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INTERNATIONAL ELECTROTECHNICAL COMMISSION

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

FOREWORD
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ational electrotechnical committees (IEC National Committees). The object of IEC is fo

ational co-operation on all questions concerning standardization in the electrical and electronicf]
bnd and in addition to other activities, IEC publishes International Standards, Technical(Speci
hical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred” to

cation(s)”). Their preparation is entrusted to technical committees; any IEC National Cammittee in
e subject dealt with may participate in this preparatory work. International, govetnmental 4
nmental organizations liaising with the IEC also participate in this preparation.EC collaborate
the International Organization for Standardization (ISO) in accordance with(eonditions detern
ment between the two organizations.

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 committee 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 ensure 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 NationaNCommittees undertake to apply IEC Puf
parently to the maximum extent possible in their¢national and regional publications. Any di
ben any IEC Publication and the corresponding national or regional publication shall be clearly ind
tter.

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

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

bbility shall attach to IEC or its directors, employees, servants or agents including individual exp
bers of its technical committeesiand IEC National Committees for any personal injury, property da3
damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fé¢
hses arising out of the publication, use of, or reliance upon, this IEC Publication or any o
cations.

tion is drawn to the\Normative 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 s
t rights. IEC¢hall not be held responsible for identifying any or all such patent rights.
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the required support cannot be obtained for the publication of an International Standard,

des

pite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC 62344, which is a technical specification, has been prepared by IEC technical committee
115: High-voltage direct current (HVDC) transmission for d.c. voltages above 100 kV.

This technical specification cancels and replaces IEC/PAS 62344 published in 2007. This first
edition constitutes a technical revision.
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INTRODUCTION

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

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

throug

Their i

a) infl

b) infl
on

c) infl

d) infl
tra

e) infl

pip

d-c—earth-electrodes

nfluence on the surrounding environment includes:

Ience on humans, mainly due to step voltage, touch voltage and transferred volt

ence on the electrode itself, mainly reflected by earth temperature rise and co
he electrode;

Ience on nearby ponds and organisms in the sea;

ence on the a.c. power system, mainly reflected by #he“d.c. voltage excur
nsformer neutral point;

tence on buried metallic objects, mainly revealed/by-the corrosion on buried 1

armoured cables, etc.

For ye
in ma

Irs, a great deal of experience has been accumulated in the research and desig
y countries, and relevant native standards or enterprise standards havs

developed. The aim of this Technical Specification is to develop the design guide f
earth glectrodes, on the site selection, material selection, shape, buried depth, adog
equipment and connection styles, etc. It\eould be referred to by the specialized emplo

differe
contro

nt countries, to ensure the safe operation of earth electrode under different
I| the influence on the environment nearby and the environment far away

acceptable level, and to reasonably decrease engineering costs.

To ensure this Technical+ Specification is more scientific, precise and pr
IEC/PAS 62344:2007 is-referred to, and some research results obtained in recent ye

adoptefl.

hge;

rrosion

sion of

hetallic

blines, a.c. grounding grids, tower foundation$‘for power transmission lings and

n work

been
or d.c.
tion of
yees in
modes,
to the

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

1 Scope

This Technical Specification 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 followed during the design of earth electrodes to ensure safety of pefsonnel
and earth electrodes and prevent any significant impact they may exert on_d.c’| power
transm|ssion systems and the surrounding environment.

2 Ndrmative references

The following documents, in whole or in part, are normatively referenced in this document and
are indjispensable for its application. For dated references, only the edition cited applies. For
undatefd references, the Ilatest edition of the referenced’, document (including any
amendments) applies.

IEC/TY 60479-1, Effects of current on human beings and livestock — Part 1: General aspects
IEC/TY 61201, Use of conventional touch voltage dithits — Application guide

IEC 61P36-1, Power installations exceeding 1°kV a.c. — Part 1: Common rules

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

3.1
earth glectrode

ground electrode (US)
structufe with a conductor or a group of conductors embedded in the soil or immersed in sea
water, firectly orsurrounded with a specific conductive medium

EXAMPLUE Ceoke, providing an electric connection to the earth, for transmission of d.c. current from a d.c. [system.

[SOURCEYIEC 60050-195:1998, 195-02-01]

3.2
land electrode
earth electrode buried in the ground more than 1 km away from the coastline

3.3 shore electrode

3.31

beach electrode

electrode located on the beach inside the waterline (usually less than 1 km away from the
waterline), and the active part of the electrode makes contact with the soil or with
underground water, but not directly with seawater or pond electrodes
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3.3.2

pond electrode
electrode usually placed outside but within 100 m of the waterline, having electrodes directly
in contact with sea water, within a small area which is usually protected against waves and

possibl

3.4

e ice damage by a breakwater

sea electrode

electrode located away from the shoreline at a distance deeper than 100 m into the sea

3.6

tion

ry auxiliary equipment

common earth electrode
lectrode system, which is composed of a single earth electrode or multiple earth

earth ¢
electro

Note 1 t
electrodg

3.7
electrd
site wh

3.8

electrd
overhe
the ear

3.9
feedin
earthin
surrouf

Note 1 tq

3.10
feedin
cable U

Hes in parallel, shared by multiple converter stations

entry: It mainly consists of earth electrodes and intertie lines between sub- earth electrodes in
sites.

de site
ere the earth electrode is located

de line

usually
ar and

different

ad line or underground cable used¢to connect the neutral bus in a converter station to

th electrode station

y rod
g conductor buried underground or in the sea for guiding earthing current i
ding medium (soil.orsea water)

entry: They are‘the most important devices in an earth electrode station.

j cable
sed(torguide current from current-guiding wire to feeding rods

hto the

3.1

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

3.12

current guiding system

system

Note 1 to entry:

3.13

used to guide the current from electrode line to feeding rods

jumper cable
cable used to connect two feeding rods placed at some distance from each other

EXAMPLE At two sides of a channel.

It consists of current-guiding wire(s), disconnecting switches, feeding cables and connections.
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3.14

earth return operation mode

operation mode in the HVDC power transmission system, using d.c. lines and earth (or sea
water) as the current loop

3.15
earth return system
series of devices designed and built specifically for earth return operation mode

Note 1 to entry: It mainly consists of the electrode line, earth electrode, current guiding system, and other
auxiliary facilities.

3.16
rated qurrent under monopolar mode
currenf| of a converter station at rated power in monopolar (operation) mode

3.17
maximum overload current
maximyim current for which the associated d.c. system(s) is designed for.monopolar operation
for longer than several minutes

3.18
maximum transient overcurrent
averagp maximum current flowing through the earth electrode for a few seconds when a
system| disturbance occurs

3.19
unbalanced current
difference of current between two poles during(©peration of a bipolar d.c. system

Note 1 fo entry: For symmetrical bipolar operation mode, the unbalance current flowing can be cpntrolled
automatically by the control system within about<1\% of the rated current.

