitude of the maximum transient overcurrentis’ determined through system gtability
calgulation, typically in the range of 1,25~1,5 I:\The maximum duration is generally a few

or less than 1 s;

d) the|amplitude of bipolar unbalanced current'is the difference of the operating currents of
two| poles. For DC power transmission systems with two symmetrically operated poles, the
valye is very small relative to Iy, e.g.21 % of Iy. The duration is the same as the |bipolar

opdration time of the HVDC system.
4.2.2 Polarity

Polarity of the earth electrode, shiould be selected to be consistent with system operation and
enviroriment protection requirements. For anode type earth electrodes, the corrosion gf earth
electrofle material should_be considered.

If therg are any long buried metallic structure within the electrode interference area, cofrosion
at the dlistal end of the metallic structures should also be considered. For cathode type earth
electrofles, the focus should be on the corrosion impact on proximal end of buried metallic
structufes within'the electrode interference area. Should the cathode type earth electrogle be a
sea eldctrode;the impact of compound sediments near the earth electrode is also a corncern.

For eanth.electrodes with reversible polarity, in addition to the above issues relating to gathode
and anode type earth electrodes, attention shall be paid to safe operation with reversible
polarity. The earth electrodes for bipolar and asymmetrical monopolar VSC systems should 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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b)

c)

4.2.4 Common earth electrodes

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 anode should be calculated.

For a dommon earth electrode(s) shared by multiple converter stations, the worst-case which
should|be considered is where monopolar earth return operation mode occurs simultaneously
at more than one converter station with the same polarity. Calculation of earthing currenft of the
earth dlectrode(s) should consider the probability of superposition of currefits from djfferent
converfer stations. So compared with ordinary electrodes, common electrodes usually demand

higher requirements for electrode site conditions.

The dessigned lifespan of a common earth electrode shall be detérmined as the intervpl from
the time when the first converter station is put into operation to the time when the last cohverter

station|is put out of use.

The pqlarity of the common earth electrode is determined by summing the directiops and

amplitydes of the currents from all the converter statiops‘that share it.

5

5.1
5.1

A General principles

Design of land electrode stations

Main technical parameters

The dgsign of the land electrode shall~ensure its safe and reliable operation throughout its
lifespap and under different earthifnig”current conditions including rated current, maximum
overlodd current, and maximum_ transient overcurrent. Different technical parameters quch as

transfefred voltage shall be.controlled within the specified range by appropriate ch

temperpture rise of the earth electrode, earthing resistance, step voltage, touch volti’[;e and
electrofle shape and buriedidepth. It is important to note that the change of electrode s

ices of
ape or

burial depth does not affect the electric field strength further than 1 km to 2 km away fljom the

electrofle.

For a dommon eaith electrode(s) or multiple earth electrodes within a short distance ¢f each
other, the situation of long time simultaneous and continuous operation of DC systems With the
same polarity_;under earth return operation mode shall be avoided as much as possjble. In
addition, the-effect of one circuit operated in monopolar earth return mode on the neutral yoltage

shift of|othér bipolar systems should be considered.

Calculation of parameters and performance of earth electrodes should be done with 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 method is
described in Annex G.

5.1.3 Earthing resistance

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

a)
b)

the ground temperature rise;

touch and step voltage at the electrode station.
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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):

Re si\/zxméwmax ~0c) (1)
Iq Pm
where
R, is the earthing resistance between the earth electrode and remote earth with a zero
potential (Q);
14 i$ the earthing current which flows into the earth for a long time (A);
Ay i the thermal conductivity of the soil where the earth electrode is buried \((W/(m-°C));
Omax I8 the maximum allowed ground temperature (°C);
0 i$ the maximum natural ground temperature (°C);
Pm i3 the resistivity of the soil where the earth electrode is burigd,(Q-m);
Pe i$ the general equivalent earth resistivity at the electrode site (Q-m).
If the quration of the current is shorter than the thermalltime constant of the electrofe, the

maximyim permissible earthing resistance could be incrgased significantly than that detgrmined
by Formula (1) from the point view of ground heating<In this case, the area of the cqke-soil
interfage and current density at the interface is usually used to control the ground tempgrature
rise indtead of earth resistance (see 5.5.3).

5.1.4 Step voltage

The step voltage of any ground point thatan be accessed by the public shall not excged the
safety limits defined for humans and livestock. According to tests conducted on 1 028 sybjects,
over 99 % 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 60#79-1, and over 95 % of the subjects have no strong feeling at a DC current of §,3 mA.
Based [on these test results and in consideration of different amplitudes and durationy of DC
system| earthing currents,.thie maximum allowed step voltage of any point on the ground|can be
determjned with Formula (2) under maximum short-time overload current of one pole.

E, =742+0,03p, 2)

where

Eg, i thepermissible step voltage (V);

ps IS TNe resistivity of surface soil ((Im).

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+0.008p (3)

where
Ey

p i3 the permissible touch voltage (V).

For eanthed metallic structures that cannot be accessed by the public, the maximum permissible
touch Joltage of any point on the site should be less than 70 V in general-

5.1.6 Current density

For lanld electrodes that are likely to run as anodes for a long time; the current density at the
coke-soil interface should be limited to prevent electro-osmosis (imoving of water by the glectric
field). for anode-type earth electrodes that run in monopolarymode for a long time ang are in
fine patrticle (clay) soil, the permissible average current density at the coke-soil interface|should
be limifed to 0,5 A/m2 to 1 A/mZ2 at the rated current of enepole. For specified outage corjditions
(e.g. 3D % electrodes out of service), the current density may be higher as allowed |by soil
conditipns.

In the gase of a coarse-grained soil with largé 'pore size and where the active portion| of the
electrofle is below the water table, an average current density of 2 A/m2 or higher may|be the
permissible value under rated current of .@ne pole.
51.7 Field intensity in fish ponds

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

For comhmon earth electrodes or multiple earth electrodes within a short distance of each other,
the cage of systems running in short-time (e.g. < 30 min) earth return operation mode With the
same golarity should be’ considered during design.

5.2 Electrode'site selection and parameter measurement

5.21 General principles

Selectipn/ef-the electrode site is a critical step in the beginning of the earth electrode fesign,
and aldo'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)
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.

Dependling on the tectonic setting of the area, It Is recommended 1o collect information of extra
high-vgltage AC power facilities in a larger range, e.g. located within 50 km ~ 100 kmldr more
of the g¢lectrode site. A high-resistivity terrain will require a wider geographical survey|than a
low-redistivity terrain.

5.2.3 Distance from converter station (substation)

In the [site selection process, the impact of the earth electrodes op. surrounding converter
stations and AC substations shall be quantified. See Annex K for.the/calculation method. If
calculafion and analysis are not possible, the distance from the electrode site to any converter
station|or high voltage AC substation should be no less than 10.kpn1 in general to mininfize the
risk of PC current flow into the Y grounded windings of the AC_transformers, and the m|nimum
distange from the electrode site to any aerial power line with-earth wire should be largger than
5 km tq reduce the risk of corrosion of tower grounding and foundation. If for some readon it is
impossjble to maintain these distances, measures shauld’be taken to mitigate the effeqt, such
as DC purrent-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 elgctrode site should be located far @way from cities and densely populated res|dential
areas, pn a reasonably flat area, without\ground erosions and rocks outcropping, and apoiding
lowlands, without risk of flood erosian or long-time flood submersion. In addition, the Ipcation
should|be in an open space to provide a wide and conductive current-releasing arealand to
facilitajle making the necessary ¢onnections.

5.2.5 Geophysical and.geological surveys

In the Beginning of the désign of earth electrodes, the main physical parameters of the|soil on
the eleftrode site inclading the soil resistivity model, soil thermal conductivity, volume thermal
capacify, maximum_ambient temperature, humidity, and ground water table (see Annex D for
detaile¢l surveying-methods and technical requirements) should be surveyed.

For thg selected electrode sites, test holes shall be drilled for a direct survey of the $hallow
ground|structure and for the determination of the structure of the sedimentary cover within the
electrofle.site. The exploration should be carried out in a range not less than the sizj of the
earth electrode and up to the depth of the bedrock, or the expected depth of the electrode. In
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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e the reliability of the measurements should be higher than 95 %. For N effective values

measured at the same place (Xy, X, ...

can

be calculated with:

1< 2
o= W;(Xn_)(p)

, Xy) , the average (Xp) and standard deviation (o)

(4)

Thd

whd
k=
k=

value of soil parameters can be calculated with:
X=X,+1,96xkxo
re

+1 for soil resistivity and temperature, and
-1 for thermal conductivity and volume thermal capacity.

e val

unfavourable seasons, which means the season coefficient should be applie
calgulation with Formula (6).

5.3
5.3.1

Electrode element material should be selected threugh technical and economical comp

based

principles: good conductive property, good resistance to corrosion and to ground aggrg¢
(pH, chloride content, etc.), easy mechanical*processing, no toxic or negative effect, an

effecti

5.3.2
Electro|
cast irg

If the p

is less
the ele

If the c

es selected for soil resistivity during the design shoudld-consider the influe

arth electrode and associated components
General principles for material selection

n engineering and market conditions, Jhe selection shall be based on the fo

eness.

Selection of electrode elements and characteristics
de elements used for DCrearth electrodes should be preferably made of iron, high
n, high-silicon chromium/iron, or graphite.

