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INTERNATIONAL ELECTROTECHNICAL COMMISSION

GENERAL GUIDELINES FOR THE DESIGN OF GROUND ELECTRODES
FOR HIGH-VOLTAGE DIRECT CURRENT (HVDC) LINKS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC

Publication(s)”). Their preparation is entrusted to technical committees; any IEC Natiofial Committee interested

érvants or agents including individual experts and
\ mittees for any personal injury, property damage or
other damage of any nat a : ect or indirect, or for costs (including legal fees) and

expenses arising, qut Qr reliance upon, this IEC Publication or any other IEC
Publications. Q
8) Attention is drawn™Mo

9) Attention is dra 3 g
patent rights. S eld responsible for identifying any or all such patent rights.

nce$ cited in this publication. Use of the referenced publications is
Ris publication.

A PAS is not fulfilling the requirements for a standard but made available
to the pyblic

submitted by the CIGRE (International Council on Large Electric
Systems) and has_bgen processed by subcommittee 22F: Power electronics for electrical
transmission and distribution systems, of IEC technical committee 22: Power electronic
systems and equipment.

The text of this PAS is based on the This PAS was approved for publication by

following document: the P-members of the committee
concerned as indicated in the following
document:
Draft PAS Report on voting
22F/116/NP 22F/128/RVN

Following publication of this PAS, which is a pre-standard publication, the technical committee
or subcommittee concerned will investigate the possibility of transforming it into an
International Standard.

This PAS shall remain valid for an initial maximum period of three years starting from
2007-05. The validity may be extended for a single three-year period, following which it shall
be revised to become another type of normative document or shall be withdrawn.
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INTRODUCTION

Most of the world's HVDC links have been (or still are) in a first monopolar stage, because this
solution gives the lowest costs. If the connection between a monopolar pair of converter terminals
consists of an overhead line construction, the extra costs of a return conductor on the pylons are
moderate. This is certainly not the matter if the connection mainly consists of a long submarine
cable, because the return cable, which must have about the same cross-section as the main
cable, but much lower design voltage, may easily cost 30-50 % of the main cable.

The evaluation of the additional losses in the return path must be included when costs of different
possible solutions are compared. A return path via ground electrodes will normally have a
considerably smaller resistance than any reasonable metallic conductor return.

When a monopolar link becomes bipolar, the use of the return path and the number of hours of
operation with nominal current decrease. At this stage the evaluation of losses_in the return path
loses importance; but the return path will be important for raising the overall reliability/availability
of the link.

described in"€lause

There is good reasonw’'to mention the “distance” field problem as the most important, because the
remote field produced by an electrode is independent of the construction of the station, and only
depends on the geology of the subsoil. This will be explained further in Clause 3.

As a general rule, local constructional difficulties may be handled to a great extent by making the
size of the station greater, the number of subelectrodes larger, etc.

Following the definition in [3], the electrode stations are divided into three groups:

— land electrodes, located far away from the sea;

— shore electrodes, located on a shore against (salt) seawater. Shore electrodes can be located
either on the beach at a short distance (<50 m) from the waterline or in the water, but
protected by a breakwater;

— sea electrodes, located in the water at some distance (>100 m) from the coastline.

1 Figures in square brackets refer to Clause 14.
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GENERAL GUIDELINES FOR THE DESIGN OF GROUND ELECTRODES
FOR HIGH-VOLTAGE DIRECT CURRENT (HVDC) LINKS

1 Scope

The purpose of this PAS is to provide a guide for the design of electrode stations for HVDC links
intended for ground return. This design guide was prepared by the CIGRE Working Group 14.21:
HVDC Ground Electrode Design during the period 1995-1998.

It is not the purpose of this report to provide detailed instructions on how to work out an HVDC
link from the initial idea to final decisions on sites, ratings, constructional principles for converter
stations and for connecting lines/cables. In the often hectic planning phase of a new link, the main
emphasis will be concentrated on converter stations and the line/cable, while less attention is paid
to a simultaneous evaluation of possible current return principles.

2 Basic concepts

2.1 Monopolar system

cathodic ground electrode adjacent to the other converter statiqn.