Note 2 t¢ entry: For asymmetrical bipolarioperation mode, the current flowing through the earth electrofle is the
differende in currents between the two pales.

3.20
cathode
electrofle capable of emitting negative charge carriers to and/or receiving positive [charge
carrierg from the medium of lower conductivity

Note 1 t¢ entry: Theldirection of electric current is from the medium of lower conductivity, through the cathode, to
the extefnal circuit.

Note 2 tp entry: In some cases (e.g. electrochemical cells), the term "cathode" is applied to one or| another
electrod¢,ndepending on the electric operating condition of the device. In other cases (e.g. electronic tybes and

: PO NI, IPONTAP I 4y o Lo bl
semiconaaetor-tevices e term—catnoae S—asstgneatoaspPpecticerectroter:

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

3.21

anode

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

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

Note 2 to entry: In some cases (e.g. electrochemical cells), the term "anode" is applied to one or another

electrode, depending on the electric operating condition of the device. In other cases (e.g. electronic tubes and
semiconductor devices), the term "anode" is assigned to a specific electrode.

[SOURCE: IEC 60050-151:2001, 151-13-02]
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3.22 current-releasing density

3.221
curren

t-releasing density per unit length

current released to earth from a unit length of feeding rod (in A/m)

3.22.2
curren

t-releasing density per unit area

current released to earth from a unit area of coke surface (in A/m?2)

3.23

designed lifespan

designeéd operational lifespan of the earth electrode, typically of the same order [as the
operatipnal lifespan of the converter station

3.24

corrosjon lifespan

time irftegral of current when a earth electrode runs as an anode(-such as monopolar
operatipn and bipolar operation with unbalanced current, during its designed lifespan]| in the
unit of pBmpere hour (Ah)

3.25

thermdl time constant

time repuired for the temperature of the soil to reach the _steady state temperature at thg initial
rate of [rise of temperature

Note 1 tp entry: In practice the soil temperature rises nonlinearly when earthing current is released into earth
through n electrode, see Annex F.

3.26

earthing resistance

resistance between an earth electrode and earth at an infinite distance

3.27

step voltage

voltagg between two points onthe Earth's surface that are 1 m distant from each other} which
is consfdered to be the stride length of a person

[SOURCE: IEC 60050-1495:1998, 195-05-12]

3.28

touch voltage

potential difference between a grounded metallic structure and any point on the eanth 1 m

from th

3.29

e structure

transferred voltage
potential difference applied to a person when this person stands on the ground near the earth
electrode and touches a conductor grounded at a remote site, or when this person stands on
the ground far away from the earth electrode and touches a conductor grounded near the
electrode site

3.30

insulated metallic structures
metallic structures buried in the ground near an earth electrode and coated with insulating
material
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3.31

bare metallic structures

metallic structures buried in the ground near an earth electrode and not coated with insulating
material

3.32

coefficient of uneven current 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,orlanodg to its
designed lifespan

Note 1 t¢ entry: It is used to analyze the corrosion impact on underground metallic_objects in the vicinity of the
electrodg.

4 System conditions

4.1 General principles

The sylstem conditions to be considered during earth ‘€lectrode design mainly incldde the
amplitude and duration of the current relating to the. earth electrode, and designed l|fespan
and polarity.

4.2 $ystem parameters related to earth electrode design
4.2.1 Amplitude and duration of the current

The opjeration current and duration, of d.c. earth return operation systems should normally be
specifigd in local regulations, bid" documents, or specifications. In the absence df such
documents that can be used(as a reliable source, the following values may be used as a
referenice during design:

a) the|amplitude of earth electrode rated current is equal to the system rated currept (/).
The maximum duration of this current corresponds to that of the monopolar earth return
opgration mode-of the earth electrode. For a bipolar system, the interval from the time
when the menopolar system is put into service to the time when the bipolar systenp is put
intq serviceis typically used,;

b) the|amplitude of the maximum overload current is typically 1,1~1,3 Iy. The maximum
durgtion of this current is generally the time allowed for operation at maximum oyerload
current after the cooling equipment is put into service;

c) the amplitude of the maximum transient overcurrent is determined through system stability
calculation, 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 unbalanced current is the difference of the operating currents of two
poles. For d.c. power transmission systems with two symmetrically operated poles, the
value is very small relative to Iy, e.g. 1 % of Iy. The duration is the same as the bipolar
operation time of the earth electrode.

4.2.2 Polarity

Polarity of the earth electrode shall comply with system operation and environment protection
requirements. For anode type earth electrodes, the corrosion of earth electrode material shall
be taken into account. In the presence of any long buried metallic structure near the earth
electrode, corrosion at the far end of the metallic structure should also be taken into account.
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For cathode type earth electrodes, the focus should be on the corrosion impact on buried
metallic structures near the earth electrode. Should the cathode type earth electrode be a sea
electrode, the impact of compound sediments near the earth electrode is also a concern. For
earth electrodes with reversible polarity, in addition to the above issues relating to cathode
and anode type earth electrodes, attention shall be paid to safe operation with reversible
polarity. The earth electrodes for bipolar systems are often 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 shall be the same as that of
the converter station using this earth electrode. Where no specific lifespan is specified, the

Within the designed lifespan of an earth electrode, loss of earth electrode material’caysed by
corrosipn shall not affect its normal operation. During calculation of earth eleé¢trode corrosion
lifespan, the following aspects shall be taken into account:

a) mohopolar system: for a monopolar system (or a bipolar system _with one pole bdilt and
put| into operation at an earlier stage), the polarity of the ,earth electrodes ¢an be
determined by the system planning studies. Where no specific requirements are [stated,
the|design shall be based on the anode type of the earth eleCtrode;

b) bipolar system operated in monopolar mode: after a bipolar system is put into service, the
situation where one pole is out of service for repairs/or ‘maintenance and the othger pole
(hegplthy pole) is operated using earth as the circuit; shall be considered. To this ¢nd the
ampere hours during operation as an anode shall be calculated based on data prov|ded by
the[system planning studies;

c) bipolar operation: during bipolar operation, the ampere hours of unbalanced currenf during
opgration as an anode shall be selected.
4.2.4 Common earth electrodes

For a dommon earth electrode(s) shared by multiple converter stations, the worst case which
should| be taken into account isl-where monopolar earth return operation mode |occurs
simulta‘Eeously at more than one’ converter station with the same polarity. Calculdtion of

earthing current of the earth electrode(s) should consider the probability of superposjtion of
currents from different converter stations. Usually, higher requests of electrode sifes are
demangled when commonyelectrodes are under design.