H value of soil and\ground water is between 3 and 11 and the content of CI=+SOy4

han 500 mg/l, fonanode type land electrodes with a service life shorter than 40 x
ctrode elements should be made of iron.

brrosior.lifespan of the electrodes is longer than 40 x 108 Ah or the soil has a pf

nce of
d after

prisons
llowing
bssivity
d cost-

Fsilicon

2-jons
06 Ah,

H value

less than 3the electrode elements should be high-silicon cast (chromium) iron or graphite.

If high-

siicon cast iron or high-silicon chromium iron is used for electrode elements, t

ne final

products should be equipped with feeding cable.

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 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

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) <0,1 <0,1
Shromitm—{(Sr) © 4~5

Iron (Fe) >82,5 >77,5

5.3.3

values [listed in Table 2.

Chemical and physical properties of petroleum coke
The chiemical composition of the petroleum coke after calcination should Correspond

Table 2 — Chemical composition of the petroleum coke after calcination

Substance Proportion
Yo
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 petfoleum coke products used for DC earth electrodes

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/cm?

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

to the

should

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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5.3.6 Electrode line and its monitoring device

The 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
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 electrode elements can be classified as horizontal (trench) and vertical
(well) type, which shall be selected through technical and economic comparison based on

y errain_conditions. Generally, 1T the resistvily o ep soil
(deepef than 10 m below ground) is significantly lower than that of the surface or ifthe’/ground
water table is deep, a vertical well arrangement might be used, otherwise horizaontal|trench
arrangé¢ment might be used.

5.4.2 Filling coke

Horizomtal earth electrodes should preferably use square or rectangular sections of other
suitable¢ shapes according to the surrounding situation, and vertical earth electrodes shopld use
circulaf sections. The electrode element in the center is surrounded by filling coke, as|shown
in Figyre 1. The recommended density of the reinforced filling” coke should be bptween
1 000 Hg/m3 and 1 100 kg/m3. The density for vertical electrodes should be higher in tHe case
of watdr-filled bore holes.

Coke

Trench Well

Electrode

element
IEC

Figure 1 — Electrode cross-section

5.4.3 Selection of earth electrode shape

The shppge 'of/the electrode shall be selected to achieve better current distribution and Qalance
as suggested below:

— if the electrode site 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), 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

(7)

re 4 b)
ibution

bnomic

(8)

where
D i$ the distance between sub-electrodes in vertical arrangement (m);
L i$ the length of the sub-electrodes in vertical arrangement (m);
n i$ the coefficient, 0,8~1,0.
A D
~
Y
Sub-eléctrode
Figure 2 — Vertical arrangement

If earth| electrode elements are horizontally arranged in a discrete way, as shown in Figy
sub-elgctrodes should have a distances less than 2 m to achieve a uniform current dist
at the goke-soil interface.
5.4.6 Burial depth of the e€arth electrodes
Optimdl burial depth of eatrth electrodes should be selected through technical and ec
compatison based on the\following principles:
a) step voltage. If the electrode length is horizontally arranged, the minimum burial depth of

thelearth electrodes can be estimated with Formula (8) approximately.

__Ps?
2rt g

where

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);

b) 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-
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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 Minimum size of earth electrode

5.5.1 General principles

Minimum sizes of earth electrodes refer to total earth electrode length, the side length of the
coke sgction and the electrode element diameter when the thermal stability of)step yoltage
conditipns are met. The principles for determining these three important dimensions indlude at
least the following:

e at donstant rated current, the highest temperature at any part of the earth electrodes shall
notlexceed the boiling point of water;

e at the maximum short-time overload current, the maximum step.voltage at any pointon the
soilsurface shall not exceed the allowed value;

e at the end of the designed lifespan, the electrode elements shall still meet current-garrying
requirements after the corrosion is considered.

5.5.2 Total earth electrode length

In gengral, the length of the earth electrode (or oceupied area) should be determined bgsed on
heating conditions (see 5.1.2 and 5.1.3), checked against the value allowed by maximym step
voltagg (see 5.1.4) and current density at the ‘coke-soil interface (see 5.1.6), and fihalized
through optimization of the earth electrode.material consumption.

5.5.3 Area of the surface of the coke-soil interface

For eafth electrodes running in earth feturn mode, if the thermal time constant is greater than
the dufation of the rated currenti-the area of the coke-soil interface at any point (P) of the
electrofle may be conservatively calculated by Formula (9) to ensure that the highest
temperpture at any point (R) will not exceed the permissible value.

S,>k>xp *xt,’ Ly

9
’ 16pPCP(9mp_ec) ( )

where

S, i$ thewarea of the coke-soil interface at point P (m);

k isthemmatchimgcoefficient, mtheTange of 0;9~ 1+ SeeATmex G;
7, is the linear 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);
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).

4k1k2pprFVf + 7Z¢2pmg]d X 10_3

> (10)
8 70m 8l g X10_3
0 >3 P (11)
A\ pC
where
S, i$ the side length of coke section at point P (m), see Formula (9);

S

) i$ the equivalent diameter of the electrode element at point P (mm);

ky i the protection coefficient, which is ratio of unit area ion current in‘the coke to the total
current, k4 = 0,1~0,6;

ko i3 the electric corrosion accumulation effect coefficient, seé Fable 4;

F i$ the service life of the anode (A-h);

Vs i3 the electric corrosion rate of electrode element material in the soil (kgf(A-h)),
see Table 4;

0] i$ the remaining equivalent diameter of the.electrode element when the total operation

time of the earth electrode reaches the desighed lifespan (mm);

g i the density of the electrode element raterial (g/cm3), see Table 4;
Pe i$ the coke resistivity (Q-m);

C i the coke volume thermal capagity (J/(m3-°C));

Iy i$ the rated current (A).

Others|are the same as Formula (9).

Table 4 — Electric corrosion characteristics of different materials

Material Density, g Corrosion rate, V; Accumulation effect
g/cm3 kg/(A-h) coefficient, t,
Iron (steel) 7,86 0,001 039 3,0
High-siliconr cast iron 7,03 0,000 228 2,0/3,0 (in sea Water)
High-silicoh chromium iron 7.02 0,000 114 2.0
Graphite 2,1 0,000 114 >3,0

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).

IEC JEC
a) Overhead conductor is adopted b) Underground cable isxadopted
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) between central tower and branch tqwer.
a-0 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 ghall be
bolted pn the ground or connected with-eutdoor disconnecting switch, as per IEC 61936-1 and
IEC TY 61936-2. If a disconnectingsswitch is adopted, the disconnecting switches should be
installeld on the current-guiding wire-support structures. To ensure human safety, disconpecting
switchgs shall be fenced off orplaced at a sufficient height above ground.

5.6.4 Selection of current-guiding wire cross-section

The cufrent-guiding wiré cross-section should be selected based on the calculation regults of
the curfent in different.branches, and in such a way that safe operation of other current-guiding
wires i$ not affectedunder any earthing current operation conditions or when any el¢ctrode
segment is out ofuse (due to damage or for the purpose of maintenance).

If cablg is used as current-guiding wire, see 5.6.10.

5.6.5 Insulation of the current-guiding wire

Because the operation voltage on the earth electrode bus is very low (typically 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
IEC.

a) Iron used for electrode element

Branch feeding Main feeding
Coke cable cable
* V' 4 A
o7
RY !

/

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 of jumper cables

To redlice the step.voltage, each sub-electrode shall be continuous as much as possibje. The
electrofle may be“interrupted if it has to cross low-lying areas such as trenches, pohds, or
ditches, provided the electrical connections between the two segments are ensured. Two
jumper|cabtes.are typically used to join 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
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,


https://iecnorm.com/api/?name=7aa11d83865a99b8ccb1daba490ae28b

IEC TS 62344:2022 © |[EC 2022 - 29 -

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

sub-electrodes, the insulation level should be generally no less than 750 V and should
pre 'nrnhly have double insulation

5.6.12 | Cable welding position

For an|electrode element made of iron (steel), during connection between feedihg cable and
electrofle 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 compnections and splices between underground cable and electrode elements, exothermic
welding, arc welding or hydraulic compressed connections should be used. Bolt conneftion is
prohibited.

The wdlding shall be firm and tight. The welding contact resistance shall not exceed that of the
materigl 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 cable
brackef and be protected by a properly sized,RPVC plastic pipe at the place where the feeding
cable gnters the ground. For current-guiding wires, feeding cables or jumper cables that are
directly buried in soil, sand should be filledyaround them, with cement panels laid direc{ly over
the calblle to protect it against damages-caused by external forces. For branch feeding|cables
connedted to high-silicon cast iron ar-high-silicon chromium iron sub-electrodes, conipatible
PVC pIEstic pipes should be used as shields.

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

5.7 Auxiliary facilities
5.7.1 Online menitoring

To detgrmine or~monitor the operation status of earth electrodes, monitoring devices that can
detect gurrentdistribution, temperature and humidity of the earth electrodes can be installed at

the locption_of the current-feeding cable. Alternatively, installation can be done in a manner
such that<portable instruments can be used. Common detection devices can be installed in
monitori i WelTs. i itori y up | uired. See

Annex | for 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 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-
insulating material is used, small independent earthing devices should be installed, and the
fence should be segmented using insulators to avoid large transferred voltages

5.7.5 Marker
Markerp 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

Design| of the sea electrodes or the shore electrodes should. @hsure their safe and feliable
operatipns throughout their life cycles and under different earthing current conditions ingluding
rated qurrent, maximum short-time overload current, and“maximum transient overgurrent.
Differept technical parameters such as earthing resistance, voltage gradient in watgr, step
voltagg, touch voltage and transferred voltage should ©e ‘Wwithin the specified range.