+250 kV System current 100({”‘& +245 kV
~ t Converter 1 nverter 2 l ~
950 MW (Rectifier) (Inverter) 045 MW
wrent 1000 A) -7 = Anode

—
—

System current 1000 A =250 kV
~ - t Converter 1 Converter 2 ¢ — U
245 MW (Inverter) (Rectifier) 250 MW
Cathode — ">~<__  (Return current 1000 A) -~~~ — Anode
______ .~

Figure 2.1.2 — A 250 MW, 250 kV, 1 000 A monopolar HVDC scheme
transmitting power from converter 2 to converter 1
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Thus, the basic concept of a monopolar scheme is characterized by the following.

a) Each electrode station remains in a constant mode, anodic or cathodic.
b) Each electrode station must be able to carry the rated system current continuously.

2.2 Bipolar system

In principle, the bipolar scheme consists of two monopolar systems which generally have the
same rating and where the converter equipment for both monopoles is located in a common
converter station.

+250 kv System current 11 +245 kV
\
T Converter Conv &Q
(Pole 1) (Pole\1) Q
Switch ‘l Balancing current N ch
Switch — 1 - 12) L Switch
Electrode

? Converter
(Pole 2)

=250 kv

c) The electredeshi b cdse must be able to carry the system current for the period foreseen or
necessary for n ar operation. Both electrode stations must be able to operate in either
anodic or cathodic mede, depending on which pole is operating.

A bipolar system having one of the poles out of service can be arranged for metallic return,
provided that the high-voltage conductor belonging to the pole is undamaged. To do this, a
number of switches are necessary. Because the resistances of the normal conductors are
usually much higher than the resistance of the electrode circuit, the use of metallic return
raises the conductor losses to the same level as the total bipolar scheme, but with only one
pole in operation. This means a double loss percentage for the line losses.
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System current 1000 A

| Conductor pole 1 |

t Converter Converter ¢
(Pole 1) (Pole 1)
“{“ 4%__
(Pole 2) t ¢ (Pole 2)
Conductor pole 2

Pole 1 using conductor for pole 2

There will be another emergency operational mode for
service. In this case the bipolar system changes to
circuit to be used for the total system current.

2.3 Mixed or combined systems

A balanced bipolar system consisting of two identical monopoles is normally specified in a single
contract and is constructed and put into operation within a short period of time. If pole 2 of a
bipolar system is not constructed together with the first pole but at a later stage, the technical
evolution may result in differences of ratings, voltages, etc. between the old and the new pole.

This might result in unbalanced technical solutions of different kinds. For instance, the Konti-Skan
scheme consists of two poles of unequal ratings, but using the same pair of reversible electrode
stations. The Skagerrak scheme, originally consisting of a balanced bipole, now consists of three
poles, of which the youngest, pole 3, is opposite to a parallel connection of the two old poles. For
the electrode stations this has resulted in less favourable (unbalanced) operation.
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3 Electric field as the decisive factor for selection of site

3.1  Why is the electric field the decisive factor?

The field (voltage and gradient) at a point with a certain distance from an electrode station is
dependent only on two parameters once the possible site area has been selected:

a) the current transmitted from the station;
b) the resistivity conditions in the underground/sea as seen from the site of the electrode.

The way the electrode station is constructed has no influence on the magnitude/direction of the
distant field, whether it is superficial or deep, small or large in size, linear, star- or ring-
configurated, etc.

discussion with
e ground, or
eement on

It is crucial, therefore, to reach agreement, or at least have a posifi
environmental authorities, with other utilities having metallic infrastruc

¢) ground return, maybe with limitations, is operating succ
throughout the world;

d) the saving in investment and capitalized loss costs
greater than expenses for changes or modification

The most important piece of~data needed ing trode stations is the system current or
the reference current (for the sehg i is ranges from 880 A to 4 000 A). There

handled under any cifc i ak of a general rating which under certain
i ime period. In the following, the reference current
is up to the designer of the electrode station to

3.2.2 Resistivity data

The interfere .
phase, ba \{ g ainable information on resistivities of the different strata in the

