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Abstract: High Voltage Direct Current power links are usually designed to adopt, on a continuous
basis or during emergency operations, two grounding plants using the soil or seawater as a link–
current return path. Such DCs flowing into the ground can cause problems, of which one of the
most important is the increased risk of the corrosion of metallic structures in the area. Normally, the
simplest mitigation technique is to keep an adequate distance between the main grounding plants
and any metallic structure that can be corroded. Normally, such distances are not less than 5 km.
However, there are situations where this approach cannot be applied, for example due to geographical
constraints. In this paper, we describe and analyze the behavior of a mitigation technique that can be
adopted when the HV pole cable is laid closer than the recommended distance to the main ground
electrode. This paper is focused on the minimization of deleterious effects on the cable’s metallic
sheath and its earthing points, distributed along it by means of sheath segmentation. The suggested
approach appears well-suited to substantially diminishing the current flowing through the sheath
of an HVDC power cable. In the segmented scenario, the sheath’s power dissipation is less than
one-hundredth of that in the typical continuous configuration.

Keywords: HVDC transmission; grounding; cable shielding; corrosion

1. Introduction

The first commercial application of the HVDC transmission system began in 1954
with the Gotland link in Sweden [1,2]. This plant was a monopolar link, with a sea return.
In other words, the basic underlying idea was to close the circuit by using the sea as a
return conductor, which shows better electric behavior than a metallic conductor and, of
course, is free. However, monopolar HVDC systems using a permanent ground (or sea)
current return need specific analyses in order to check for any interferences that the return
current can give rise to. Interferences are mainly focused on the corrosion of metallic nearby
structures, saturation to nearby transformers’ cores, and generation of chemical byproducts
on the electrodes [3,4] which can limit their operation. Today, new HVDC systems and
Multi-terminal DC networks [5] (Medium Voltage Direct current) are mainly bipolar, using
electrodes for current return in emergency conditions only (during one pole station or one
pole line outage). Consequently, in HVDC bipolar systems with electrodes for emergency
conditions, the electrode current is some amps in the worst condition due to pole one and
pole two’s minimal natural asymmetries. On the contrary, during emergency conditions,
the electrodes discharge the rated current in order to cover the half-rated power of the
system. When HVDC ground electrodes are created, some more restrictions, other than sea
or pond electrodes, may arise due to a higher thermal resistivity of the soil in respect to
the water (typical soil thermal resistivity is 1.3 K·m/W against the typical value of water
0.8 K·m/W) [2,4].
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Perhaps the most critical issue related with the DC flow inside the ground is the risk
of corrosion being induced in coated metallic nearby structures [6–10]: the current finds
a higher conductivity path by flowing into the structure, and forms two areas, cathodic
and anodic. Cathodic and anodic chemical reactions (reduction of the metal on the former
and oxidation of the metal on the latter) can be different and each one is strictly related to
the local soil composition and condition. Cathodic reactions occur where current enters
the metal and might give development of hydrogen, which leads to a so called “cathodic
disbondment”, i.e., the loss of the adhesion of protective metal coatings or metal embrittle-
ment for the diffusion of hydrogen into the metal. Metal hydroxides (usually calcium or
magnesium hydroxides) can also cause furring on the metal surface. Anodic reactions, on
the other hand, occur where the current leaves the metal, giving rise to metal corrosion,
which is sometimes concentrated under the coating cracks if a coating is present, in this
case leading to “pitting corrosion”. The most affected structures are the “longer” ones,
which means those much longer than the minimum distance of structure-electrode: in
other terms, pipelines and cable sheaths or armor on submarine cables. Although many
mitigation techniques do exist (cathodic protection, sacrificial anodes, et cetera) [11,12], the
first measure to adopt is to keep an adequate safety distance between the main ground
electrode and any structure that is potentially subject to corrosion. Several documents in
the literature [13] suggest a minimum distance of 10 km and recommend performing a
detailed analysis in the case of lower distances [14–16]. The interference analysis has been
fully faced by researchers in order to provide suitable instruments for checking the safety
distance of buried pipelines [17–21]: the proposed techniques describe well the possible
corrosion effects on oil and gas pipelines, including details on the positive effects of cathodic
protection systems [17] and a comparison with monitoring data [20]. Among them, three
different approaches are proposed based on three different numerical methods. In [17], a
finite-element method (FEM), based on the commercial software COMSOL Multiphysics, is
presented and developed, focusing on the advantages of the cathodic protection system
and indicating that, when the distance between the grounding electrode and the pipeline
exceeds 30 km, the interference of current from the grounding electrode on the pipeline is
minimal. Important remarks from [17] consists of the advice to implement segmentation
when larger electrode currents are taken into account, since the cathodic protection system
may fail.