6.1.2 Temperature rise
The temperature rise is not a dimensioning fagtor for sea electrodes and pond electrodges with
adequdte water exchange, and it is not required to do this calculation.

For beach electrode stations, the basic principle is that the maximum temperature of any point
of the garth electrode shall be lower.than the boiling point of water under all circumstanices.

6.1.3 Earthing resistance
The requirement for earthing, resistance of sea and shore electrodes are the same as for land
electrofle (see 5.1.3).

Since the resistivity layers of sea and shore electrodes are not horizontal, the formula to
calculate the resistahce to remote earth is more complicated than for electrodes with horizontal
layers.|In this case, calculation should be performed with computer programs.

6.1.4 Step-voltage

The stgp<oltage of any ground point shall not exceed the safety limits defined for humgns and
livestotk¥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
current density on the surface of the coke is 7 A/mZ2.

6.2 Electrode site selection and parameter measurement
6.2.1 General principles

Selectipn of the electrode site is a critical step during earth electrode design, and.a complicated
proces$, during which technical and economic comparison is required to select*a safe, rgliable,
economically feasible, and environment-friendly site.

The following factors shall be considered when candidate sea electrode-sites are compaled and
selected: distance to converter station, substations, pipelines, cabples, etc., salinity of fhe sea
water, slope of the seabed, resistivity on the shore, and uniformity of the seabed.

6.2.2 Data collection survey

To ver|fy a possible electrode site, a survey within a radius of at least 10 km shqduld be
condugted to determine the natural conditions in the neighbourhood of the electrode sitI under

investigation, which should at least include the landferm and terrain, geological structure| ocean
tide anf currents in the sea. The survey shall show'that the seabed is without clay so that the
electrofle does not sink.

Besideg, in order to conduct environmentaliimpacts evaluation, the surrounding facilitiIs near
the eleftrode site should also be surveyed, such as the existing and planned power facilities
(substgtions and lines), buried metal pipes, armoured or earthed cables, railway lines,|fishing
areas, Yacation beaches, cathodic.protection system for marine metallic structures, etc. Coastal
areas gre often characterised by.alayer of fresh water, rising to a higher level than the [nearby
sea anfl a deeper layer of salt water, penetrating from the sea. If a distinct interface bptween
freshwater and saline water éxists, survey should be done to determine which depth is the best
for the pctive part of an eléctrode station. If the current is emitted in the freshwater layer,|anodic
operatipn will evolve only/oxygen, not chlorine. If the electrode is close to, but still abgve, the
interfage, the salt-water layer will absorb the current very effectively, within a short horizontal
distange. If low resistance to remote earth and decrease of loss are the goals, the ele¢trodes
shall b¢ placedrin‘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 elg¢ctrode
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.

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 electrode, but the
effect of seawater on the apparent resistivity measurement results shall be considered in
soil model inversion analysis. Besides, the seawater depth and seabed slope near the
ele¢trode should also be tested or surveyed which may use the method of sonarof echo-
sounding. If required, the deep soil resistivity could be measured by the magnetqgtelluric
(MT) method (see Annex D), which is used to evaluate the impact on the)'surrqunding
facilities on land.

b) For[sea electrodes, the factors like sea currents, sea-bottom roughness.ahd sea-bottom soil

conlditions should be investigated. Morphological and geological investigations can jnclude
sidI-scan sonar, sub-bottom profilers and echo-sounders. Bottom conditions should glso be
invgstigated by divers and/or with under water vessels and doCumented by camefa. The
resistivity of seawater and soil of sea-bottom can be measured by seawater/soil sampling.
Registivity measurements are possible for sea electrodes, atlleast in shallow water| areas,
however more complicated than on land. The resistivity may also be measufed on
undisturbed soil samples from the seabed.

c) Thqg salinity of the seawater shall be measured in order to analyse gas evolution rat

114
(2]

6.3 arth electrode and associated components
6.3.1 General principles for material selection

The mpterial shall be selected through techhical and economical comparisons baged on
enginegring and market conditions. The selection shall respect the following principles: low
dissolution rate as well as low chlorine emission rate in anodic regime, low toxic of other
negatie effects, and cost-effectivengess.

6.3.2 Common electrode elements and characteristics

Electrode elements used for sed electrodes or shore electrodes should be preferably made of
high-silicon chromium irong.or graphite embedded in coke. The carbon content in iron|should
be lesq than 0,5 %. Graphite should preferably be treated by submersion in linseed ¢il. The
chemicjal compositioncof-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) plalinised titanium or niobium (Pt/Ti or Pt/Nb);

b) magnetite;

c) bare copper conductors (for cathodic operation only);
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.

6.3.3 Chemical properties of petroleum coke

See 5.§3.3.

6.3.4 Current-guiding system
See 6.%.

6.3.5 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

The arfangement of sea electrode elements can be-classified as horizontal embedded |n coke
(see Figure 5) or placed in cages directly on the bottom of the sea. If nets are used, thege shall
be pladed on sea bottom and covered by gravehor cement sacks.

The arfangement of shore electrode elements can be classified as vertical embedded |n coke
(beach|type) or placed directly in seawater (pond type), see Annex M.

\ . Plastic band
Elegtrode K: ° o o : X °

D . o o o o Coke
. . . . . . /
Cablgjoint _ | : <]
\ .' o ) .
//X/// . ° .
Cable

IEC
Figure 5 — Sea electrode

6.4.2 Filling coke

For seaetectrodesamndshoreetectrodes;thefittmg—of coke;, i used;shouldbeperformed on
the shore. Fabric shall be used to keep the coke in place. The sub electrode is then placed on
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

6.4.4 Segmentation of earth electrodes

DC earh electrode sub sections shall be divided into a few segments for better inspection and
maintepance. The number of sub sections shall be limited to avoid impact on current distfibution
and avpid the need for a complicated current guiding system.’Subsections shall be performed
so one| part of the electrode can be taken out for maintehance or repair without resuflting in
unaccegptably high potentials in water or ground close 4o 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 thafithey are easily accessible for inspectionfrepair.
Thip normally requires a small depth;Qf’burial and generally applies only to horizonfal sub-
elegtrodes;

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

6.5 Current-guiding system
6.5.1 Placement of-the current-guiding wire

For seg electrodes_and pond electrodes, the busbar and other equipment, should preferpbly be
placed|in a cabin’at some distance (e.g. more than 500 m) from the electrode area, at|a safe
level apove sea surface. The current guiding wires between the busbar in the cabin gnd the
sub-elgctrodes; or subparts, shall preferably be made as individual smaller cables, or mjutually
insulated/sub-conductors in large cables. The extra (and equal) resistance in eagh sub-
condugtorwill tend to equalize the current sharing among sub-electrodes. If not, series rgsistors
can be used.

For beach electrodes, see 5.6.2.

6.5.2 Connection of current-guiding system
For 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
Elecffode of titanium net, 1,22 m x 16,5 m

Connlection plate of titanium

Watertight heat-shrink joint

Electrode cable (feeding cable), copper conductor 10 mm?
Watertight heat-shrink joint

D b WN -

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

Figure 7 — Titanium net

6.5.3 Selection of cable cross-section
See 5.6.10.

6.5.4 Insulation of the current-guiding system
See 5.¢.5 and 5.6.11.

6.5.5 Selection of cable structure

Feedinp 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. Fgr cable
buried firectly in the\seabed, single core copper conductor cable with double insulation may be
used.

6.5.6 Mechanical protection for cable
See 5.?.14.

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.

7.1.3 —Mitigatiommeasures

For ingulated metal pipes buried in ground with a voltage exceeding the limit),common
precautions include addition or reinforcement of cathodic protection capabilities,-addjtion of
pipe anti-corrosion coating, and separating a pipe into segments and connegting thegm 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, guch as
touch Joltage and corrosion, shall not affect the safety of peoplé in contact with the metallic
structufre and safe normal operation of the metal structure.

7.2.2 Relevant limits

To profect 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 precaudtions should be taken.

During|analysis of corrosion effects of the*earth electrodes on surrounding bare metallic
structufres, the current density at the surface of any buried metal structure exposed|to soil
should|not exceed 1 uA/cm? at the equivalént earthing current, and the corrosion shall ndt affect
normalloperation 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 ds possible. If the minimum distance between earth electrodes and underground bare
metal dtructures, such as.buried bare metallic pipes, is less than 10 km, or if the length of the
undergfround metallic structure is longer than the distance, the adverse effects of DC earthing
currenf| of the earth electrodes on the structure shall be evaluated.

onding
for the

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)

Relevant limits

rmissible DC current for windings of each transformerphase, if actual values
can be as follows: 0,3 % of rated current for a single-phase transformer, 0,5 % ¢
for a three-phase five-legged transformer, or 0,7 &% of rated current for a threg

three-lg¢gged transformer.
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Mitigation measures

arth electrode DC current flowing through, the transformer windings is higher th
imit, proper current-limiting or DC current-blocking measures shall be taken. T
ethods are:

current-blocking capacitor;

mall resistor connected in series with transformer neutral and ground.