The designed lifespan of a common earth electrode shall be determined as the intervpl from
the tinle when _the first converter station is put into operation to the time when the last
converfer station’/is put out of use.

The pdlarity of the common earth electrode is determined by summing the directions and
amplitudesofthecurrentsfromatttheconverter stations—thatstareit:

5 Design of land electrode stations

5.1 Main technical parameters
51.1 General principles

The design of the land electrode shall ensure its safe and reliable operation throughout its
lifespan and under different earthing current conditions including rated current, maximum
overload current, and maximum transient overcurrent. Different technical parameters such as
temperature rise of the earth electrode, earthing resistance, step voltage, touch voltage and
transferred voltage shall be controlled within the specified range by appropriate choices of
electrode shape and buried depth. It is important to note that the change of electrode shape
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or burial depth does not affect the electric field strength further than 1 km to 2 km away from
the electrode.

For a common earth electrode(s) or multiple earth electrodes within a short distance of each
other, the situation of long time simultaneous and continuous operation of d.c. systems with
the same polarity under earth return operation mode shall be avoided as much as possible. In
addition, the effect of one circuit operated in monopolar earth return mode on the neutral
voltage shift of other bipolar systems should be considered.

Calculation of characteristics of earth electrodes shall be performed with programs. See
Annex E for the calculation principles.

5.1.2 Temperature rise

Under pll 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 caletlation mgthod is
listed in Annex F.

5.1.3 Earthing resistance
The defermination of earthing resistance for the electrode shalkhfonsider two aspects:

a) the|temperature rise of soil;
b) tou¢h and step voltage rise locally at the electrodesstation.

For an| earth electrode in any operation mode which gives a large earthing current] if the
duratiop of the current is longer than the thermal time constant of the electrode (see Ahnex F
for the|calculation method), which is typically.the case for rated current, which flows ipto the
earth for a long time, the maximum permissible earthing resistance is typically dependent on
the permissible temperature rise, which should be in accordance with Formula (1):

1 2
Re < \/2'1m P e (Hmax _Hc) (1)
Iy Pm

Rs| is the earthing resistance between the earth electrode and earth at an |infinite
distances(Q);

Iy is the a‘certain earthing current which flows into the earth for a long time (A);
Am| is-the thermal conductivity of the soil where the earth electrode is buried (W/(m-°C));
mbx.ds the maximum allowed soil temperature (°C);

is the maximum natural temperature of soil (°C);
Pm is the resistivity of the soil where the earth electrode is buried (Q-m);

Pe is the general equivalent earth resistivity at the electrode site (Q-m, see B.2.6 for
the calculation method).

If the duration of the current is shorter than the thermal time constant of the electrode, a
higher resistance of earth electrode than that determined by Formula (1) can be allowed from
the point of view of soil heating, see Formula (2). It is also acceptable that the minimum side
length of coke section is used to control the soil temperature rise instead of earth resistance,
see Formula (10).

2
Re max Si\/y« £ dfac(fmax —0c) (2)
Iq Pm
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where

dfac is the heat dissipation factor, typically in the range 5~10. In the absence of an
accurate value, 5 is recommended.

5.1.4 Step voltage

The step voltage of any ground point that can be accessed by the public shall not exceed the
safety limits defined for humans and livestock. According to tests conducted on 1028
subjects, over 95 % of the subjects have a human body resistance greater than 1 400, and
over 95 % of the subjects have no strong feeling at a d.c. current of 5,3 mA. Based on these
test results and in consideration of different amplitudes and durations of d.c. system earthing
currents, the maximum allowed step voltage of any point on the ground can be determined
with Fgrmula (3) under maximum overioad current of one pole.

Egp =7,42+0,0318 pg (3)

where
Ef is the permissible step voltage (V);

Ps is the resistivity of surface soil (Q2-m).

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

For common earth electrodes or multiple earth electrodes with a short distance, to loyer the
step vqltage, the situation where two d.c. systemis\run simultaneously with the same polarity
under ¢arth 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
maximyim allowed ground step voltage for common earth electrodes can be indgreased
appropfiately with reference to Formula (3) in this case, on the premise that the sedondary
impact$ have been evaluated and the maximum permissible step voltage is lower than|that in
contindency conditions.

If any point on the ground: fails to meet the above requirement for maximum step Voltage,
mitigatjon measures shall’be taken.

5.1.5 Touch voltage

For eafthed.metallic structures that can be accessed by the public, the touch voltage|of any
point dn _the’site ground shall not exceed Ey, obtained from Equation (4) under maximum
overlogd-cudrrent of one pole.

Ey, =7,42+0,0159 pg (4)

where

Ey, is the permissible touch voltage (V).

For earthed metallic structures that cannot be accessed by the public, the maximum
permissible touch voltage of any point on the site ground should be less than 70 V in general.

5.1.6 Current density

For land electrodes that are likely to run as anodes for a long time, the current density at the
contact between coke and soil should be limited to prevent electro-osmosis (moving of water
by the electric field). For anode-type earth electrodes that run in monopolar mode for a long
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time and are in fine particle (clay) soil, the permissible average current density at the surface
of coke and soil should be 0,5 A/m2to 1 A/m? at the rated current of one pole. For specified
outage conditions (e.g. 30 % electrodes out of service), the current density may be higher as
allowed by soil conditions.

For earth electrodes that run in bipolar mode for long periods or are in soil with high water
content, an average current density of 2 A/m2 or higher may be the permissible value under
rated current of one pole.

5.1.7 Field intensity in fish ponds

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

For common earth electrodes or multiple earth electrodes within a short distance qf each
other, the case of systems running in short-time (e.g. < 30 min) earth return_operatiop mode
with th¢ same polarity should be considered during design.

5.2 Electrode site selection and parameter measurement
5.21 General principles

Selectipn of the electrode site is a critical step during earth electrode design, and|also a
compli¢ated process, during which technical and economi¢c comparison is required to delect a
safe, rgliable, economically feasible, and environment-ffiendly site.

Local gnvironmental impacts (see Clause 4) and remote environmental impacts (see Clause 7)
should| be focused on during selection of theyelectrode site. Survey, measurement, and
calculations are all necessary in this step.x}0 reduce the impact of earth current [on the
envirorment, sea or shore electrodes should be considered first if possible. The cpmmon
earth dlectrode solution can be adopted.as a priority if system operation conditions afe met.
Split earth electrodes or compact earth™electrodes can be used if the technical and ecpnomic
feasibility has been demonstrated.