3.3 Considerations on site selection

Basically, the current rating and the data for resistivities in different directions and depths are the
only parameters necessary to determine the field. It makes no sense to include as a criterion that
the voltage or gradient in a certain point at a considerable distance must not exceed a prescribed
limit. This fact is obvious if we look at a very simple case, that of uniform earth having uniform

resistivity in all directions and all depths. The voltage against remote earth is V = 2’0'1 and the
- x

gradient a = Pl

dc  27.x?
where x is the distance from the midpoint of the electrode.
It is not that obvious, but still true, that the constitution of the underground/sea and the current are

the only field-determining factors for distances which are at least five times the diameter, length or
burial depth of the electrode.


https://standards.iteh.ai/catalog/standards/iec/c8a6d485-feb4-46c6-bc17-8b2bae63b410/iec-pas-62344-2007

- 10 - PAS 62344 © IEC:2007(E)

This means that if an electrode in the design phase or during commissioning tests turns out to
have an unexpectedly high field influence on a metallic structure, then this problem cannot be
cured by demanding modification of the electrode station.

Let us assume, as an example, a shore electrode located on a long straight coast. The slope
angle of the seabed is 0.05, the resistivity of the seawater 0,2 Qm and the resistivity of land and
seabed 100 Om. Reference current 1 000 A.

At a point off the coast line, 10 km from the station, the potential is calculated at 0,178 V and the
gradient at 0,0178 mV/m. The potential in the sea 1 000 m from the coast as well as the potential
1 000 m deep below the shore stations are 1,78 V.

Now, if the voltage 0,178 V or the gradient at the distance 10 km are deemed to be too high, then
two suggestions might be brought up as a remedy:

a) to move the electrode from the shore to a position 1 000 m outside the shore i
of 1 000 x 0,05 =50 m;

b) to transfer the shore electrode to a deep hole electrode 1 000 m b

a water depth

It is readily calculated that none of these suggestions will have a distance of
10 km, because the voltage is reduced by only 0,5 % from 0 V\In bdth cases, the
resulting voltage at a p0|nt on the coast line at a dlstance of by interchanging

coast line 10 km away.

Of course, the local voltages and gradi
electrode to a sea position, or to drill th

anged by moving a shore
both of the above suggestions

the voltage on the original beach positipn , while” the electrode on the beach will
produce voltages of a higher level, dependin the size and physical layout of the station

A general piece of advice,see lectrpde stations, is that at least three different
sites should be investigated ated 10 km from a site, as in the previous

zones with problé

represent genuine ilte atives\{o\the basie sitex It is the horizontal distance from sites to points or
several sites. z

It is not the(inte to include a comprehensive set of formulas or methods for
calculatio : gn data. As already said, the size and the physical layout are not
importas : istances from the electrode are 3-5 times the diameter, length or depth of the

current emanates. Dr\Kimbark’s book “Direct Current Transmission” [2] contains formulas and
viewpoints of calculajion, including more complicated conditions such as 2- and 3-layer earth. If
the subsoil resistivity conditions are rather irregular, the modern FEM (finite element method)
provides the possibility of extensive computer-aided calculations.

Most of the existing formulas and methods take into account only the conditions around the
electrode dealt with, although no field exists without a counter-electrode. It is fairly easy to include
the influence of the counter-electrode by means of superposition of the fields from each of two
conjugated electrodes. The formula for the voltage in a two-dimensional room of height /

contains in this very simple expression the distance to the electrode (d;) and to the counter-
electrode (d,). The expression has no mathematical solution if the counter-electrode is ignored.

When judging whether a pair of conjugated electrodes have an acceptable field, there may be
cases where interference from two pairs of conjugated electrodes mixes and forms a super-
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positioned field. In [10], the interaction of fields from the Baltic cable scheme and the Kontek
scheme is shown. The anodes of these two schemes are located about 50 km apart. It has been
calculated that the potentials at certain points raise as much as 80 % when both schemes are
running at rated currents, compared with the values when only one scheme is operating.