7.4 Impact on electrified railway
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If the earth electrodes lie near facilities such as greenhouse or earthed metallic water pipes,
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.
Secondly, they provide the ground reference for the neutral potential at the converter station 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 and construction of the whole DC| power
transm|ssion system.

A.2 [Operation mode

A.2.1 General

An HVPC power transmission system typically consists of three patts: rectifier statipn, DC
current|line, and inverter station, as shown in Figure A.1.
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| | | |
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| | \ |
| | | |
: Converter I I Converter :
transformer | | transformer
5 |
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|_systems | | _ Rectifier statién _ | DC line e Inverter station _ | systems Il |
| > > > > >

DC power transmission system

Y

A

Figure A.1 — HVDC power transmission system structure

Depending onthe number of nodes connected to AC systems, DC power transmission systems
can bg grouped into two-terminal and multiple-terminal systems. Two-terminal DC| power
transmission systems can be further classified into three configurations: monopole, bipple 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

A power transmission system adopting monopolar earth/sea water return mode’ ca
investment in lines. However, electrochemical corrosion may occur in underground

faciliti

communication and magnetic compass may be disturbed. This operation|mode is ap
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igure A.2 — Schematic diagram of monopolar earth/sea water return systenL

located within the interference radius of the ground electrodes, and

ystems, including the Gotland Island DC system in Sweden apd the Sardinia-G
C system.

Monopolar with dedicated metallic return mode

plar system with dedicated metallic return uses a low insulation conductor eartheg
the return circuit, as shown in Figure A.3. The earth reference shown in Fig
ts no DC current and does not need to be designedas an earth electrode.
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gure A.3 — Schematic 'diagram of monopolar dedicated metallic return syste
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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 mode of rigid DC current bipolar system is shown in Figure A.5. In this mode, the system

is not Jrﬁllndﬂd at the rectifier station end and thus avoids grnllnrl interference as it on|y
happens in the bipolar earth/sea water mode. It should be noted that the earth referencelshown
on Figdre A.5 conducts no DC current and does not need to be designed as an earth electrode.
The digadvantage of this mode is that the operation is not possible when a failure ocg¢urs on
one linge. It also requires the currents in the two poles to be exactly equal, since there is no
return path for any unbalance current.

- & e

IEC

Figure A.5 — Schematic diagram of rigid bipolar system

A.2.3. Bipolar with dedicated metallic return mode

The m¢de of bipolar with dedicated metallic return is shown in Figure A.6. In this mpde, in
addition to conductors for_positive and negative pole, a conductor is used as the neufral line
between two converter(station neutral points and grounded at one end. This mode npt only
eliminates the drawbacks due to earth or sea water being used as the current return cirduit, but
also allows continuous monopolar operation. In this mode, the earth reference shpwn in
Figure JA.6 conduets no DC current and does not need to be designed as an earth electfode.

Constriiction"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 achipve’benefits at t ng DC
project in China were both constructed in th|s way.
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Figure A.6 — Schematic diagram of bipolar dedicated metallic return system

Symmetric unbalanced system

ced bipolar system consists of two completely identical monopolar lsystems, wh

built and put into operation in stages, which means the second*monopolar sy
d put into operation shortly after the first one is put into service’ If this is not th
second monopolar system is built at a late stage according,to planning, advan
ant technologies in the transition period can lead to different transmission pow
rating between these two systems. For instance, the Konti-Skan DC system con
nopolar systems with different transmission powers,~which share a pair of rey
er stations. The Skagerrak DC system was planned to be a balanced bipolar sy
ginning, but later a 3™ monopolar system Wwas added to this project. The
ssion direction of the third monopolar systemyis opposite to that of the bipolar
an early stage. And a 4th (VSC) pole had just been added to the Skagerrak pr

Back-to-back converter station

-back converter station is a DC system without DC power transmission lines a
ctifier and inverter converter stations in the same switchyard. “Back—to-back” co
5 are now widely used with-the main purpose of limiting increase of short-circuit
he interconnection of electric grids, improving the reliability of grid under operati
as a frequency conversion station during the interconnection of grids with d
cies. Back—to-back'converter stations do not require earth electrodes.
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Safety risks of DC earth electrode

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.3.2.2 Step voltage limit

The stgp voltage limit is an important basis for the design of earth electrodes. When the step
voltagg caused by earth electrode current in the ground exceeds.a certain value, it may cause
annoygnce to people or animal around the electrode. On thejother hand, too low a value for
step valtage will increase the total cost of the system. HenCe the selection of a reasonahle step
voltagd in the neighbourhood of the earth electrodes is.Significant for ensuring personal safety
and lowering system costs.

What rpally poses safety hazards to people is the“current flowing through the human body.
Hence the step voltage limit depends on physical€onditions and the footsteps of people.|Impact
of step|voltage is more significant at lower sensing current, lower human body resistance, lower
contac{ resistance between the human body;and the soil, and longer footstep. A low step yoltage
limit shijould be defined to ensure personal safety.

The stgp voltage limit for the human body is calculated with:

U=14(R+2Rs) (A.1)
where
U i$ the step voltage limit (V),
Iy i$ the minimum current (A) sensed by a human body,
R i$ the human body resistance (Q), and
Ry i$ 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
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

b) Typical double circular DC earth electrode

A dpuble circular DC earth electrode structure is shown in Figure Al11, and distriblition of
step voltage is shown in Figure A.12 and Figure A.13.
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Figure,A:11 — 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 electroge

c) Tygplical triple circular DC earth electrode

A triple circular DC earth electrode structure is shown in Figure A.14, and distribytion of
step 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 circularearth electrogle
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igure A.16 — 3-D-distribution of step voltage of triple circular earth electrode

A.3.3 Accumulated‘effect of DC earth electrodes

The acpumulated effect of earth electrodes mainly involves electrochemical corrosion of metal
condugtors dug to'DC current. During system operation, the earth serves as a giant ele¢trolyte
tank, ?d the"DC earth electrodes of the converter station at the two ends serve jas two

electrofles,in’this electrolyte tank. The process of electrolysis and dissipation continueg at the
anode pccording 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 + O, —> 4Fe(OH), (A.4)

Fe2t igns generated during electrolysis will enter the electrolyte from the anode to_reqct with
OH~ igns there, generating ferrous hydroxide, Fe(OH),. Ferric hydroxide, Fe(OH)3,| is the
producf of further oxidation (a reddish-brown unconsolidated material). This |procgss will

continye to consume anode metal. Consumption of metal anode during electrolysis can be
calculated below based on Faraday's laws:

m= Aﬁmlt (A.5)
where
m i$ the consumption of metal material (g);
A, i3 the molar mass of the metal (g/mol);
K i the metal valency, dimensionless;
F i$ Faraday's electrolytic constant, 9,648.53x 104 C/mol;
I i$ the current flowing through the metal (A);

t g the current flowing time (s).

As the|molar mass and valency of irén are 55,86 g/mol and 2 respectively (ferrous iops with
valenc¢ 2 are generated during eléctrolysis), for each ampere of current flowing throygh the
iron anpde, 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] (A-6)

 (2%9,64853x104

In casq of bipolar_ecaonnection, suppose the rated current of each pole is 1 kA, the unbglanced
currentlin normahconditions is 30 A, and the monopolar operation rate is 1 %, then the|annual
consumption of-the iron anode can be as high as:

m=9128,86x(30x0,99 +1000x0,01) =3,62x10° [g] =362 |kg] (A7)

The anode material is significantly corroded due to electrolysis. If the earth electrode has a
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.

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 due to potentials at the soil surface caused by the return of DC current through the ground.

The m?%AMLMMMMMM@WMM the
grounded star point of AC transformer(s).

A.4.2.2 Shielding wire

When the electrode operates as an anode type, the shielding wires of the towers closg to the
electrofle 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 tawefs at the distal end
will abdorb current from the surrounding soil and discharge it to the towérs close to the el¢ctrode.
Under fhese circumstances, it may result in risk of corrosion to thé ‘grounding deviceq of the
towers|discharging current.

A.4.2.3 Grounded star point of AC transformer

Due to|the soil surface potential gradient, DC current enters the grounded star poin{ of AC
transfomer 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 current
will be [in the vicinity of either electrode stations as.the ground potential gradient is stegp only
in the \icinity of electrode stations.

A.4.3 DC magnetic bias of AC transformer
A.4.3.1 General

The DG component through the transformer windings provokes a constant magnetising of the
core, which, superimposed on thé- symmetrical AC magnetising, lets the flux vary in an
unbalapced way, which in one flux-direction may lead to saturation of the core. Both YY and YD
type of transformers will have-flux offset by the ground potential rise. As the trangformer
operatgs in the nonlinear pertion of its magnetizing curve, the magnetizing current will consist
of a sefies of harmonic currents. The wave form of the current is distorted mainly due tp a rise
in the gontent of the §econd harmonics. Generally there will also be a rise of severgl other
positive, negative aid-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-phasg, five-
legged|transformers also react to some degree. Three-phase, three-legged transformgrs will
withstapd. & high level of DC current excitation.