5.2.2 Data collection survey

To find a suitable electrode site, a survey within a radius of at least 10 km shduld be
condugted to obtain the_natural conditions in the neighbourhood of the electrode site| which
should| at least include the landform and terrain, geological structure, hydro|ogical-
meteorplogical conditions, and ocean tide (for shore electrodes or sea electrodes),| and a
technigal assessment should be carried out based on Annex B.

In addition{ local development plans should be acquired from the local government gr other
relevarnt authorlty For complete assessment of the electrode site under |nvest|gat|o , such
informatior ' i nd Obstations

and lines), buried metal plpes armoured or earthed cables, and rallway lines.

It is recommended that the collection information about extra high-voltage a.c. power facilities
should cover a larger range, e.g. within 50 km of the electrode site.

5.2.3 Distance from converter station (substation)

During the determination of the electrode site, the impact of the earth electrodes on
surrounding converter stations and a.c. substations shall be calculated. See Annex | for the
calculation method. If calculation and analysis are not possible, the distance from the
electrode site to any converter station or 220 kV or higher-voltage a.c. substation should be
no less than 10 km in general to decrease the d.c. current into the a.c. transformers, and the
minimum distance from the electrode site to any aerial power line with earth wire should be
greater than 5 km to decrease the corrosion of tower grounding devices. If for some reason it
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is impossible to keep outside these distances, measures should be taken to mitigate the effect,

such as d.c. current-blocking devices in series with transformer neutral and groun
Clause 7), or insulation between earth wires and the towers.

5.2.4 Environment conditions

The electrode site should be placed far away from cities and densely populated towns

d (see

and be

located without risk of flood erosion or long-time flood submersion. In addition, the location

should be in an open space to facilitate making the necessary connections.

5.2.5 Terrain and landform

The ejotrode site shall provide a wide and conductive current-releasing area. In paiticular,

the resjistivity of the soil around the electrode site is preferably less than 100 Q:m. “Tlhe soil

should|be damp but without any water-logging.

5.2.6 Measurement of soil parameters

During|the design of earth electrodes, the main physical parameters’ of the soil jon the

electrofle site including the soil resistivity model, soil thermal conductivity, thermal cgpacity,

maximlyim environmental temperature, humidity, and ground water table (see Annex B for

detailel measurement methods and technical requirements) shoudld be measured.

5.2.7 Geological exploration

For ong¢ to two predetermined electrode sites, the drilling method is used to explore {he soil

type arnd cover layer thickness on the electrode sjtexThe exploration should be carried out in

a rangeg not less than the size of the earth electrode’and up to the depth of the bedrock, if it is

not too|deep.

5.2.8 Topographical map

1:1 00Q or 1:2 000 topographic maps._should be drawn based on measurement resulfs. The

measufement range should be deéfined in such a way to ensure optimal layout of earth

electrofles.

5.2.9 Values selected.during design

In general, reasonable values shall be selected for soil parameters based on]| actual

measufements through analysis, calculation and sorting:

o the|reliability) of the measurements should be higher than 95 %. For N effective|values
measured:at the same place (X, X,, ..., Xy) , the average (Xp) and standard deviation (o)
can| be calculated with

1< 2
o = W;(Xn _Xp)
The value of soil parameters can be calculated with:

X=X,+196 ko

(5)

(7)
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where k = +1 for soil resistivity and temperature, and k = —1 for thermal conductivity and
thermal capacity;

in case of uneven distribution of a soil parameter on the electrode site, the electrode site
calculation model can be simplified appropriately on an equivalent basis for convenient
calculation, but the characteristic parameters such as earth electrode current-releasing
density, maximum temperature, maximum step voltage, earthing resistance, potential rise
and its distribution shall not be significantly affected. As a general rule, a layered 2D
horizontal site model can be used if the electrode site lies in a plain area, and a 3D site
model could be more precise if the site lies in an area with complex terrain such as
mountain, coast or river;

values selected for soil resistivity during the design should consider the influence of

unf

calgulation with Formula (7).

5.3 Earth electrode and associated components
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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 cast iron High-silicon 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

Chromiym (Cr) 0 45

Iron (Fq) >82,5 >77,5
5.3.3 Chemical and physical properties of petroleum coke

The chiemical composition of the petroleum coke after calcination should correspond| to the

values [listed in Table 2.

Table 2 — Chemical composition of the coke after calcination

Substance Proportion
(%)
Carbon >95
Water <0,1
Volatile components <0,5
Sulfur <1
Iron <0,04
Silicon <0,06
Ash and others <1

The physical properties~of* petroleum coke products used for d.c. earth electrodes [should
corresgond to the values-listed in Table 3.

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

Properties Values
Resistivity (at a volume weight of 1,1 g/cm?) <0,3m
Volume weight 0,9~1,1 g/cm?
Specific gravity 2 g/lcm3

Space ratio

45 %~55 %

Thermal capacity

>1,0 J/(cm3 °C)

5.3.4 Current-guiding system

The earth current should be guided from

electrode

line to the current-guiding wire,

disconnecting switchgear, feeding cables and connections in turn before it reaches different

feeding rods (more details in 5.6).
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5.3.5 Bus

The current is shunted by the bus, which can be of either the strain or rigid types. Strain bus
is typically composed of an aluminium clad steel reinforced aluminium conductor, and rigid
bus is typically composed of aluminium pipe.

5.3.6 Electrode line monitoring device

In some systems, electrode line monitoring (capacitor/reactor) devices are connected at the
electrode end of the electrode line, to monitor 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 arfangement of land electrode feeding rods can be classified as horizontal (trengh) and
vertical (well) type, which shall be selected through technical and econhomic comparison
based pn distribution of soil resistivity and terrain conditions. Gengrally, if the resisfivity of
deep spil (deeper than 10 m below ground) is significantly lower than that of the surfage or if
the ground water table is deep, a vertical well arrangement 'should preferably bg used,
otherwlse horizontal trench arrangement should preferably be used.

5.4.2 Filling coke

Horizonptal earth electrodes should preferably usessquare or rectangular sections of other
suitabl¢ shapes according to the surrounding situation, and vertical earth electrodes|should
use cirgular sections. The feeding rod in the center is surrounded by filling coke, as shown in
Figure[1. The recommended density of the“reinforced filling coke should be bptween
1 000 Kg/m3 and 1 100 kg/m3. The density for vertical electrodes should be higher in thHe case
of watdr-filled bore holes.

Coke

N\

Feeding rod

IEC 048/13

Figure 1 — Electrode cross-section

5.4.3 Selection of earth electrode shape
Selection of the shape of earth electrodes should respect the following rules:

a) the distribution of current-releasing density shall be as uniform as possible;
b) the average coefficient of uneven current distribution should be less than 10 %;
c) the maximum coefficient of uneven current distribution should be less than 100 %.