The authors of [19] analyze a 800 kV–5 kA HVDC bipolar system in terms of the inter-
action between the grounding electrode and surrounding pipelines, based on the Boundary
Element Method (BEM). The proposed method includes the polarization resistances based
on the Tafel curve and discuss cathodic protection and insulation as protective measures
when considering an earth–fault current of 5000 A and a distance of 30 km.

Another approach is proposed in [20], based on the Transmission-Line Theory, en-
hancing how the stray current along the pipeline is approximated by a parabolic distri-
bution and how the hydrogen evolution corrosion usually occurs at the coating defects
near the cathodic protection system and consequently corrosion is more severe in the
defects group which have lower density and far away from the potentiostat of the cathodic
protection system.

Even if the accuracy of the proposed methods is high, it should be noted that they
mainly provide analyses which require a huge computational effort, based on numerical
simulations, which is not always affordable by manufacturers which needs answers in a
reduced time. For this reason, the proposed analysis will be completely based on an analyt-
ical method which relies on the well-known assumption of hemispherical electrodes buried
in a uniformly conducting ground. Moreover, the presented work focuses on the analysis
of an underground HVDC power line situated considerably closer to the primary ground
electrode than the recommended distance of 10 km, as shown in Figure 1, and explores
potential strategies for mitigating interference issues associated with this configuration.
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Figure 1. Monopolar plant pole with main ground electrode laid close to the land cable.

2. Cable Types

For the voltage level of HVDCs (normally within the range 100–500 kV), two main
technologies are currently used: mass impregnated cables and extruded cables. The first one
uses as an insulating medium a paper tape impregnated with a high-viscosity petroleum oil.
In such cases, a lead sheath is always used, and, besides its electrical function, it contains
radial oil leakages. In order to prevent lead cracks induced by thermal radial expansions of
the sheath, metallic tapes (referred to as reinforcing tapes by the cable industry) are applied
directly over the lead sheath. Extruded insulation cables usually use aluminum metallic
sheaths which are uses for electrical function only [22].

High-voltage land cables are manufactured in lengths usually up to 1 km (lengths
of more than 1 km are sometimes manufactured) and transported in drums. The cable
length in each drum is limited for transportation concerns (weight and drum dimension)
or for installation requirements (convenient locations of joint pits). Usually, every 4 to
5 km, the cable sheath will be earthed in order to avoid harmful overvoltages that can arise
during transient conditions (cable energization, overvoltages traveling along the cables,
etc.) or fault conditions (part of the fault current flowing on the metallic sheath). For
such reasons, earthing joints are used where necessary, in which their aim is twofold: to
enforce the continuity between two consecutive cable lengths and to guarantee the earthing
connection for the metallic sheath [23–25]. Around the earthing joint pits, a grounding
system is created, usually made by simply burying a bare copper-stranded conductor in a
rectangular trench, as shown in Figure 2, positioned around the earthing joint pit to form a
closed loop.
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3. Proposed Mitigation Techniques

One technique for mitigating stray current circulation, widely used in the electrotech-
nical industry, is based on the segmentation of any conductive body where the current may
freely flow through. For example, in transformers, the basic idea is the lamination, i.e., to
subdivide the magnetic core into thin sheets electrically insulated among them, in such a
way as to limit the circulation of stray currents to a path completely internal to each sheet,
reducing its value. Of course, the thinner the sheet, the greater the reduction of the stray
current, even though cost increases and technological difficulties do arise.
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In the specific case of our interest, however, there is more involvement, as the circula-
tion of the current inside the sheath is not due to some failure of the external protective
coating, but it is simply a part of the current dispersed by the main ground electrode,
picked by the many grounding points distributed along the cable. This can result in the
corrosion of the sheath’s grounding electrodes, and possibly in the overheating of the
metallic sheath itself. Therefore, even though the idea of segmentation seems promising
(Figure 3), to assess its effectiveness it is necessary to perform some estimations of the
order of magnitudes of the current through the sheath with and without segmentation. It
is to be remarked that in the original solution, each earthing joint pit was equipped with
one ground electrode, while in the proposed segmented solution, each earthing joint bay
must be equipped with two ground electrodes, as shown in Figure 4, where each one is
connected to each end of the interrupted sheath. To ensure that the electrical segmentation
is effective(i.e., that the two grounding loops do not significantly interfere with each other),
they must be buried at a certain distance, which we determined through field simulations.
It is important to underline that such a solution can be easily implemented in extruded
cables, since the metallic sheath can be sectionalized with the interposition of a small
thermoplastic sheath log. On the contrary, on mass impregnated cables, the sectionalization
of the lead sheath has never been performed on HVDC cables and, consequently, a solution
must be still found. The sectionalization of the reinforcing tapes is possible instead. Such
a solution has been applied on the Italy–Montenegro HVDC land cable [2,26], in which
a small thermoplastic insulation layer has been interposed between the lead sheath and
the reinforcing tapes. In such a case, the corrosion process is minimized on the reinforcing
tapes which, in any case, plays a vital role for the cable’s lifetime.
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4. The Grounding Loop Minimum Distance