A.4.3.2 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.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

interconnection between stations and the resistance in transformers should be set up, and the
flow in the different branches calculated

Generdlly speaking, the problem of saturation is not very serious for most of. small grid
transfoymers (<200 MVA), as they are normally three-phase, three-legged. Attention |will be
drawn {o large 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

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.

The 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 should
be previously contacted because it they do not agree to allow for the surveys in their lands
the site should be discarded;

Cdanduct geotechnical and geophysical surveys at the selected sites that_.arg being
copsidered as candidate sites for the electrode, followed by the construction|of the
gepelectric models of the soil each site, to be used for the preliminary electrode depign;

Determine the type of earth electrode based on electrode site conditions)’site consftraints,
argas, soil resistivity model, thermal parameters (thermal conductivity) and capaciily), and
other parameters;

Determine the material of earth electrode considering factors such as the magnifude of
eafth current of earth electrode, service life of earth electrode, and corrosiveness of
grgundwater, as well as engineering application and costs-0f yvarious materials;

Determine the major design parameters of earth electrade. The dimensional parameters,
sugch as the electrode size, burial depth and cross=sectional area of coke, shquld be
dejermined based on the available area of the,electrode site and comprehensively
considering technical parameters such as the electrode resistance, step voltage, current
depsity, and ground temperature rise. The impagt of construction difficulty and project cost
should also be taken into consideration;

Design of the current-guiding system of earth electrode. In design of the current-guiding
sys$tem of earth electrode, the electrodeishould be sectionalized if the owner has specified
thgt operation shall be possible with*outage of a given portion of the electrode in ¢ase of
mdintenance. It should be designed based on the calculation results of the el¢ctrode
cufrent and potential distribution;the cross-sectional area of current-guiding cables|should
be|ldetermined based on the.magnitude of current in each section of electrode;

Design of auxiliary facilities/ Seepage wells and monitoring wells can be designed fgr earth
eldctrode, and online_rmonitoring system can also be provided if specified by the owner.

flow chart of earth.electrode design process is shown in Figure B.2.
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Annex C
(informative)

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,
140 cm~186 cm in height and 27 kg~95 kg in weight. All the test subjects were healthy, and

their heart rate was stable and normal when participating in the test

The agg, height and weight distribution of the test samples are shown in Figure C.1 Fig
ure C.3 respectively. For all samples, the average height of males was 170,01 c
an avefrage weight of 63,50 kg, and the average height of females was 157,98 cm,

and Fig

averagpe weight of 55,31 kg.
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Figure C.3 — Weight distribution of test samples
C.2 [Test method

The hyman body resistance is measured by using the ammeter and_the voltmeter. Use an
adjustgble DC power supply to apply voltage to two copper plates immersed in 10 % salt water
(with aJresistivity of 1,53 Q-m) in a test tank and let the test subjectstand barefoot on thgse two
copper|plates. The depth of salt water is about 3 mm~5 mm such’that the copper plateg is just
immerged into the water and the soles of the test subject arelin full contact with the sal{ water.
This will minimize the impact of the contact resistance between the two feet of the humgn body
and thg surface of the copper plates on the measurement:Under this condition, use an ammeter
to meapure the current flowing through the human body, and use a voltmeter to measpre the
voltagg between the two copper plates, then calculate the human body resistance by[Ohm's
law. THe pulse and blood pressure of the test subjects are monitored throughout the whole test
process.

The schematic diagram of the test circuit.is’shown in Figure C.4.

- +|

DC power supply

Resistor I::I-
Ammeter Q-\:S

Test subject

o

Figure C.4 — Schematic diagram of test circuit

Copper plate Copper plate
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C.3 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
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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
Cpllege C 39 28 11 1567 5131 20992
\fillage A 39 14 25 1530 5668 3[140
Village B(1) 132 59 73 1133 6 497 2549
Village B(2) 74 33 41 1140 4.412 2416
fown C 57 42 15 1047 6114 21878
fown D 19 18 1 1100 5116 2789
[own E 24 20 4 1433 3681 21280
\fillage F 69 12 57 1,236 4 096 2470
Town G 58 36 22 1416 4012 2366
Prejious data 225 150 75 1021 8 477 2370
Total 945 597 348 1021 8 477 2550

Figure [C.5 shows the histogram of foot-tecfoot human body resistance distributjion by

occup
body r

tion, and Figure C.6 shows the cumulative probability distribution curve of footito-foot
sistance by occupation. The statistical results show that among the test subje¢ts, the

measufed foot-to-foot body resistance-from farmers is a bit larger than that obtained from other

occupations.
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Figure C.5 — Histogram of foot-to-foot human body resistance distribution
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Figure C.6 — Cumulative probability distribution
of foot-to-foot body resistance by occupation

t-to-foot human body resistance with probability greater.than 90 % in Figure C.6

ng to the statistics, the foot-to-foot human bod§/resistance of 95 % of the test s

r than 1 467 Q. Therefore, when calculating:the step voltage limit of earth elect
to take the human body resistance as 1 400:Q.
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Annex D
(informative)

Soil parameter measurement method

D.1

General requirements

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 geoelectric model of the site, thermal
properties of soil and evaluate the impact of the earth electrodes on the environment. The main
physical parameters of soil include soil resistivity, soil volume thermal capacity, soil thermal

condu

Comman soil (rock) / Water resistivity values are listed in Table D.1. Soil volume

capacily values are listed in Table D.2. Soil thermal conductivity values are listedin"Tahle D.3
Due to|the importance of these 3 parameters, they should be measured at the\electrodg sites,
especially for the soil resistivity. Some measurement methods of soil resistivity are listed in
Clause|C.2.
Table D.1 - Soil (rock) / Water resistivity
Substance Soil (rock) / Water name Resistivity Remarks
Q'm
Rainwater >10°
River water 10~102
Related to the numpber of
2.
Water Sea water 5x10°~1 ions in the water
Ground water 10"1~3 x 102
Ice 104~108
Clay, silty clay
; -103
Soi Silt 10~10 Related to the numpber of
oil . ) .
Wet sand ions in the soil water
Dry sapdj.pébble 10%~10%
Argillaceous shale
20~108
Sandstpne Tight sandstone
Red sandstone 10~102
Muddy limestone 50~8 x 102
Limest¢ne
Limestone 3 x 102~10%
Granite 2 x 102~10°
Granodiorite
Diorite
Basalt
5 x 102 ~10%
Gabbro
Porphyrite Highly related to the
Rock phy moisture content
Peridotite
Schist 2 x 102~104
Gneiss 2 x 102~2 x 10
Dolomite 102~104
Carbonate rock 104~108
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Substance Soil (rock) / Water name Resistivity Remarks
Q'm
Gypsum 10%2~108
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 saturption
Sand 1,26 2,13 3,01
Clay 1,00 2,22 3,43
Humus 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*brown natural soil (frozen) 0,10 0,82
Gravel with sand and silt 0,55 2,55
lce (0 °C) 2,22

D.2 Measurement of resistivity of shallow ground

D.2.1
D.2.1.1

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.

Measurement method of resistivity
General

D.2.1.2

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

Wenner method


https://iecnorm.com/api/?name=7aa11d83865a99b8ccb1daba490ae28b

IEC TS

Key

62344:2022 © |IEC 2022

naotential nrobhe spacing (m)
t T T S

IEC

T

N

O T» <

(@]
N

I i9

i9

4

)
)

iq

4

5]

U i9
D.2.1.3

voltage meter
current meter
potential probe

current probe

Figure D.1 — Equivalent circuit of Wenner method
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the measurement result of current meter (A);

the apparent resistivity of earth (Q-m);

the potential probes spacing (m);

the measurement result of voltage meter-<(V).

Schlumberger method

(D.1)

The equivalent circuit for this measurement arrangement is shown in Figure D.2. The apparent
ity can be calculated with Formula (D.2).
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Figure D.2 — Equivalent circuit of Schlumberger method
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Ps is the apparent resistivity of earth (Q-m);

(D.2)


https://iecnorm.com/api/?name=7aa11d83865a99b8ccb1daba490ae28b

- 60 - IEC TS 62344:2022 © IEC 2022

S is the spacing between the adjacent current probe and potential probe (m);
d is the potential probes spacing (m);

U is the reading of voltage meter (V);

1 is the reading of ammeter (A).

D.2.1.4 Dipole-dipole method

The equivalent circuit for this measurement arrangement is shown in Figure D.3. The apparent
resistivity can be calculated with Formula (D.3). It is especially useful for measuring lateral
resistivity changes and has been increasingly used in geotechnical applications.

Cy Cy Py Py
S nS Sl s
- > - =
IEC
Key
S spacing between current probes (potential probes) (m)
nS spacing between the adjacent current probe and potential probe (m)
\% voltage meter
A current meter
P,, P, |potential probe
C,, C, [current probe
Figure D.3 — Equivalent circuit of dipole-dipole method
U
yox :ﬂan(n+l)(n+2)7 (D.3)
where
Ps i$ the apparent resistivity-ofiearth (Q-m);
S i$ the spacing between current probes (potential probes) (m);
n i$ the ratio of spacing'between the adjacent current probe and potential probe, and purrent
probes spacing;

U i$ the readingof voltage meter (V);
1 i$ the reading of ammeter (A).
D.2.2 Measurement requirements

The survey should be done either directly using a DC resistivity meter, or indirectly lising 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
probes) and with different alignments of measuring probes. Measurement points generally have
a uniform distribution at the electrode site. Because information of shallow layers will be
obtained usually when probes spacing is short, measurements with short 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.
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Table D.4 — Number of measurement points
with different potential probes spacing

Potential probes
spacing 2151015 |20 |30 |50 |70 | 100 | 150 | 200 | 300 | 500 | 700 | 1 000
m

Number of
measurement points 49 36 25 16 9 4

point/km?