To this end, the following principles should be kept in mind during the selection or
determination of the shape of the land electrodes:
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— if the site allows, first choose a 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 be 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), star shape or linear arrangement should
be used. In this case, the number of branches is generally no higher than 6, and a
properly sized current-sharing loop should be installed at the end (often with the highest
current-releasing density) to reduce current-releasing density at the end;

— if the temperature rise and step voltage or current density are critical factors, the
concentric arrangement with multiple circles should be used, but the number of concentric

circles chaotld not avecaoon d :
C o oTToOTUTaTToOTCXCCTCT—07

— symmetric arrangement should be adopted as much as possible to facilitate the_layout of
the|current guiding system, improve current shunt uniformity and reliability of.the current
guidling system, and reduce construction cost of the current guiding system;

5.4.4 Earth electrode corridor (right of way)

If earthl electrodes lie near any low-lying areas such as a trench, ditch-or pond, and th¢ burial
depth of the earth electrodes is less than that of the trench, ditch.orspond, the distange from
the earth electrodes to its edge should generally be no less than- \0/m.

5.4.5 Distance between sub-electrodes in the arrangement

In casq of vertical arrangement of the earth electrode feeding rods, the distance betwegn sub-
electrofles should generally comply with Formula (8):

D<ol (8)
where
D is the distance between sub-electrodes in vertical arrangement (m);
L is the length of the sub-electrodes in vertical arrangement (m);
n is the coefficient, 0,8~1,0.
D

~ 7

Sub-electrode

IEC __049/13

Figure 2 — Vertical arrangement

If earth electrode feeding rods are horizontally arranged in a discrete way, as shown in
Figure 4 b) sub-electrodes should have a distances less than 2 m to achieve a uniform current
distribution.

5.4.6 Burial depth of the earth electrodes

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

a) step voltage control. If the electrode length is horizontally arranged, and the soil resistivity
is uniform, the minimum burial depth of the earth electrodes can be calculated with
Formula (9) approximately.
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h=_Pst (9)
2ty
where
h is the minimum burial depth of the earth electrode (m);

Ps is the resistivity of soil (Q2-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);

5 performance,
nd and gravel layers, or dry’spil with

should be minimized to reduce earthwork;

d) the|earth electrodes shall not be buried at a shallow depth to avoid-artificial damage due
to farming and machine-aided cultivation and impact of atmospheric’temperature [on the
opegration performance of electrodes. In general, earth electrodes”should be buri¢d to a
depth exceeding 1,5 m.

5.4.7 Segmentation of earth electrodes

D.C. egrth electrode feeding rods shall be divided inte~Segments for better inspectipn and
maintepance. The number of feeding rod segments shallvbe limited to avoid impact on furrent
distribytion 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
maximyim 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 dection and the feeding,'rod diameter when the thermal stability or step Yyoltage
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 electrodgs shall
notlexceed thewboiling point of water;

e at the maximum overload current, the maximum step voltage at any point on the |ground
shall not.exceed the allowed value;

e dur|ng/the designed lifespan, the feeding rods shall meet current-carrying requirements

aft rtha corrosionis-considered
—H-e-coH-OSto 1560 R51ae+ea-

5.5.2 Total earth electrode length

In general, the length of the earth electrode (or floor area) should be determined based on
heating conditions (see 5.1.2 and 5.1.3), checked against the value allowed by maximum step
voltage (see 5.1.4) and current density at the surface of the coke column (see 5.1.6), and
finalized through optimization of the earth electrode material consumption.

5.5.3 Side length of coke section

For earth electrodes running in earth return mode, if the thermal time constant is greater than
the duration of the rated current, the side length of the coke section at any point (P) of the
electrode may be conservatively calculated by Formula (10) to ensure that the highest
temperature at any point (P) will not exceed the permissible value.
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For ea

5.5.4

To
S, 2k-p, -7 \/ (10)
P mtp
16ppcp (Hmp - Hc )
is the side length of coke section at point P (m);
is the matching coefficient, in the range of 0,9~1,1; See Annex F.
is the current-releasing density at point P (A/m);
is the soil resistivity at point P (QQ-m);
is the soil thermal capacity at point P (J/(m3 °C));
is the resistivity of the soil burial layer (Q-m);
is the highest natural temperature of the soil (°C);
b is the maximum permitted temperature of the earth electrode (°C);
is the duration of the rated current (s).
th electrodes running in anode mode for a long time, the maximum current density at
soil coptact surface should meet the recommendations in 5.1.6.
Diameter of feeding rods
To ensure that the feeding rods have sufficient current-carrying capacity, expected l|fespan

and pe
(11) an

d (12).

2 -3
(Dp Z\/4k1kzpp2'pFVf-i-7Z'¢ pmg]d x10

7P mely x1073

ZMX1O3

r 7p,C

is the side length of coke section at point P (m), see Formula (10);
is the eguivalent diameter of the feeding rod at point P (mm);

is the_protection coefficient, which is ratio of unit area ion current in the coks
total current, £y = 0,1~0,6.

is the electric corrosion accumulation effect coefficient, see Table 4 below.

rmitted temperature rise, the sizes of feeding rods should comply with both Fgrmulae

(11)

(12)

to the

Others

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

is the electric corrosion rate of feeding rod material in the soil (kg/(A-h
Table 4;

is the remaining equivalent diameter of the feeding rod when the total op
time of the earth electrode reaches the designed lifespan (mm);

is the specific density of the feeding rod material (g/cm3), see Table 4;
is the coke resistivity (QQ-m);

is the coke thermal capacity (J/(m3-°C));

is the rated current (A).

are the same as Formula (10).

)), see

eration
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Table 4 — Electric corrosion characteristics of different materials

Material Specific density, g Corrosion rate, V; Accumulation effect
3 coefficient, k,
(g/cm?) (kg/(A-h))
Iron (steel) 7,86 0,001 039 3,0
High-silicon cast iron 7,03 0,000 228 2,0/3,0 (in sea water)
High-silicon 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

Geners
reactor
guiding
reache
that the

5.6.2

The cu
wire S
charac
wire sh

Key

General principles

lly, electrode lines from converter stations should first (or via electrode“line mo
5) be connected to the bus, and then the current should be guided to the g

5 different feeding rods. The current guiding system should beldesigned in such
current flowing through branches of the same level is equal’or roughly equal.

Placement of the current-guiding wire

Frent-guiding wire can be overhead wire or underground cable. The placement
hould generally match the electrode shape\to achieve good -current
eristics. In general, for symmetrically arranged earth electrodes, the current-
ould also be arranged symmetrically, e.g. Eigures 3a) or 3b).