3.5 Apparent resistivity

If the calculated field (surface potential and gradient) is plotted in a double logarithmic diagram, it
can be compared to the field from existing electrode stations. See Appendix 1 for plotting of
surface potential, and Appendix 2 for plotting of gradients, both against distance from electrode
stations. In these diagrams inclined lines for the apparent resistivity are shown. The apparent
resistivity is the resistivity that fits the formula for a uniform semi-sphere field with current
emanating equally in all directions (the counter-electrode not defined).

I
V=p-
’ 27 - x
d o
dx P 277,")(2

the object picks up rent in the part closest to the anodic electrode and discharges the current
from the part closest to the cathodic electrode.

To judge the impact, it is normal to calculate the distribution of current density, often expressed
in uA/cm? (1pA/em? = 0,01 A/m?). The Swedish professor S. Rusck [15] treated these calculations
as early as 1962. Dr Kimbark [2] also gives comprehensive consideration to the corrosion due to
picked up/discharged d.c. ground current.

For formulas and methods for calculation of current density, reference is made to the reference
list last in Clause 14, mainly [1], [2] and [3]. Rusck concludes that a current density of mA/cm2
can be permitted. It corresponds to a rate of corrosion of 0,174 mm per year removed from the
surface of an iron object.

Apart from d.c. ground currents, metallic unprotected objects in the ground corrode for “natural”
reasons, which is due to local differences in soil composition along the metallic object and/or to
the fact that naturally generated currents (called telluric currents) also take a path via the metallic
objects. STRI in its report [3] concludes that the impact of natural telluric currents is greater than
that from an electrode station for distances greater than 66 km to 110 km from the electrode
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station.

If an HVDC connection contains land cables or submarine cables it is important to investigate the
corrosion danger of the cable armouring, which normally deliberately is not insulated electrically
against the surrounding soil or seawater.

As for other metallic infrastructure, the necessary precaution consists of having sufficient distance
between the main cable(s) and the electrode. A general suggestion has been 8-10 km. As an
example of a closer location, the distance between the main cable of the Kontek scheme and the
cathode station Graal-Muritz outside Warneminde is 5,5 km. Curiously, the main cable for
another scheme, the Baltic cable, passes the Kontek cathode at a distance of 7 km.

As shown in Kimbark’s text (p. 429), the presence of a cathode at a certain distance from a
submarine cable or buried pipe results in a worse condition, because the surface of the closest
part of the cable/pipe will be anodic which means corrosion. If the electrode station is an anode,
the current density of dangerous directions is reduced by a factor of 4,9 pared with the
impact of a cathode.

The insulated metallic objects are mai i or gas, located on land. It is
normal to have insulating joints, at 10-100, spa ich—divide the metallic tube into non-
interconnected sections Each section i i a device for cathodic protection,

ding to the soil composition in a range of,
g (lack of oxygen), the margin is limited to
is a danger of discharge of current, which
", hydrogen embrittlement of the steel may occur

say, -0,85 V to -1,1 V; bu
about + 0,05 V. If the po

means corrosion. Jf th
on a faulty spo
production, or da S

those connected with outage of the pipeline, the required voltage difference along the pipeline can
be generated by introducing a current (2-20 A) in the metallic tube over about 1-2 km. This current
causes a voltage drop in the longitudinal resistance (~ 0,01 Q/km) of the tube. The current can be
controlled, even in the reverse direction, by means of an inverter. The inverter is regulated from a
signal picked up as a voltage difference from two points along the pipeline, or the inverter gets a
direct signal from the converter station or the electrode station, proportional to the HVDC ground
return current.

Current compensating devices of this kind are running successfully on a Swedish main gas
pipeline which passes the electrode station Risg (the Konti-Skan scheme) at a distance of about
10 km. In Denmark, the uprating of the electrode current for the Skagerrak scheme, from 1 000 A
to 2 300 A, demanded two insulating joints and two current compensating devices to be installed
on a 508 mm (20 inches) main gas pipeline, which gave costs of a total of about USD 600,000.
The gas pipeline passes the electrode station Lovns at a distance of 6 km.

4.3 Impact on an a.c. grid
The impact of the ground current is shown on the drawing in Appendix 3 in a simplified way. The
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