If the potential probes spacing (P4P,) is wider than 300 m, measures should be taken (such as

lowerinlg the current probes resistances to increase testing current) to reduce the impact of
disturbpnce current in soil on the measurement results.

D.2.3 Measurement range

The sojl resistivity measurement range should be larger than the area of the“earth electrode.
The pofential probes spacing (P4P,) should be no shorter than the maximum diagonal djstance

of elecfrode.

D.2.4 Data accuracy

For thoise electrode sites where stray DC currents may exist, to ‘ensure accurate results,| during
soil reqistivity measurement, two groups of data should be read by switching the power|supply
connegtion polarity of the same measurement point at the'same measurement depth (pptential
probes|spacing). Repeat the measurement if the difference between both data groups ig higher
than 5 fb.

D.2.5 Seasonal coefficient

The sepsonal coefficient of soil resistivity should be considered. At the place where thg earth
electrofle is buried, a few representative*permanent marks should be erected go that
measufement of soil resistivity can be performed at the same place during the dry season (when
the soil is dry) if possible.

D.2.6 Processing of measurement data
After the conclusion of the shallow resistivity survey, an apparent resistivity curve fan be
obtaingd by averaging the apparent resistivity values of the same spacing.

This aerage apparent-resistivity curve can be then used for the inversion process to achieve
a surfage electrical property model 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 resistivity
needs fto'be measured from the surface to a depth of tens of kilometers below the |ground
surface—Fhe-etectroresistivity method-donotapply to-themeasurementof earthresistivity at a
deep level. The magnetotelluric method (MT method) widely used in tectonic studies and for oil
survey should be adopted.

The MT method applies the electromagnetic induction principle using alternating
electromagnetic field as the natural fluctuation of the earth's magnetic field. In the MT method,
two horizontal components of the electric field that are perpendicular to each other (Ex and Ey)
as well as three components of the magnetic field that are perpendicular to each other (Hx, Hy
and Hz) are recorded simultaneously at the same point and same time. The wave impedance
(Z) at the point can be calculated by means of the ratio of orthogonal measured fields Z = E/H.
After transformation, variation of apparent resistivity with the period T can be determined
(apparent resistivity and phase curves) and expressed with p, = 0,2|Z)2.

This method uses the skin effect principle and treats the skin effect depth as the exploration
depth:
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H=_|* (D.4)
i
where
H is the exploration depth (m);
p is the apparent resistivity (Q-m);
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 domarn (with a Fourrer transform of
the ti can be
calculated, which are then processed by the computer (software) to obtain the deep geoglectric
model at the electrode site.

As the|MT method makes use of the inductive coupling effect of alternating. efectromagnetic
fields, It can penetrate high-resistance layers that can hardly be penetrated by DC exploration.
Hence |if a suitable frequency band is selected, the MT method can detect the variance of
undergfound electrical properties at a depth from a few hundred metres to a few hjundred
kilomefres. Due to these features, the MT method has become da“very effective method in
explordtion of minerals such as petroleum, especially during (the evaluation of elgctrical
properiies 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 vdlume thermal capacity of the soil is definedras the energy required for rais|ng the
temperpture of unit volume of soil by one degree €elsius. The soil volume thermal cappcity is
typically measured with a heat-insulating caloriméeter in a lab. The measurement methlod can
use either continuous heat sources or intermjttent heat sources.

With the intermittent heat source method, the sample in an insulation jacket is |[heated
intermiftently at a constant power. Curyes of temperature variation over time are drawn tq derive
a relation between enthalpy and temperature and corresponding specific heat capacity of the
sample. As the enthalpy in the sample is uniformly distributed due to intermittent heatipg, this
method is often used for high-precision measurement.

With the continuous heatwsource method, the sample is continuously heated in an inqulation
jacket |at a constant _power. The specific heat capacity can be calculated based |on the
temperpture rise and enthalpy of the sample after it has been heated for a while. The yolume
thermal capacity issthe product of the specific heat capacity and density.

Samplgs delivered to the lab should be collected from each typical deep soil layer|on the
d electrode site. The original conditions and moisture of the soil should be maintained
during amplmg The number of samples should not be lower than the total number of sofl types
on the lsite 3 S C means
that the orrglnal densrty and morsture should be preserved The samples should be collected 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 heat transferred every second when the temperature
difference between two ends of unit length and area of soil is 1 °C. Measurement of thermal
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 samples used for volume thermal capacity measurements. Two methods are available for
measurement of soil thermal conductivity. With the first method, soil samples are placed in two
round metal plates with known thermal conductivity with one end being heated. A set of
thermocouples are used to measure temperature at both ends, and a sensing device is used to
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measure the heat flux of the sample. After heat flux is measured for a period of time, for example
10 min to 2 h, the 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 rise 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
methoc baricad ball 1o bhantad 1intl aifao s cicteibaitnd bhaoant flinny, ~non b cha ad A\S thIS

3 e a—artsheatea—dhth u||||u|||||_y unuunuux\,u Reattrtheat—pe—acrHevea:

proces$ often lasts for a few days, it is often impractical. With the instantaneous,mgthod, a
needle|or probe equipped with heater and temperature measurement components\is’ inserted
into so|l at a desired depth. The heater supplies heat suddenly and the heat is transferned into
the soi| at a constant rate. In the meanwhile, the temperature rise at the contac¢t betwgen the
measutement pole and the soil is monitored to determine the correlation betwegen soil
temperpture rise and heat output over time. Thermal conductance theory(isithen applied based
on this|data to calculate thermal conductivity. Generally, this method,anly requires 1 h.

D.6 [Measurement of maximum natural temperature of soil

The bept way to determine the maximum natural temperature_of soil is on-site measurement or
acquisition of relevant data in at least two recent yearss,from the meteorological authority.
During|the measurement of soil temperature, a thermisterthermometer should be adopté¢d, and
other cpnsiderations include measurement points with‘different geological conditions as|well as
highes{ temperature in summer and lowest temperature in winter at different depths. The
minimuym measurement depth should not be less than the depth of the buried earth electrode.
In areas without terrestrial heat source and~Wwith distinct seasons, the maximum |natural
temperpture of soil can be calculated as the maximum ground temperature over the yearf minus
10 °C, [and the minimum natural temperature of soil can be calculated as minimum |ground
temperpture over the year, plus 10 °C.

D.7 [Measurement of soil moisture and groundwater table

For an| electrode site in a wetylow-lying area, measurements should be made to find the
paramegters such as soil maisture and permanent groundwater table. The electrofde site
groundwater table can be-obtained by consulting hydrological and geological maps pr field
investigation. To measure’soil moisture, soil samples are often taken on the site and dglivered
to the lab, where the weight loss method is used to measure and find the moisture conptent of
soil. The water table‘is usually measured in field, with geotechnical soundings (SPT) apd with
the drilling of menitoring wells distributed along the site area.

D.8 |Measurement of soil chemical characteristics

For lank-efe meters
such as content of CI— S0,42%- ions and pH value should be measured to determine soil

corrosiveness. Measurement of soil chemical characteristics is typically completed by taking
soil and water samples on the site and testing them in a lab.

D.9 Geological exploration

The drilling method is used to find the soil types on the electrode site and thickness of cover
sediments. The exploration range should match the previewed area and depth of the earth
electrodes. The exploration should reach the depth of bedrock if it is shallower than 100 m
depth.

D.10 Topographical map

1:1 000 or 1:2 000 topographic maps are drawn during measurement. The measurement range
should match the layout of earth electrodes.
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Annex E
(informative)

Electrode line design

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,
preventing both the corrosion of the grounding metal system in the converter station and rise
of earth potential in the converter station _and avoiding magnetic saturation of the transformer
and itq effect in the station. Electrode line is an important part of the whole DC| power
transm|ssion system. When the DC power transmission system runs in monopolarcearth return
mode, [the current flowing through the electrode lines is equal to that in the DC’lings. The
electrofle lines feature high rated current, low operation voltage, and, for some typeg of DC

systemis, short operation time at rated current.

The rated current of electrode lines is that of the DC power transmission-system, which depends
on the rated power transmission capacity and the rated voltage of this‘system. The rated gurrent
of a DC power transmission system is typically between a few htundred and a few thpusand

amperegs.

The opgration voltage of electrode lines is the voltage drop,on.the earth electrode and el¢ctrode

line
suc

s caused by the current flowing through electrode ling€s. This voltage is related to [factors
h as the current flowing through electrode lines, ling length, conductor resistance, and earth

electrofle earthing resistance. When a rated current flews through electrode lines, the operation

volt

agdq at the converter station end of electrode life-is usually no higher than 10 kV, and at the

earth glectrode end is usually no higher than 1. kY. The operation voltage is even lowgr if the

currenf| flowing is a bipolar balanced current.