2
AN
1
2 ec osom3 2 IEC 051/13
a) Overhead conductor is adopted b) Underground cable is adopted

hitoring
urrent-

wire, disconnecting switchgear, feeding cables and connections” in turn begfore it

a way

bf such
haring
guiding

central tower

S-0
A-O
a-0
a-1, a-2
A-1, A-2

5.6.3

branch tower
location where the feeding cables branch.

electrode line

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

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

feeding cables

Figure 3 — Placement of the current-guiding wire

Connection of current-guiding wire

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

5.6.4 Selection of current-guiding wire cross-section

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

If cable is used as current-quiding wire, see 5.6.10.

5.6.5 Insulation of the current-guiding wire

Becauge 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 busiis"generally not a
factor gontrolling the insulation level of the current-guiding wire.

If the durrent-guiding wire uses overhead line, the possibility of short-circuited insulatgr discs
should|be considered. Usually insulator strings with lightning jimpulse withstand level of at
least 1P5 kV or at least two fully-rated d.c. suspension insulators are used as the inqulation
betwegn the conductors and tower structure.

If cablq is used as current-guiding wire, see 5.6.11.

5.6.6 Disconnecting switch

To facllitate commissioning or maintenancej disconnecting switches should be instglled in
each group of sub-electrodes. The rated .Current of the disconnecting switches shallf be no
less than the maximum current that may occur in the corresponding circuit. The rated yoltage
should|be no less than 10 kV.

5.6.7 Connection of the feeding cable

Each e]ectrode segment shall.be connected to feeding cables.

If the feeding rod is made of high-conductivity iron, a feeding rod can be connected| to the
currentrguiding wiretdirectly by one feeding cable, as shown in Figure 4a). If the feeding rod is
made qf poor-conductivity material such as high-silicon cast iron or high-silicon chromiyim iron,
an indiyidual féeding cable is used to connect each feeding rod and the main feeding| cable,
which gonngeets the current-guiding wire, as shown in Figure 4b).
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Feeding cable
—>

Coke / Iron /
IEC 052/13

a) Iron used for feeding rod

Main feeding
Coke Branggg?eeding cable
T
L Wl < A

|

Silicon cast iron or high-
silicon cast iron

IEC 053/13

b) Silicon cast iron or high-silicon cast iron used for feeding rod

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 disconnected if it has to cross low-lying areas such as trenches, ponds, or
ditches, provided the electrical connections between the two segments are ensured. Two
jumper|cables are typically used\to join disconnected electrode segments.

5.6.9 Selection of cable'structure

Feedinp cables and junmiper cables should preferably use single core copper conductdrs with
insulatifon, e.g. Kynar'or XLPE, to facilitate construction, operation and maintenance|and to
reduce| the costiFor cable buried directly in soil, single core copper conductor cable with
doublelinsulation’may be used.

5.6.10 | ~Selection of cable cross-section

For feeding cables and jumper cables (or cable-type current-guiding wire), the current-
carrying cross-section shall be selected based on the calculation results of the current 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, 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:
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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
preferably have double insulation.

5.6.12 Cable welding position

For a feeding rod made of iron (steel), during connection between feeding cable and feeding
rod and between jumper cable and feeding rod, the recommended welding position should be
more than 5 m away from ends of the electrode (feeding rod).

5.6.13 | Welding

For connections and splices between underground cable and feeding rods, exothermic
welding or arc welding should be used. Pressure welding or bolt connectionis’prohibited.

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

5.6.14 | Mechanical protection for cable

All underground cables shall be effectively protected. The cable should be fixed on a cable
bracket and be protected by a properly sized PVC plastic)pipe at the place where the feeding
cable gnters the ground. For current-guiding wires, feéding cables or jumper cables that are
directly buried in soil, sand should be filled around.them, with cement panels laid direc{ly over
the calble to protect it against damages caused by“external forces. For branch feeding|cables
connegted to high-silicon cast iron or high-sjlicon chromium iron sub-electrodes, comnpatible
PVC plpstic pipes should be used as shields;

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

5.7 Auxiliary facilities
5.71 Online monitoring

To detgrmine or monitor the operation status of earth electrodes, monitoring devices that can
detect purrent distribution, temperature and humidity of the earth electrodes shall be installed
at the |location_jef~the current-feeding cable. Alternatively installation shall be done in a
mannef such«that portable instruments can be used. Common detection devices ¢an be
connegted ia. detection wells. An online monitoring system can be set up if necessafy. See
Annex [G{dof operation principle of this system. The current distribution detection devige shall
at least-be-able to detect current fln\ming fhrnngh different fnnrling cables.-The detection well
or sensor should be preferably placed at the access point of the feeding cable where high
current-releasing density or high temperature rise occurs.

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

5.7.2 Soil treatment

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, are typically 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 fehce should be preferably made of insulating materials such as brick, wood, [If non-
insulating material is used, small independent earthing devices should be installed-gnd the
fence ghould be discontinuous.

5.7.5 Marker

A markler should be erected at a proper place right over the earth electrode if required.

6 Design of sea electrode station and shore electrode station

6.1 Main technical parameters

Design| of the sea electrodes or the shore electrodes’ should ensure their safe and feliable
operatipns throughout their life cycles and under different earthing current corditions
includimg rated current, maximum overload curfent, and maximum transient overgurrent.
Differept technical parameters such as earthing resistance, voltage gradient in watgr, step
voltagg, touch voltage and transferred voltage'should be within the specified range.

6.1.1 Temperature rise

The temperature rise is not a dimensioning factor for sea electrodes and pond electrodg¢s, and
is not required to do this calculation.

of the earth electrode shall'be lower than the boiling point of water under all circumstances.
The temperature calctlation can be conducted by transformation of Formula (2), in whlich the
value df 4 will be abeut 2,5 W/m-°C for soil and seabed and dfac may be 10 since thg soil in
the eleptrode are@-is saturated with water close to the surface.

For be}‘ch electrode stations, the basic principle is that the maximum temperature of arly point

6.1.2 Earthing resistance

Since the resistivity layers of sea and shore electraodes are not harizontal the formula to

calculate the resistance to remote earth is more complicated than for electrodes with
horizontal layers (see Figure 5).
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Electrode

Earth p, IEC \og#/13

Figure 5 — Resistivity layers with sea or shore electrodes

The potential ¥ of the equipotential sphere with radius » (m), for{the parameters as defined in
Figure [5 is given by Equation (13) for homogenous soil, and\the earthing resistance jcan be
obtaingd by V/I.

v (13)

_ 1
Zr(y QF & j
P P2

As the lequipotentials are spheres, the potential varies as 1/r, therefore an apparent resistivity
pq Can pe evaluated from the last equation simply by:

(14)

T
Pa =
(%ot %,)
P1 P2

And usgd with the formula for homogenous soil:

-7
y = La (15)
2rr

For the best results, calculation should be performed with computer programs.