Close ground electrodes tend to interact; as we wanted the two adjacent grounding
loops to be non-interacting, and the joint pit was 12.7 m long, we chose to locate the two
loops with their nearest short edges at 60 m from each other (i.e., 30 m on either side of
each earthing joint pit). The centers of the loops were located at 72.9 m from each other. To
verify our assumption, we simulated, by using a 1D mesh generator [27] and a software
based on the complex images method [28], the behavior of just one loop, as in Figure 2, and
of two parallelly connected equal loops, located as in Figure 4. We obtained the following
results: 19.93 Ω for one loop and 10.7 Ω for two loops in parallel; the conclusion is that the
difference from one being exactly twice the value of the other is around 7.3%, indicating that
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the two adjacent ground loops can be considered with good approximation to be electrically
independent from each other. In other terms, the proposed separation of 72.9 m from the
centers of the loop was adequate for this purpose, as, in the proposed configuration, the
adjacent ends of the sheet present in each earthing joint pit are not connected together, but
through two series-connected resistances of the earthing loops, having combined values of
around 40 Ω.

5. Interference Assessment

To draw general conclusions, it is not advisable to focalize the analysis to a very
specific situation, where things may be strongly dependent on the characteristics of the
main ground electrode, or the specific positions of the sheath grounding systems.

Therefore, the following approach was developed:

1. The surface potential rise generated by the main ground electrode was determined
by using the simplest possible model (hemispherical electrode, buried in a uniformly
conducting ground);

2. Three lines, characterized by different minimum distances from the main ground
electrode and by different layouts, were designed;

3. The locations of the sheath’s ground electrodes were selected;
4. Eventually, the magnitude of the current flowing into the sheath was estimated.

Let us examine in detail the aforementioned points: the difference in surface potential
rise between two arbitrary points caused by the main electrode can be simply determined
by integrating the electric field over a generic hemispheric gaussian surface, by obtaining
the following:

∆V12 =
ρI
2π

∫ r2

r1

dr
r2 =

ρI
2π

[
1
r1

− 1
r2

]
(1)

where ρ [Ωm] is the electrical resistivity of the ground, I [A] is the current injected into the
ground by the main electrode, and r1 and r2 are the distances between the generic points
and the center of the main electrode.

The three hypothetical lines were defined as represented in Figure 5 below:
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the location of the electrode, while the yellow marks are the grounding points of each line.

The green line is straight, with minimum distance from the main ground electrode of
3 km; the yellow line is straight as well, with a minimum distance of 5 km; the pink line
follows a more complex path, with two parts aligned to E/W direction, and one in N/S
direction, which is approximately radial with respect to the main electrode. The locations
selected for the earthing joint bays are clearly indicated in the picture as “Grounding Point
X”. It is to be remarked that, for each grounding point, only one position is indicated: in
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other words, the coordinates of the two grounding loops are assumed to be coincident with
the position of the earthing joint pit, slightly overestimating the voltage between the two
loops at the end of one sheath segment.

5.1. Current Estimation

In order to estimate the corrosion rate of the grounding loops, it is necessary to estimate
the current flowing through them; in particular, we distinguished the approaches of the
two cases, namely unsegmented and segmented.

Main problem data:

• Ground electrical resistivity ρ (assumed homogeneous): 325 Ωm;
• Electrical resistance of each grounding loop Rgnd: 20 Ω (Figure 5: made as an open

loop 12.9 m × 2.5 m out of bare copper cord with a diameter of 11 mm, depth 2.3 m,
length 30.8 m);

• Longitudinal sheath electrical resistance Rsheath: 0.25 Ω/km;
• Rated current discharged by the main HVDC grounding electrode I: 350 A;
• Max. current discharged by the main HVDC grounding electrode I: 1000 A;
• HVDC rated voltage: 200 kV;
• Resistance of the main HVDC grounding electrode: 0.16 Ω;
• Distance between two subsequent earthing joint pits: 4.5 km.