For
atr

a bjpolar balanced DC power transmission system, the operation duration of electrode lines
ateql current is the time for the bipolar balanced DC power transmission system td run in

monopplar earth return mode, which’is“typically no longer than one year, or even as short as a

cou

For
line

E.2

The m3gin principles*for electrode line design are the following:

a)

b)

c)

d)

ple |of days.

a nmonopolar earth return D€power transmission system, the operation duration of el¢ctrode
s af rated current is the\eperation duration of the DC power transmission system.

Main design (principles

religblej.and cost-effective operation, facilitate construction, operation and maintgnance,
savg'resources, and protect the environment;

destgn of<electrode lines should comply with system operation requirements to ensufe safe,

determination of meteorological conditions should be based on calculation and analysis
using the data provided by meteorological stations near the project lines and collected
through meteorological field surveys. Wind pressure maps can be consulted, and the
operation experiences of existing power lines can be drawn on. The design standards of
similar DC power transmission systems with appropriately reduced voltage levels can be
used as a reference;

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;

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
short operation time at rated current, low operation voltage, and typically short lines, selection
of cross-section of conductors should preferably be selected based on the current-carrying
capacity allowed for heating.

For the[electrode 1Nes of monopolar earth retarn DC power transmission systems, selegtion of
the crogs-section of conductors should consider economic current density and is typically the
same gs that of DC line conductors.

During[the selection of electrode line conductors, there is no need to consider electiic field
effects|such as ground electric field intensity and ion current density or eheck corona |effects
such as corona loss, radio disturbance and audible noise. Combinatign of electrofe line
condugtors should follow the principles of minimising the number of brahches, easy depldyment,
and high reliability.

The canductor types should be determined through technicalkand economic comparjson of
conditipns such as terrain in areas where the lines are deployed, ice coating and wind gpeed.

E.3.2 Selection of earth wire

The eafth wire, if applied, should meet electrical and mechanical requirements during opé¢ration.
Galvanjized steel wire strand or aluminium clad steel wire strand is usually chosen for this
purpose.

E.3.3 Layout of conductor and earth wire

For theg sake of monitoring and protection‘of current-carrying capacity and lines, multiple sub-
condugtors with the same potential are often used for electrode lines. If potential is the only
considgration, different sub-conductors can be bundled without insulation. However, bepcause
electrofle line fault monitoring devices often use high-frequency pulses to detect line failures,
the eleftrode 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 ipto two
groups|and deploying themon two sides of a tower can reduce the mechanical stresses| on the
tower gnd hence reduce_the weight of the tower. For the above-mentioned reasons, el¢ctrode
line copductors are typically separated into two groups and deployed symmetrically on twp sides
of the tower. Sincetthe two conductor groups have the same potential, the horizontal djstance
[lowing
principle: Thextwo groups of sub-conductors will not collide with each other when thely don’t

b lines,

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
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
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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.4.3 Earthing for lightning protection

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

In segments where the earth wires are installed, the distance between earth wires in the middle
of the §pan Tengin Is dependent on the span lengih, and should generally be no shorier than
0,001 2 x L + 1 m (L representing the span length). The conductor protective angle of the earth
wire at|the tower head should not be larger than 30°.

The toywer should be grounded at the base. The power frequency earthing resistanceg of the
tower dan be determined based on relevant requirements for AC lines.

E.5 |[Other considerations

To preyent earth electrode earth current from flowing between the) bases of towers ngar the
electrofle site and causing electric corrosion of the tower bases{.the bases of towers within a
radius pf 2 km to 3 km of the electrode site should be insulated from earth for most pprt and
grounded with one point. The earth wires within a radius{of 10 km of the site should also be
insulatg¢d from earth. Base insulation is usually provided by bitumen and glass cloth (2 layers
of bitumen and 3 layers of glass cloth) that wrap around the bases. The earthing resistance of
tower Qases 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 current distribution of the current guiding wire, earth electrode earthing resistance, and
maximum-step voltage etc _The tests are intended {o check compliance of the earth electrode
station|with design specifications and provide a basis for determining if the system is‘refady for
commigsioning tests. During system commissioning tests, in addition to checking. the| above
main clharacteristic parameters of the earth electrode body with system earthing‘curren, some
other pprameters should be measured including ground potential distribution near‘the el¢ctrode
and elgctrode temperature rise if the system commissioning process allows™thie current|to flow
through the earth electrode continuously for a long time so as to provide basis for evaluation of
impact|on environment and thermal properties of the earth electrode during its operatioh. Data
concerping the earth electrode obtained in the above tests can be\used as the background
paramgters for operation of the earth electrode, and also as(reference for evalugtion of
operatipn conditions of the earth electrode in the future.

F.2 [Experiment (testing) items

F.2.1 Visual inspection of the earth electrode
F.21.1 Inspection of the construction records of the earth electrode

Check |compliance of the earth electrode crosSssection area and burial depth with |design
specifigations. Check tightness and reliability of the welding between different el¢ctrode
elements and between electrode elements and cables as well as insulation sealing.

F.2.1.2 On-site inspection of the earth electrode site

Clear facilities that may affect normal operation of the earth electrode. Repair sites dgmaged
during ponstruction. Check compliance of the layout and installation sizes of the earth elg¢ctrode
with defsign specifications.

F.2.1.3 Inspection oficurrent guiding system

Check that the wiring(ofiCurrent guiding system and installation of its accessories are ¢orrect,
complete and reliable.-Check that the distance between conductors and earth (tower) is ¢orrect.

F.2.1. Insulation inspection

Check |good insulation from earth of the earth electrode current-guiding construction jand its
base (with/the earthing part disconnected).

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
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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 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);

b) inspection of current distribution properties. Disconnect the electrode line from the converter
station or disconnect the current guiding wires from the electrode line, and inject a DC
curfent into the earth electrode at the disconnection point. Measure the current in-djfferent
current guiding wires. The tested current flowing through different current guiding wires

muj!\qiplied by the scale factor (rated current / total testing current) should befoughly equal

to the design value. If the current flowing through any current guiding wire."exceg¢ds the
deslign limit, the design of the current guiding system should be modified,

These two tests can also be conducted together.

1

During|system commissioning, inject a continuous current no lower_than 50 % of the rated
currentlinto the earth electrode. Measure the current flowing through different brancheg of the
current| guiding system in normal operation conditions and during, line disconnection to(further
check ¢ompliance of the design of the current guiding system®with specifications.

F.2.3 Measurement of earthing resistance

Earthinlg resistance of the earth electrode should be measured with current injection method,
namely current meter — voltage meter method. Use of portable earthing resistance me¢ters is
prohibifed. The measurement of earthing resistance can be measured in acceptance tests or in
system| commissioning or in both.

An external DC testing power supply is @dopted during acceptance tests, and the earthing
current/flowing through the earth electrode in monopolar earth return operation mode is ptilized
during pystem commissioning.

A currint injection loop and a voltage measurement loop are necessary in the test. Usuglly the
two compductors of the electrode Jline, provided that they are insulated from each other, [can be
used ap the current line and potential line respectively during tests for convenience. Manual
wiring iis also an option.

One end of the current’injection loop is connected to the earth electrode directly or through
electrofle line, and“the other is grounded at least 10 km away from the earth electrode, usually
connegted withthe grounding network of the converter station or tower grounding, of which the
groundjng resistance is typically less than 5 Q. If the electrode is located in a high-registivity
terrain | the(remote grounding should be located further than 10 km proposed.

One errl aftha voliaaao mansciramant loan 1o aannantad th tha Aneth Alacteadn At tha Al \r\trode
Ot eV Ot g CrcoouTr CT e Tt oo PO CoOTm e e ot Ot ot e o gttt c— e L

site, and the other end, called reference pole, is grounded at least 10 km away from the earth
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 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 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.

potenti
buried parth electrode The other reference electrode is moved at 1 m interval and-the ¢change
in potential of the moving electrode is measured as step voltage, using the first reference
electrofle as the potential reference. With the step voltage method, the distance betwgen the
two reference electrodes is fixed to 1 m and both are moved simultangoysly in thg radial
directign.

During|acceptance tests, the tested results should be multiplied by ‘the scale facton (rated
current/divided by the total testing current).

The patential 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|for the
measufement of these potentials should have a high interfial impedance.

F.2.5 Measurement of touch voltage

The measurement of touch voltage can be done\ih acceptance tests or during the system
commigsioning or both.

The tolich voltage measurement should be-carried out on grounded metal structures near the
earth glectrode, such as earth electrode current-guiding towers, metal greenhouses| metal
water taps and also in irrigation systems. The measured maximum touch voltage should not
exceed the design limit.

The tolich voltage is measured with a digital multimeter and a Cu-CuSO, reference electrode.

During|measurement, oneof the voltage probes of the multimeter is connected to the metal
constryction and the other voltage probe is connected to the reference electrode, gnd the
referenfce electrode issinserted into a point on the ground 1 m horizontally away from the metal
constryction.

During|acceptance tests, the background voltage U, should be measured before measurement

with the injeeted current. The real touch voltage is obtained by eliminating the backiground
voltagg. The tested results should be multiplied by the scale factor (rated current divided by the
total tepting 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 soil surface potential profile

Potential rise (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 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
probe during ground surface potential distribution measurements. The probe moves from the
earth electrode to the reference pole to obtain a potential distribution profile.
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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
energization, the earthing current should remain constant until the measured temperature
reaches a stable level.