6.1.3 Step voltage

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

Step voltages tend to be of a high level in beach stations, if the electrode is buried at a
moderate depth. The fence will often be damaged if the station area is at risk of possible high
tides, waves and/or ice. If it is preferred to avoid fencing, the total station shall be made larger,
or buried at a greater depth.
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6.1.4 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 overload current of one pole (see 5.1.5).

6.1.5 Voltage gradient in water

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

6.1.6 Current density

The rdcommended average current density in sea water for sea electrodes rang pond
electrofles is 6 A/m?2 to 10 A/m2 in order to ensure a suitable gradient of 1,25 \//m td 2 V/m
close tp the electrode (at a sea water resistivity of 0,2 Q-m). The anode should“be shielded
from figh, as fish are attracted to the anode and not the cathode. If the sea electrodes ¢r pond
electrofles are functioning in an environment open to free water but not aceessible to [human
beings|or to marine fauna, the average current density can be raiséd to a valug up to
100 A/fZ2.

For beach electrodes, in addition to electro-osmosis, Cl, generation should also be congidered
since itlis not good for the electrode. For water saturated beagh ‘electrodes, the recommended
currenf{ 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|also a
compli¢ated process, 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 compared
and selected: distance to converter station, substations, pipe lines, cables, etc., salinity of the
sea walter, slope of the sea bed/resistivity on the shore, and uniformity of the sea bed.

6.2.2 Data collection survey

To find a suitable ‘electrode site, a survey within a radius of at least 10 km shduld be
condugted to determine the natural conditions in the neighbourhood of the electrofle site
under [investigation, which should at least include the landform and terrain, gealogical
structufe, ocean tide and currents in the sea. The survey shall show that the sea|bed is
withouf clay-so that the electrode does not sink.

Coastal areas are often characterised by a layer of fresh water, rising to a higher level than
the nearby sea and a deeper layer of salt water, penetrating from the sea. If a distinct
interface between freshwater and saline water exists, survey should be done to determine
which depth is the best for the active part of an electrode station. If the current is emitted in
the fresh water layer, anodic operation will evolve only oxygen, not chlorine. If the electrode is
close to, but still above, the interface, the salt-water layer will absorb the current very
effectively, within a short horizontal distance. If low resistance to remote earth and decrease
of loss are the goals, the electrodes shall be placed in the saline strata, but some evolution of
chlorine will be the result.

6.2.3 Distance from converter station (substation)

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

The electrode site should be placed far away from populated areas, such as vacation beaches.

6.2.5 Measurement of soil parameters
The measurement of soil parameters shall meet the following requirements:

a) the Wenner or Schlumberger methods may be used for earth resistivity surveys at shallow
depths. The magnetotelluric (MT) method shall be used for areas with greater depths (see
Annex B);

b) the salinity of the sea-water shall be measured.

In electrolytic processes there will always be a chemical action, because the materialg in the
soil (more precisely the substances diluted in the ground/seawater) will be~decomposed
and/or puilt up to new chemical substances.

In an aphodic process in ground water of very low or zero salinity, O, (oxygen) is produded 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 ever, but there will still be,
even in salinities up to sea water level, a substantial evolutioncof O,. The sum of gvolved
gases [respects Faraday’s law of electrolysis, which says that the mass of decomposed
materigl is proportional to the electric charge, i.e. the numberiof*ampere hours.

6.3 [Earth electrode and associated components
6.3.1 General principles for material selection

The mhpterial shall be selected through technical and economical comparisons based on
engineering and market conditions. The sel€ction 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-effectiveness.

6.3.2 Common feeding rods and characteristics

Feedinp rods used for sea electrodes or shore electrodes should be preferably made qf high-
silicon [chromium iron, or graphite embedded in coke. The carbon content in iron shquld be
less than 0,5 %. Graphite*should preferably be treated by submersion in linseed qil. The
chemicial compositionsof-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) plaginised titanium or niobium (Pt/Ti or Pt/Nb);

magretite;

b)
c) bare copper conductors (for cathodic operation only);
d) mixed metal oxides (MMO).

Platinised titanium is also well-known (for anodes) and may also be used as the cathode,
depending on the manufacturer. The material is as an expanded mesh of titanium, of which
the filaments are about 0,5 mm x 2 mm, all interconnected in about 20 mm x 50 mm meshes.
The titanium is covered by a special thin (5 um -20 um) layer of metals, resistant to anodic
corrosion. The expanded network is delivered in subelectrodes each covering
1,22 m x 16,5 m.

Magnetite, Fe;0,4, is commonly used for cathodic protection purposes. The electrodes are
produced in rod-form, 0,06 m in diameter, 0,72 m in length and other sizes as well. The
resistivity of magnetite is 5 x 1075 Q:m —10 x 10~ Q-m.
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Copper is good choice for cathodic electrodes. A reason for this choice is the possibility of
establishing reliable clamp connections by compression or by welding, which will withstand
the environmental conditions of the sea-water.

6.3.3 Chemical properties of petroleum coke

See 5.3.3.

6.3.4 Current-guiding system

See 6.5.
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 feeding rods can be classified as horizontal embedded in
coke (3ee Figure 6 below) or placed in cages directly on the bottom of the sea. If nets are
used, these shall be placed on sea bottom and covered by gravel or cement sacks.

The arfangement of shore electrode feeding.rods can be classified as vertical embedded in
coke (Reach type) or placed directly in sea-water (pond type).

Plastic band
O ) R
Eleftrode °. / ZB : % . | Coke
Cabl¢ joint | .| / . - / i
Cable = - - : :

IEC 055/13

Figure 6 — Sea electrode

6.4.2 Eilling coke

For sea electrodes and shore electrodes, the filling of coke, if used, should be performed on
the shore. Fabric shall be used to keep the coke in place. The sub electrode is then placed on
the sea bed, 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 7
below. 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 shape electrode may be used.
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Electrode cable Electrode element

6.4.4
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If the total electrode is composed of a numbef©f sub-electrodes (which is preferred), tH

different "philosophies" shall be considered:
a) the|sub-electrodes are placed such-that they are easily accessible for inspection
Thip normally requires a small depth of burial and generally applies only to horizont
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b) the
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Thi
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Figure 7 — Sea bottom electrode with titanium nets

Segmentation of earth electrodes

intenance. The number of sub sections shall be’Jimited to avoid impact on
tion and avoid the need for a complicated currenf guiding system. Subsections s

g in unacceptably high potentials in water or.ground close to the section out of s

ctrodes;

sub-electrodes are inaccessible when installed, with the idea that they ar
pbosable (throwaway) type, which is left underground when damaged, if they
cult to salvage. Achew substitution electrode is arranged close to the damage
5 philosophy is relevant to vertical electrodes, buried at large depths.