5.1.1. Case 1: Unsegmented Sheath (Figure 3a)

We can assume that an upper limit for the current flowing through the sheath is given
by the GPR (of the main ground electrode) divided by the sum of resistance of the two
grounding loops; the resistance of the sheath is negligible with regard to to the former.

Let us consider two grounding loops at 50 km from each other. For a main discharged
current equal to 350 A, we calculate that GPR = 0.16 Ω ∗ 350 A = 56 V:

IS =
GPR

2Rgnd + lRsheath
=

56 V
2 · 20 Ω + 50 km · 0.25 Ω

km

=
56 V

40 Ω + 12.5 Ω
= 1.06 A (2)

and the dissipated power per unit length of the sheath is:

Pj = Rsheath I2
s = 0.25

Ω
km

(1.06 A)2 = 0.281
W
km

(3)

If we neglect sheath resistance, the value slightly increases:

IS =
GPR
2Rgnd

=
56 V
40 Ω

= 1.4 A (4)

Then, the dissipated power per unit length of the sheath becomes:

Pj = Rsheath I2
s = 0.25

Ω
km

(1.4 A)2 = 0.49
W
km

(5)

If the main discharged current is 1000 A, we get GPR = 0.16 Ω · 1000 A = 160 V:

IS =
GPR

2Rgnd + lRsheath
=

160 V
2 · 20 Ω + 50 km · 0.25 Ω

km

=
160 V

40 Ω + 12.5 Ω
= 3.047 A (6)

Meanwhile, the dissipated power per unit length of the sheath is:

Pj = Rsheath I2
s = 0.25

Ω
km

(3.047 A)2 = 2.32
W
km

(7)



Energies 2023, 16, 7769 7 of 10

If we neglect sheath resistance, this value also slightly increases:

IS =
GPR
2Rgnd

=
160 V
40 Ω

= 4 A (8)

Then, the dissipated power per unit length of the sheath becomes:

Pj = Rsheath I2
s = 0.25

Ω
km

(4 A)2 = 4
W
km

(9)

In conclusion, without sheath segmentation, it is reasonable to expect the values of
the current flowing through the sheath (and therefore through the grounding loops) to be
of a few Amps at the most. The power dissipation on the sheath, limited to a few W/km,
does not seem critical at all, considering that the dissipation due to the main cable core is
usually in the order of magnitude of 10–20 W/m.

It should be considered that different values of soil conductivities leads to different
values of the sheath currents.

It should be noted that GPR and the ground resistance are directly proportional to
the soil resistivity, while the sheath resistance is independent of it. As a consequence,
considering higher soil resistivities, the current will lead to an asymptotic value obtainable
by setting Rsheath = 0 (i.e., 1.4 A according to Equation (4)).

On the other hand, if lower resistivities are considered, the importance of the sheath
resistance becomes predominant, leading to lower current values.

5.1.2. Case 2: Segmented Sheath (Figure 3b)

In this case, it is possible to estimate in a simpler way the current flowing through
the different sheath segments; in particular, three fictitious line paths were defined. Two
of them were straight and characterized by different minimum distances from the main
ground electrode (line “1”, green, at 3 km, and line “2”, yellow, at 5 km), and one (line
“3”, pink) followed a more complex path with a minimum distance of 3.67 km from the
main electrode.

We computed the voltage between the two earthing loops at the end of each sheath
segment and the currents were easily obtained by dividing them by the resistance of the
two grounding loops and the sheath (i.e., 40 + 1.125 Ω = 41.125 Ω). All computations were
made assuming that the main discharged current was equal to 1000 A, and the results are
reported in Tables 1–3.

The result is that, in the segmented sheath case, we observed voltages lower than
10 V in all cases, leading to currents of, at the most, 150–180 mA, which is one order of
magnitude lower than in the unsegmented sheath case.

The dissipated power per unit length of the sheath becomes very small:

Pj = Rsheath I2
s = 0.25

Ω
km

(180 mA)2 = 8.1
mW
km

(10)

Table 1. Estimate of sheath currents for line “1” (green).

Green Line, Min. 3 km from the Main Electrode ∆V12 [V] I [A]

Segment # Distance Groundings/Electrode [m] ρI
2π

(
1
r1
− 1

r2

)
∆V12

Rsheath+2Rgnd

r1 r2
1–2 13,688 9410 −1.72 −0.042
2–3 9410 5300 −4.26 −0.104
3–4 5300 3000 −7.48 −0.182
4–5 3000 5380 7.63 0.185
5–6 5380 9535 4.19 0.102
6–7 9535 13,900 1.70 0.041
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Table 2. Estimate of sheath currents for line “2” (yellow).