At least 6 measurement locations, where the current flowing density or current releasing density
is largd, should be selecied. The measurement of the soll temperature should be on the gurface
of the| backfilled coke column. Given the limitations of site conditions, theqymaximum
measufement depth in soil temperature measurements can be the burial depth,'of “the earth
electrofle in general.

Tempefature is measured in °C with a precision of £ 0,5 °C. Soil temperature_should prdferably
be measured with a portable thermistor thermometer. Or, alternatively,(@'mercury or glcohol
capillofhermometer can be adopted for this purpose. If a mercury thermometer is uspd and
placed|in a long testing tube, proper measures should be taken to ensure that the thermpometer
can mgasure the temperature at the specified depth and will nef.be affected by a change of
ground|atmospheric temperature.

At least one temperature survey should be done in the water of a monitoring well, at the top,
the middle and at the bottom of the well. Also the depth.6f the water table should be monitored.
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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.

In case of uneven dlstrlbutlon of a soil parameter on the eIectrode site, the electrode site
calculation venient
calculation, but the characterlstlc parameters such as earth eIectrode current -releasing,density,
maximlim temperature, maximum step voltage, earthing resistance, potential rise” and its
distribdtion should not be significantly affected. As a general rule, a layered 2D horizorftal site
model gan be used if the electrode site lies in a sedimentary area, and a 3D, site modgl could
be morg precise if the site lies in an area with complex terrain such as mountain, coast ar river,
but in the case of a 3D modelling, a much wider geophysical survey is required.

For a DIC earth electrode buried in complicated soil conditions, the numeérical calculation method
is suggested for analysis. The recommended calculation methods include network method,
momer|t method and finite element method. The network method.can be used for estimation of
simple |earth electrode model. The moment method can be used for soil structures in which a
2D hor|zontal multi-layer model can be created. The finite element method can be used for 3D
compli¢ated situations.

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

The eafth electrode unit in ground network can bg,represented by a ‘n’ shape equivalent circuit
formed|by unit length of resistance (Ry) and cenductance (Gg), as shown in Figure G.1.

Rg

[ 1
—J

Gol2 Gyl2

IEC
Figure G.1 <n.shape equivalent circuit of an individual earth electrode unit

On thig basis, an‘earth electrode can be represented by a network composed of multiple unit
earth glectrode models as shown in Figure G.1. This means that an earth electrode [can be
divided inta_a number of small ‘x’ shape equivalent circuits, and in this way the elarthing

resistance.of the earth electrode can be achieved by means of external excitation.

The above earth electrode unit models and solutions can be completed with time domain
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.
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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,

[ is the conductor axial length,

v psthe-meditm-econduetivity,

R |is the DC resistance of the earth electrode,

U |is the potential difference of any segment in the conductor;

b) basled on the potential continuity Formula, as shown in Figure G.3, build.thé ‘axial pptential
difference Formula (G.2) for the internal surface of the conductor and its external sufface in
contact with the surrounding medium:

Ue =U' (G.2)
where
U® |is the potential of the external surface of the conductor,
U' |is the potential of the internal surface of the conductor;
N -
— - S —» E Logp
J { € >
— \\\\ E—)i \\
N N Vo
- l > Conductor - I
IEC IEC
Fjgure G.2 — Ohm’s law-applied to Figure G.3 — Continuity of axial
cylinder conductor component of the electric field ip
the soil and in the conductor

c) express the potential difference inside and outside the conductor as a function of leakage
current 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 leakage
curfentfirst divide the earth electrode into several conductor segments in space, as[shown
in Higure”G.4. For any conductor segment, by using the number » conductor as an example,
credteEormula ((?. Q) hased on pnfnnfial r\nnfinnify Eormula ((?. ’))

(G.3)

R, I, = ztnm (nteak )
m

where

m

t

nm

I, eak is the leakage current of the number m conductor segment,

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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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 = t(lleak) (G-4)

where

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

Ieak is the leakage current vector of different conductor segments;

] sl 4 4 £l + ! + +
[ IS T dATdl CUTTCTIU VEULUT UT UTTTTTTTIU COTTUULLOT STYUITICTILS.

For[the circuit network formed by grounding network conductors shown in Figuré |G’p, each
conductor segment has only two end points due to spatial division. Assume that\the two end

poimts of number » conductor are n~ and »*, and ¢,, ¢,_4, ..., and ¢,_,; are_the middle point
potential of number n, number n—1, ..., and number n—k conductor segments respecfively.
Pn-1
Zn—, n—k
P4
n= 2
i &%
Zn— n=1
Pu-k

IEC

Figure G.5 — Network for solving axis current

d) uselthe node voltage.method to solve the network and achieve the current 7, flowing from

e)

axig of number #~ node to number n conductor:
I_=f_(Ro)=f (Rlcak) (G.5)

where

¢ TS themiddte pointpotentiat-vector of differerntconductor segmerts;
fis the relations between 7 and R and /o .

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

In—leak = I”— - 1n+ = fn— (R’Ileak )_ fn+ (R’Ileak ) (G-6)

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

I, jeak zln, _In+ +1, :fnf (erleak)_fnJr (Rylleak)‘*‘[e (G.7)

make the above calculation for different conductor segments to achieve Formulas for » axial
currents and n leakage currents.


https://iecnorm.com/api/?name=7aa11d83865a99b8ccb1daba490ae28b

g)

- 74 - IEC TS 62344:2022 © IEC 2022

I=F(Rligax . 1e) (G.8)

where

I, is the excitation vector,

F is the matrix composed of f;
put Formula (G.8) into Formula (G.4) to achieve:

[R][F(R’[Ieak:]e )] = [t(lleak )] (G.9)

solve Formula (G 9) to achleve the drstrlbutron of Ieakage current of the earth electrode.
Use S = : . 3 i
the earthmg resrstance of the earth electrode and ground potentlal dlstrlbutlon can'bg
obtained.

Duning the deduction of the arithmetical relation concerning the distripution of earth
ele¢trode leakage current, one important concept is the potential distributien resulting from
the| point current source, i.e. Green’s function of point current sour¢e, as shpwn in
Figure G.6. With the point current source, the potential distribution inCJayered meditm can
be gxpressed below.

In g reactive region:

V’6=0 (G.10)

In gn active region:

Vo =-p IR z) (G.11)

where

I |is the current amplitude of the point'current source,
p; |is the resistivity of number / soil,

0 |is the Dirac function,

R |is the field point vector;-and

zg |is the and source_point vector.

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

il
47[|(R -zp ]

Thd first part (p;") of Formula (G.12) satisfies the Laplace Formula (G.10) in the rpactive
region. The second part of Formula (G.12) is a component specific to the active layers.

Air lo

Q=0+ (G.12)
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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:

Pl
47r|(R -z )|

_pl
iy s

J:))o JO (,lr)e_l z—z

di. (G.13)

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:

Ip; o 2L hied) 2L LAY
Sl \NCTICOZ VD ’G/L+J ,b’l(/t)JO(/Lr)e = 7aA] (G.14)
47 0
where o, and g, are coefficients to be determined.
Thqg potential layers (number / layer as an example) is
i/
p’j () M az + p’j o, (Ao (A7)t E)an
G.15)
1/?1 A (
J Br' (Ao Ay Je™ )
a; fnd B; in Formula (G.14) and Formula (G.15) are ‘coefficients to be determingd. The

solyition of these Formulas requires boundary conditions of soil layers. For a confluctive

medium with a structure of »n layers of soil,
described below:

the boundary conditions of soil laygrs are

1 0 1 0
1= @2, - \& 72 2= 29
p1 0z\" pp Oz
1 Op 1 0
02 = 03 2 - 8 s
p2 0z p3 0Oz
...... (G.16)
10 1 Op;
0 = Prst— Pi _ ?Di+1 z=
i 0z piq Oz
LI 07,
1 =0,, = Z=2Z
Ppn—1 = Pn o Py D, P n—1
0
M _oz-0
0z (G.17)
¢, =0,z=00

h) put Formulas (G.16) and (G.17) into boundary conditions
the expression for coefficients «; and ;.

of different soil layers to obtain
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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.

B T

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

After tHe division of the field domain V, based on the_pfinciple of minimum potential eng¢rgy, in
Cartesian coordinates, the variation expression describing the DC current field in unit e|can be
written|as:

2 2 2
e e. e
F((pe): —jy@ 0" | |20t |99\ e, dV—Z.[(perzdS (G.18)
Ox 3y oz
vV So

where
S i$ the current density, on the given face,
Joo ig the second type-boundary face, and
J, i the body current density.

The fiILd distribution characteristics ¢(x,y,z) within unit ¢ can be expressed with [known
polynoimial ¢¢(x;3,z) approximately as:

0¢ (%, 7,2) = Ni°p1° + No°p2¢ + N33 + NyCou° (G.19)

where N¢(i=1,2,3,4) is the shape function of the tetrahedron, which is expressed as:
N (x, y,z) = é(aﬁ +bl~ex+cl~ey+d,~ez), (=1234) (G.20)

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

1 1 1 1

e e e e
1 (%9 X2 X3 X4

e e e e
6|vi° Y2 ¥z va
e
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