Current-guiding system

Placement of the current-guiding wire

For sea electrodes and pond electrodes, the busbar and other equipment, should pre
be plaljed in a cabin at some distance (e.g. more than 500 m) from the electrode arg

bection
current
hall be
without
ervice.

en two

repair.
al sub-

e of a
are too
d one.

ferably

a, at a

safe level above sea surface. The current guiding wires between the busbar in the cabin and
the sub-electrodes, or subparts, shall preferably be made as individual smaller cables, or
mutually insulated sub-conductors in large cables. The extra (and equal) resistance in each
sub-conductor will tend to equalize the current sharing among sub-electrodes. If not,
resistors 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.

series

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 8 below.
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The cables to the electrode element shall be made by the manufacturer of the electrode
element. The feeding cable shall have a watertight heat-shrink 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, in addition, resist high electrode temperatures, mechanical stress during installation and
various aggressive chemical elements in the environment.

IEC 057/13

Key
1) Eledtrode of titanium net, 1,22 m x 16,5 m

2) Conpection plate of titanium

3) Watgrtight heat-shrink joint

4) Eledtrode cable (feeding cable), Copper conductor 10 mm?
5) Watertight heat-shrink joint

6) Eledtrode cable (current guiding wire), copper 35 mm?

Figure 8 — Titanium net

6.5.3 Selection of cable‘cross-section

See 5.6.10.

6.5.4 Insulation of the current-guiding system

See 5.6.5 and-5.6.11.

6.5.5 Selection of cable structure

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

6.5.6 Mechanical protection for cable

See 5.6.14.

6.6  Auxiliary facilities

To determine or monitor operation status of earth electrodes, monitoring devices that can
detect current distribution of the earth electrodes shall be installed at the location of current-
feeding cables (see 5.7.1).
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Exhaust equipment should be considered for exhaust of Cl, (see 5.7.3).

7 Impact on surrounding facilities and mitigation measures

7.1 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.

7.1.2 Relevant limits

For urderground metal pipes insulated by surrounding cement or asphalt, ithe Yyoltage
betwegn the pipe and surrounding soil shall be within the range from -1,5 Vito'=0,85 \{ 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
protectjon 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 Mitigation measures
For ingulated metal pipes buried in groundwith a voltage exceeding the limit, common
precautions include addition or reinforcement-of cathodic protection capabilities, addjtion of

pipe amnti-corrosion coating, and separating*a pipe into segments and connecting them with
insulative materials.

7.2 Impact on bare metallic structures
7.21 General principles

Impact|of current field of\d.c. earthing current on any buried bare metallic structure, guch as
touch oltage and corrosion, shall not affect the normal behavior of people in contact With the
metalli¢ structure and safe normal operation of the metal structure.

7.2.2 Relevant limits

To pro(]ect personal safety, the touch voltage of any metal structure shall not exceed the value
defined in'5.1.5. If this is not the case, proper precautions should be taken.

During analysis of corrosion effects of the earth electrodes on surrounding bare metallic
structures, the current density at the surface of any buried metal structure exposed to soil
should not exceed 1 uA/cm? at the equivalent earthing current, and the corrosion shall not
affect normal operation of the metal structure. See Annex H for the calculation method.

7.2.3 Mitigation measures

The distance between earth electrodes and surrounding bare metal structures should be as
large as possible. If the minimum distance between earth electrodes and underground bare
metal structures, such as buried bare metallic pipes, is less than 10 km, or if the length of the
underground metallic structure is longer than the distance, the adverse effects of d.c. earthing
current of the earth electrodes on the structure shall be calculated.
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In case of excessive current flowing out of a bare metal pipe exposed to soil, corresponding
anti-corrosion measures shall be taken for the metal pipe. A commonly used precaution is an
insulation coating or cathodic protection. The insulation coating is usually made of concrete,
asphalt, enamel, or resin, and polyvinyl fluoride is the best choice. Cathodic protection is
typically achieved in two ways: primary battery cathodic protection or external d.c. power
supply cathodic protection.

7.3 Impact on the power system (power transformer, grounding network, and

surrounding towers)

7.3.1 General principles

arthing
nuently
ems is

Rise offearthrpotentiatomamacsystemnear theearthretectrodes resuttimgfronrthe
current| is likely to cause d.c. component in neutral-grounded transformers and consé
d.c. bigsing. The schematic diagram of impact of the d.c. earth electrodes on a.é. sys
shown |in Figure 9.
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Figure 9 — Impact of earth electrodes on a.c. systems
(transformer, grounding network, tower)

S

7.3.2 Relevant limits

are not
5% of

The permissible d.«ci current for windings of each transformer phase, if actual values
known, can be_as-follows: 0,3 % of rated current for a single-phase transformer, 0

rated ¢
phase

urrent far)a three-phase five-legged transformer, or 0,7 % of rated current for g
hree-legged transformer.

three-

7.3.3

Mitieati

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

a) d.c. current-blocking capacitor;
b) a small resistor connected in series with transformer neutral and ground.

7.4 Impact on electrified railway

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

7.5 Other facilities (such as greenhouses and water pipes)

If the earth electrodes lie near facilities such as greenhouse or earthed metallic water pipes,
the 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 ¢arth 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 d.c. transmission lines- Mgasures
such as adjusting the direction or the length of the seismic station observation\electrodes can
be takgn.
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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 d.c. power transmission
systems. Flrstly they can supply power to the system for a Iong tlme to |mprove system
operatipr ; i i i i
(rectifyjng valve) to avoid equment damage due to unbalanced voltage to earth)of-the two
poles. Hence the design of earth electrodes is very critical during the design and‘cons{ruction
of the Wwhole d.c. power transmission system.

A.2 |Operation mode

A.2.1 General

An HVDPC power transmission system typically consists of thre€ parts: rectifier statign, d.c.
currenf line, and inverter station, as shown in Figure A.1.

Converter
transformer

SO

Converter

transformer
Oy

JOLIDAU]

Jo|y0ey

| _AC gower _|_ Rectifier station DC line

| Inverter station _AC pgwer |
[ systqms1 | \

|
\ " Tsystems 11 |

DC power transmission system
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Eigure A1 = HVDC power transmission system structure
-

Depending on the number of nodes connected to a.c. systems, d.c. power transmission
system