Yellow Line, Min. 5 km from the Main Electrode ∆V12 [V] I [A]

Segment # Distance Groundings/Electrode [m] ρI
2π

(
1
r1
− 1

r2

)
∆V12

Rsheath+2Rgnd

r1 r2
8–9 14,355 10,340 −1.40 −0.034

9–10 10,340 6750 −2.66 −0.065
10–11 6750 5000 −2.68 −0.065
11–12 5000 6790 2.73 0.066
12–13 6790 10,365 2.63 0.064
13–14 10,365 14,480 1.42 0.034

Table 3. Estimate of sheath currents for line “3” (pink).

Pink Line, Min. 3.64 km from the Main Electrode ∆V12 [V] I [A]

Segment # Distance Groundings/Electrode [m] ρI
2π

(
1
r1
− 1

r2

)
∆V12

Rsheath+2Rgnd

r1 r2
15–16 15,150 10,835 −1.36 −0.033
16–17 10,835 6730 −2.91 −0.071
17–18 6730 3640 −6.52 −0.159
18–19 3640 5910 5.46 0.133
19–20 5910 6600 0.92 0.022
20–21 6600 9670 2.49 0.061

5.2. Corrosion Estimation

Grounding loops are made by using bare copper cord, easily corroded when the
direction of the dispersed current causes them to work as anodes. In order to schedule the
ordinary maintenance needed, it is necessary to estimate their corrosion rate.

The volume of material affected by corrosion (per unit length of the cord, and per unit
of time) can be computed as:

v =
M I

l
zFγ

(11)

where M is the atomic weight of copper (i.e., 0.06354 kg), I
l is the current per unit length, z

is the chemical valency of copper (i.e., 2), F is the Faraday’s constant (i.e., 96,485.3 C/mole),
and γ is the copper density.

Such a volume is approximately equivalent (for small thicknesses only) to:

v = 2πrc∆ (12)

where rc is the copper cord radius (i.e., 0.0055 m) and ∆ is the thickness of the cord layer
lost to corrosion (per unit time).

Combining the two relationships, we can calculate:

∆ =
M I

l
2πrczFγ

(13)

To consider the uneven current distribution over the length of the ground loops, we
can assume that the maximum value is double that of the average one, which can be simply
computed as the dispersed current divided by the loop length; therefore, we can compare
the two cases (unsegmented and segmented sheath), both with main discharge currents
equal to 1000 A:



Energies 2023, 16, 7769 9 of 10

5.2.1. Case 1: Unsegmented Sheath

The dispersed current was 4 A and the current per unit length was 0.26 A/m, which
led to a corrosion rate of 9.24 mm/year, which is clearly unacceptable as the radius of the
conductor forming the grounding loop was 5.5 mm.

5.2.2. Case 2: Segmented Sheath

The dispersed current was 0.15 A and the current per unit length was 9.74 × 10−3 A/m
which led to a corrosion rate of 0.337 mm/year.

It is apparent that the second solution, considering the radius of the grounding loop
conductor and that corrosion rate further increased as such a radius decreases, guarantees
the technical reliability of such an approach (even though maintenance should be carried
out at least every five years), while the first results were unacceptable.

6. Conclusions

The suggested approach appears to be suitable for effectively decreasing the current
flowing through the sheath of a high-voltage direct current (HVDC) cable, which results
from the currents being intercepted by the distributed grounding electrode. As a result, the
corrosion of the (anodic) copper grounding electrode connected to the cable sheath was
expected to occur at a sufficiently slow rate, ensuring the smooth operation of the facility.

The minimal current flowing through the sheath was not expected to cause significant
cable overheating, as the power dissipation in the segmented case was less than one
hundredth of that in the typical continuous case.

It could be additionally useful to consider, for the manufacturing of sheath grounding
electrodes, to use, instead of copper stranded conductors, materials more resistant to corro-
sion (such as graphite bars or titanium meshes). However, this choice would significantly
increase the complexity of the structure, leading to an increase in cost.

A completely different situation is corrosion risk induced on the sheath itself by local
damages on the external protective coating of the cable. In this case, the electrical contact
is more uncertain, but the crack on the coating is normally very small, and therefore able
to lead to local damage in very short times. However, also in this case, if the sheath is
segmented, we can expect that the current flowing through the cracks will be greatly
reduced with respect to the unsegmented case, ensuring increased safety and operational
life. The proposed results are consistent with the existing literature, where outputs have
been provided from numerical computations, even if usually further distances from the
electrode are considered.

Future developments will regard the possibility of including the cathodic protection
system and the corrosion pitting in the proposed methodology by means of a semi-analytical
assessment.
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